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Abstract

Nanostructured hybrid organic-inorganic materials are a unique class of
materials showing distinctive properties that have attracted high interest due
to their diverse applications in the fields of energy, environment and medicine.
In particular, hybrid materials are promising candidates for sensing
applications due to the tunable chemical, structural and functional properties
of the organic and inorganic components. Hence, the engineering of novel
nanostructured catalytic organic/inorganic materials provides opportunities for
the fabrication of advanced nanodevices for biosensing.

In this thesis, novel hybrid materials have been prepared and their
electrocatalytic, catalytic,c, and optical properties explored. First,
nanostructured electrocatalytic microparticles were synthesized in mild
conditions and used with an organic binding agent to prepare carbon
electrodes applied in the detection of glucose in biologically relevant media.
Second, hierarchically structured hybrid particles displaying enzyme-like
catalytic activities were synthesized and used to prepare high-throughput
micro-reactors for the detection of bioanalytes via a hybrid organic-inorganic
cascade reaction. Finally, a natural occurring polysaccharidic nanoparticle, i.e.
glycogen, was engineered to impart adhesive functional properties to a hybrid
film and used for the coating of various substrates with different chemical
composition. These hybrid coatings embedding metal nanoparticles were

employed as catalytic and optically active functional interfaces.
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Chapter 1

Introduction

This chapter will provide an overview of hybrid materials, their natural
origin, and history. Relevant examples of hybrid nanostructures and
their synthetic preparation will be discussed.

Moreover, the chapter will review the literature on current industrial
applications of hybrid materials and several significant research studies

on the use of hybrid materials for biosensing applications.
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1.1 Introduction to hybrid materials

Novel technologies generate an immense demand for new and
functional materials. Often, established materials as metals, ceramics
and polymers do not possess all the properties required for developing
new technological applications. However, combinations of these
compounds into hybrid materials, display superior properties than their
single component counterpart, enabling their uses in advanced
applications. For this reason, in the last decades, organic-inorganic
hybrid materials attracted immense interests in both industry and
academia.”® These materials are obtained via organic, organometallic,
supramolecular, intercalation, and polymeric chemical reactions at
relatively low temperature and atmospheric pressure in aqueous or
organic solvents.”® By using these techniques, is possible to combine in
one single material two, or more, inorganic, organic, and biological
components at the molecular level to obtain hybrid materials with
unique chemical, physical, colloidal, and functional properties.
Functional hybrid materials can be prepared in different forms including
thin films, coatings, fibres, powders, foams, gels, and monoliths with
nano-to-macro complex structures and chemical compositions. These
materials can be processed by soft chemical engineering strategies, as
dip-, spin-, spray-coatings, electrospinning, templating, extrusion,
aerosol processing, and 3D printing.®"?. Inorganic particles, fibres and
lamellae can be incorporated into an organic matrix to prepare
composites with improved mechanical properties. Inorganic microfiber-
reinforced polymers are one example of widely applied hybrid materials
endowed with lightweight and robust structures. When the inorganic
and organic components are manipulated at the nanoscale, novel
properties can emerge.

Organic-inorganic hybrid materials are multicomponent compounds in

which at least one of the organic and inorganic part reside in the micro-



or nanometre domain.” The final properties of a hybrid material arise
from the single constituent parts, as well as from their synergistic
interactions through the organic-inorganic materials interface.’ The
nature and energy of these interactions play a crucial role in tailoring the
hybrid materials properties, such as mechanical, optical, chemical,
catalytic, and functional properties. Hybrids belong to two main classes,
class | and class Il, where the organic and inorganic parts are
interacting via weak bonds (van der Waals, hydrogen bonds, or
electrostatic bonds), or strong bonds (covalent or ionocovalent),
respectively.

The research on hybrid materials is highly interdisciplinary, at the
crossroad of physics, chemistry, biology, and materials science,
interacting with disparate scientific areas and opening new exciting
opportunities both in fundamental and applied science, as well as
tremendous opportunities for industrial applications. Multidisciplinary
teams of engineers, scientists, ceramists, and physicists experts in the
fields of solid-state, surface, coordination, polymer, and molecular
chemistry merged driven by environmental awareness and economical
challenges to develop emerging hybrid nanomaterials by using safe,
and cost-effective synthetic strategies including biomimetic and
bioinspired approaches.'® Biomimetic and bioinspired materials, which a
hold high level of organizations and dynamic structures featured in
biological systems, have not only the advantage of being prepared in
environmentally friendly conditions, but also present unique functional
characteristics, as adaptivity, self-reparation, hierarchical controlled
structures, biological compatibility, and recyclability.’®" To have a
comprehensive understanding of this class of organic-inorganic hybrid
materials an overview of the naturally occurring hybrid materials is first

presented in the next section.



1.2 Natural hybrid materials

Nature designed and produced hybrid material long before the
humankind gave a name to this concept. Developing biological
materials, Nature accomplished a variety of architectures, materials,
and systems, from the most simple to the most complex organisms,
through crossbreeding and hybridization.”® For instance, complex
hierarchical biomineral nanocomposites assembled via
biomineralization, as shellfish shells, shells, nacre, coccolith, bones,
exoskeletons, ivory, teeth, diatoms, magnetotactic bacteria, radiolaria,
and ferritin, are encountered ubiquitously in nature.

These are hybrid materials composed of biopolymers, like proteins
and polysaccharides, interacting at the nanoscale with a variety of
inorganic compounds, including calcium phosphate, calcium carbonate,
calcium oxalate, iron oxide, silica, and many others (Figure 1a-1).'%%’
The properties of these highly integrated intelligent systems are a
compromise of disparate functions, like density, permeability, colour, as
well as flexible vs. rigid mechanical characteristics. These functional
properties of these natural materials are obtained as a result of the
topological and structural organization at all scales, from the molecular
to the millimetre scales.?®° For instance, unique mechanical properties
of hybrids in some crustaceans are achieved because the organic-
inorganic components hierarchical organization allow the system to be
stimuli-responsive to external stresses at all the different scales.?
Typically, inorganic materials have good mechanical properties that
provide structural integrity to the natural material, whereas organic
materials act as a binder, bridging the inorganic parts. Nature, through
time and evolution, selected the appropriate material and optimized its
hierarchical organization for specific functions.

Nature produces, via biomineralization, a vast variety of materials

with different shapes, chemical composition, and disparate functionality,



in mild synthetic conditions, such as aqueous environment, neutral pH,
ambient temperature and pressure. It is therefore of crucial importance
to mimic Nature to prepare materials in such conditions. The interface-
controlled growth of hybrid materials in the biomineralization process
results in diverse shapes and morphologies relying only on a few
different building blocks. Furthermore, the hierarchical organization of
these building blocks is obtained via self-assembly mechanisms from
the nanometre to the millimetre scale. The function and performance of
the resulting hybrid materials depend on the levels of complexity of the

assembled components.

Calcium oxalate Iron oxide

Figure 1. Examples of hybrid materials found in nature. a) Venus
sponge, b) brittlestar’s lens, c) radiolaria, d) vertebrate teeth, e) diatom,
f) corals, g) coccolith, h) teeth of chitons, i) kidney stone, j) abalone

;sghze;ll, k) magnetotactic bacteria, and |) teeth of the urchin. Adapted from



1.3 History of hybrid materials

The first example of organic-inorganic material is based on clays.*
These materials were spontaneously formed in Nature back during the
origin of life some 3.8 Ga years ago.’’ The intercalation of organic
species into colloidal phyllosilicates was driven by different mechanisms
relying on weak interactions such as hydrogen bonding, electrostatic
bonds and van der Waals forces.*> Clays, having some unique
properties such as adsorption capacity, high surface area, charge
density and interlayer acidity, exhibit catalytic activity on diverse organic
molecular species.>**® Weak organic-inorganic interactions allow the
adsorption-transformation-desorption of organic molecules into the
inorganic component, making clays a “molecular replicator’. The “clay
hypothesis” suggests that during the early period of Earth these hybrid
materials concentrate prebiotic organic molecules and catalysed the
formation of chiral complex systems, playing a crucial role in the

development of life.*’

Figure 2. Hybrid materials for arts throughout history. a) Prehistoric
painting, b) Ancient Mayan drawing and Flemish art made also with,
respectively, minerals-clays paste, indigo dye-clay pigment and
Prussian Blue. Adapted from *°.



Man-made hybrid organic-inorganic appeared millions of years later.
The first hybrid materials dating back to 13000 BC were found in
prehistoric paintings in Lascaux’s cave (Figure 2a).>* * These materials
were hybrid nanocomposites composed of iron oxide, clays and organic
components such as fat, urine, saliva and blood. Iron oxide was the
pigment, whereas the mixing of clays and organic materials gives
binding materials with different rheological properties, allowing the
hybrid materials deposition on diverse substrates, this is known as
“fingers painting”.

In ancient China around 1500 years ago sticky rice soup, lime and
other mortar ingredients were used to be mixed to form one of the first
organic-inorganic mortars ever made.*® Amylopectin, found in the soup,
was combined with the inorganic components to form biocomposites
with novel remarkable mechanical properties used in important
buildings, such as the Great Wall.** In Central America, during the pre-
Spanish period, Mayan populations used to mix the indigo natural dye
with a microporous clay, palygorskite, to prepare a long-lasting hybrid
pigment called Maya Blue (Figure 2b).*' In these materials, the
inorganic matrix host in its open-channel structure the organic dye and
preserve its properties in harsh conditions such as extreme pH, UV
irradiation and thermal treatment up to 200 °C.*? As a result, the colour
of Maya Blue used in handworks was preserved over the centuries
against atmospheric and biological agents, such as humidity and
microorganisms.** More recently, in Europe at the beginning of the 18"
century, the first purely synthetic coordination compound was
discovered out by chance by Diesbach and Dippel: Prussian Blue.** The
hybrid blue pigment was cheaper and easier to prepare than the other
blue pigments available at the time, making it a novel material with an
immense commercial impact.*® For this reason, the synthetic method
was hidden for almost 20 years from its first discovery. A beautiful

example of early use of this pigment is on the Entombment of Christ by



Pieter van der Werff (1709), for the sky and Mary’s veil (Figure 2c). It
was only nearly 300 years later, in 1977, and after the advances in
crystallography characterizations that Prussian Blue was fully
characterized to be a cubic structure in which Fe(ll) and Fe(lll)
alternating octahedra are connected via organic cyanide ligands.*®

More recently starting from the 17" century, thanks to advances in
the field of chemistry, another type of hybrid compound was introduced
with monumental impact in modern society: silicon and organosilicon
based materials. Pioneering works were done by J. B. van Helmont, J.
J. Berzelius,"” C. Friedel and J. M. Crafts®® in the discovery and
research of silicon and organosilicon precursors, such as silicon
halides, alkoxides, and hydrides, and several synthetic methods for the
preparation of organic-inorganic compounds characterized by carbon-
silicon bonds. In the 40s, massive industrial advancements were done
based on the research of F. S. Kipping®® on silicones driven by the
technological demand of military products for World War Il. After the
conflict, numerous industries, as Dupont, BASF and 3M, developed the
silicon and non-silicon based materials, boosting the research of hybrids

materials for commercial and scientific applications.

1.4 Modern synthetic hybrid materials

Recent synthetic hybrid materials are composed of numerous organic
and inorganic compounds using many synthetic procedures. In the next
paragraphs, a literature review of the different organic and inorganic
building blocks composing hybrid materials, as well as present hybrid
structures based on diverse materials, their synthetic preparations and

their applications will be discussed.



1.4.1 Inorganic building blocks

Inorganic structures have distinctive characteristics such as size, size
distribution, shape, dimensions, elemental composition, charge,
oxidation state, allotropes, and crystallinity.>**" Many different inorganic
materials are a good candidate for the preparation of hybrid structures,
for instance, pure metal clusters and nanoparticles, chalcogenides,
oxides, carbonates, phosphates, nitrides, silicon-based materials or
clays.>?3

Metal clusters and nanoparticles are agglomerates of elements
consisting of pure metals or metal mixture, for example, gold, silver and
platinum nanoparticles.>* Commonly, the surface of metal clusters can
be functionalized to lower their surface energy to preserve their colloidal
stability and to enhance their compatibility with the organic component
at the interface.® For instance, gold nanoparticles display an increasing
affinity toward carboxyl, phosphine and thiol moieties, in this order, and
therefore molecules having these functional groups will be a suitable
ligand for the capping of the structures.®®’

Oxides and transition metal oxides are an interesting class of
materials because of their unique magnetic, electronic and catalytic
properties.’®**® Examples of these materials are silica particles and
transition metal (Fe, Cu, Co) oxide particles.®®®? Although the presence
of oxygen in silicate-based materials allows their functionalization via
covalent bonds with a variety of molecules, such as derivatives of
trichlorosilanes bearing different functional groups, for transition metal-
based materials, instead, functionalization is carried via electrostatic
and coordination interactions or hydrogen bonding.”” Examples of
moieties are carboxylates, sulfonates, phosphates for anionic groups,

and ammonium moieties for cationic groups.



1.4.2 Organic building blocks

Organic molecules have many different properties like molecular
weight, size, hydrophilic-hydrophobic domains, functional groups,
charges, and functionalities.®®* Examples of organic materials are small
molecules, natural and synthetic polymers as well as biological active
biomacromolecules like proteins or enzymes.®*

Small organic molecules can modify inorganic materials being
physically trapped in cavities or covalently connected to the inorganic
structure.®*®® Usually, mild conditions for the preparation of hybrid
materials need to be used to assure the stability of the organic
molecules. Functional groups need to be present in molecules to
enhance the compatibility toward the inorganic component. Carboxylic,
catechol and aromatic moieties are examples of functional groups that
can favourably interact with inorganic components via chelation,
covalent bonds, electron transfers and electrostatic Tr-cation
interactions.®” %

Synthetic and natural polymers such as synthetic block copolymers,
proteins nucleic acids and polysaccharides were also used for the
preparation of hybrid materials.”” Enhanced compatibility between the
organic and inorganic components arises from either hydrophilic or
hydrophobic functional groups present on the polymeric chains. In
particular, dendrimers are highly branched monodisperse
macromolecules with unique physical and chemical properties.”’ These
properties derive from the peripheral functional groups and the internal
cavities within the nanostructure. The good control over their size and
chemical functional groups, candidate this structure as interesting
building blocks for hybrid materials.”

Particle-like structures as colloids composed of physically or
chemically cross-linked organic molecules were also used as building

blocks for hybrid materials.”® Their properties such as size range, size
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distribution, and chemical composition can be controlled to prepare
ideal building blocks for specific applications.”* Importantly with organic
colloids, is possible to achieve a fine control on their interfacial
properties such as surface chemical composition and charge in

aqueous environments.”

1.4.3 Clay- and zeolite-based hybrid

materials

Clay-based hybrid materials are composed by different kind of
aluminium phyllosilicates or 2D-like materials and a variety of organic
compounds, from small molecules to polymers.76'77

Initially, hybrid materials based on layered clays were prepared
exchanging the clays interlayer inorganic cations by organic cations.”
Many organic compounds with different functionality, such negatively
charged carboxyl groups or positively charged amines, were
intercalated in layered and fibrous clays such as smectite, kaolinite,
sepiolite and palygorskite.” Moreover, alkaline layered silicates,
transition metal chalcogenides, titanates, molybdates, lamellar
phosphates and phosphonates have been employed as an alternative
of clays for the preparation of 2D-like hybrid materials following similar
intercalation processes.?®? Due to their versatility, clay-based hybrid
materials have found broad industrial applications.®® % In research
fields, these materials have been initially applied as additives, fillers,
rheological agents, sorbents and recently in biotechnology as advanced
material for vaccines carriers.®*®° In industrial fields, organoclays are
produced in the tens of thousands of tons around the world for large-
scale applications such as pollutant or oil spill adsorbents, asphalts
rheological agents and in bioactive materials as supports for pesticides

and enzymes.
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When polymers are used clay-polymer nanocomposites are obtained
(Figure 3).%°%" The pioneering work made by Fukushima et al. on
polyamide-intercalated inorganic composites paved the way for the
development of materials with enhanced properties and functionalities
derived from the clay component.®® In these materials, excellent
mechanical and thermal properties are achieved along with novel
functionality as electric and ionic conductivity for the applications in
membranes and sensing."® *® Moreover, organic components can be
covalently bonded to the clay structure via acid treatment and
subsequent grafting with organosilanes, epoxides or isocyanates,
obtaining a material with similarity to silicones but having a planar
structural arrangement.®*® Other than small molecules and polymers,
hybrid clay-based materials were prepared with carbonaceous materials
as graphene, carbon nanotubes and graphite nanoplates.”*® These
hybrids show good mechanical properties and electrical conductivities,

as well as the low-cost of production.®®

Finally, biohybrids are
assembled by using biological components as the organic part in the
hybrid material.?® Interesting examples are materials based on
phospholipids intercalated in clays for the immobilizations of enzymes®’

and viral particles modified clays for the delivery of vaccines.?

Unmixed Intercalated Exfoliated

Figure 3. Schematic of three different levels of inorganic particles
dispersion in a polymeric matrix, characteristic of clay-polymer hybrid
materials. Adapted from .
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Zeolites are composed of hydrated aluminosilicates with alkaline
earth elements that, differently from clays, are connected by silica and
alumina tetrahedra forming a 3D crystalline porous structure. The
microcavities act as molecular sieves and so zeolites found applications
in separation, purification and catalysis. The discovery of zeolites dates
back to the 18™ century when A. F. Cronstedt first discovered this
minerals.®* It is only in the 40s that zeolites started to be studied
extensively by R. M. Barrer and R. M. Milton and applied to industrial
applications as separation, purification and, due to their acidic-basic
properties, catalysis.'” "% However, inorganic zeolites had a limited
number of structures and cavity sizes, limiting their potential
applications. To overcome this, organic cations were employed as
templating agents for the synthesis of hybrid zeolites replacing inorganic
cations, obtaining, therefore, a large variety of structures, pore sizes

193 Different organic molecules as alkylammonium,'®

and acidity.
quaternary ammonium anions'®® and trispyrrolidinium'® were used for
the preparation of hybrid zeolites. These structures were successfully
applied for the separation of hydrocarbons and the catalysis of shape-

specific molecules at high temperature.’”’

144  Coordination complex-based hybrid

materials

The study of hybrid materials based on organic linkers connected to
metal ions date back the 18" century since the discovery of Prussian
Blue. The development of hybrid materials composed of polymers
coordinating metals was introduced by the USA government in the 50s
to develop novel materials with advanced mechanical and thermal
properties for aerospace applications.'%'%° One of the first examples of
coordination polymer materials were developed by Saito in the 50s,

which prepared hybrids based on Copper (l) coordinated by organic
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molecules bearing cyanide moieties to form an extended a 3D
network.' Subsequently, in the 70s, the group of C. E. Carraher Jr
studied new synthetic routes, investigated different organic linkers and
expanded the pool of metal ions for the preparation of organic-
coordinated hybrid materials.”"’ At that time, the structural and
crystallographic characterizations of these materials were at their
infancy because of the lack in the advancement of these techniques. A
better understanding of the structural properties of these hybrid
materials came in the 80s thanks to the work done by R. Robson, which
had both expertise in coordination chemistry and crystallography. With
new insights on the hybrids structural aspects, it was possible to
achieve novel designs of extended 3D networks with controlled
structure.”*? In the late 80s, Hoskin and Robson prepared a porous
coordination polymer material based on copper with extended

dimensions.'"™

This organic framework had cavities that could
potentially be freed to host different compounds. Upon removal of the
solvent, however, the framework collapsed, making this material
unusable. This and other similar materials belonged to the first-

4 The second-

generation of coordination hybrids (Figure 4a).
generation of coordination hybrids started during the 90s,'" with the
advancement of metal-organic frameworks (MOF) developed by the
pioneering works of O.M. Yaghi, S. Kitagawa and G. Ferey. These
materials had controlled rigid structures, porosity, excellent thermal and
chemical stability and high surface area that could withstand the
exchange of guests molecules without collapsing (Figure 4b).""® One of
the most famous examples in the Yaghi’'s family is the so-called MOF-5,
which is a porous hybrid material based on octahedral zinc acetate
building blocks linked by 1,4-benzenedicarboxylate molecules.'’” Other
MOF were prepared changing the organic ligand length and
functionality, obtaining materials with different properties.'”® MOF

prepared with different divalent metal cations and ligands were
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synthesized by Kitagawa that displayed, as in the case for the CPL-1,
channelled structures.'® Using different organic ligand, a series of
channel sizes, shapes and chemical environments could be achieved
for the synthesis of materials applied for the adsorption of small
molecules or the preparation of polymer-interpenetrated composite
materials.’'?' The third-generation of coordination hybrids took place
with the work done by Ferey that expanded the metal pool of choice to
trivalent and rare earth elements.'”*'** Advanced characterization
techniques, such as NMR and computational modelling, were used for
the design of functional MOF with unique properties as magnetic,
thermal stability and sorption capacities.””® MOF as the MIL-53
exhibited dynamic properties as the contraction and swelling of the
framework depending on the absence/presence of water vapour (Figure
4¢)."**'?" These smart materials, showing reversible responsiveness
caused by an external trigger, were widely studied since the 2000s."%®
Nowadays, MOF and other porous coordination polymers are receiving
enormous interests thanks to the advanced applications that these
materials can fulfil.”*® Overall, a new revolution in the field of hybrid
porous materials has started and so it did the transition toward real
applications in disparate fields, such as catalysis, separation,

nanomedicine, storage and sensing.'*%"%
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Figure 4. Functional and chronological classification of porous
coordination polymers: a) copper-based framework, b) MOF-5, and c)
MIL-53. Adapted from *°.

1.4.5 Phenolic building block-based hybrid

materials

Phenolic-based materials have long been used in basic applications
as inks, coatings and tannings."*® Recently, hybrid smart materials have
been prepared from phenolic building blocks and metal ions via
coordination chemistry to produce stimuli-responsive,’®* antibacterial, >
chemical-resistant’™ and nanostructured’” materials for advanced
nanotechnology, nanomedicine and environmental applications."
Phenolic compounds have unique adhesive, antibacterial, antioxidant
and metal-chelating properties. Phenolic materials are prepared via

synthetic methods as well as found in nature, in plants and animals."®
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They have different functions including protection against ultraviolet light
and reactive oxygen species, colouring and flavouring, transportation of
iron in cells, and imparting adhesion to several marine organisms. '3
The understanding of the functional properties of polyphenols led to the
tremendous development of phenolic-based materials for the
preparation of soft-to-hard and one-to-three dimensional structures as
thin films, particles and bulk materials.

Hybrid thin films have been prepared via metal-phenolic networks
(MPN) and layer-by-layer (LbL) assemblies.**'** MPN were prepared

I coordinated with

originally by F. Caruso et al. from metal ions, as Fe
multidentate phenolic ligands, as tannic acid (TA) (Figure 5a)." These
films can be prepared using a variety of substrates regardless of their
morphology and chemical compositions, such as inorganic (flat glass,
silica and gold colloidal suspension), organic (polymer microparticles),
and living systems (mammalian cells and yeast) (Figure 5b)."#414
Besides, hollow capsules were obtained following a simple synthetic
strategy that involved the coating of colloidal particles and successive
template removal (Figure 5¢ and d)."""® Further studies reported the
use of a variety of metal ions and phenolic ligands, from synthetic or
biological origins, for the preparation of hybrid thin films with a multitude
of disparate physicochemical properties (Figure 5 e and f). For instance,
materials with fluorescence, magnetic resonance and positron emission
tomography imaging properties were obtained incorporating metal ions

"I"Gd" and Cu"."*" Moreover, films having different disassembly

as Eu
kinetics and triggers, like pH or competing chemical species, were
prepared using a range of phenolic-containing small molecules or
polymers (Figure 5g-1)."**'*" Another technique used for the preparation

2 microfluidics,'®

of hybrid thin films is the LbL in the form of spray,’
continuous,™ electro-triggered,’® and vacuum filtration assemblies."®
These films can be deposited on large substrates, with fine control over

the film thickness.
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Phenol-based particles in the form of crystalline particles,
nanoparticles, micelles and superstructures have been prepared with a
wide structural diversity and chemical composition. MOF having
phenolic organic molecules have been explored since the 90s for the
preparation of crystalline particles.”” Since then, various phenolic-
based MOFs were synthesized using several transition metals, such as
Mg", Mn" Co", Ni', zr¥ and Fe", and diverse phenolic-containing
molecules as natural gallic and ellagic acid, and synthetic digallate and
catecholate ligands.”®"®® Phenolic-based hybrid nanoparticles were
prepared, for instances, using TA and a polaxamer incorporating %Zr for
positron emission tomography imaging and via metal-phenol
coordination of a modified polyethylene glycol (PEG) and Fe" including
a Pt prodrug for drug delivery.'®""®? Micelles based on linear copolymer,
polyelectrolytes, polymer brushes and branched dendrimers were
assembled via metal or boron complexation to obtain responsive
nanostructures for drug delivery.'®*'® These smart structures were
capable to sense the external environment and release the loaded
cargo as a function of pH and concentration of diols. Superstructures
composed of a variety of nano- and micro-particles were prepared
exploiting metal-phenol coordination interactions.' Building blocks
were coated with a phenolic film and subsequently mixed with the
presence of metal ions to induce their cross-linking to obtain complex
hierarchies.®

Macroscopic bulk hybrid materials were engineered from phenolic
compounds via metal coordination to form gels and elastomers.'®"®’
Soft gel materials assembled via non-covalent interactions, as the
metal-ligand coordination, found applications in fields from
nanomedicine to catalysis. These metallogels integrate specific
properties deriving from both the metal, e.g. redox and magnetic, and
the dynamic structure of the gel to form stimuli-responsive systems.'®®

"1 Several examples of metallogels based on natural polyphenols and
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polyelectrolytes or catechol-modified PEG, and iron oxide nanoparticles,
Fe" or other metal ions, were reported having self-healing, stimuli-
responsive and mechanical dynamic properties.'?'"® Recently, the
direct gelation of the natural phenolic compound TA with the Group IV
transition metals Ti'¥ and Zr" was reported (Figure 6a-e)."”® These
metallogels, prepared under ambient conditions in both organic and
aqueous solvents, displayed self-healing, transparency, adhesiveness,
electrical and tuneable mechanical properties (Figure 6f and g). In
particular, these gels allowed the in situ co-gelation of additives, as
carbon nanotubes and inorganic nanoparticles, and the crystallization of
organic and inorganic structures, such as active pharmaceutical
ingredients and MOF (Figure 6h and i).""®""" Elastomers having
superior mechanical properties were synthesized exploiting metal-
catechol interactions for the preparation of materials showing self-

healing properties and energy dissipation characteristics.'®” 1"
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Figure 5. a) Schematic of MPN assembly preparation. TA/Fe" thin film
and hollow capsules: b) planar (photographs), c) spherical, and d)
ellipsoidal (DIC images). MPN assembly with various metals: e)
capsules obtained using TA and A", V" ¢/ Mn" Fe" co Ni', and
cu" (DIC images, scale bar 5 um), and the corresponding f) high-angle
annular dark-field spectra (scale bar 1 um). MPN assembly with various
ligands: photographs of the capsule dispersions colours of g) GA/Fe'"
h) PG/Fe" and i) PC/Fe". j) GA/Fe" coatings on several substrates. k)
UV-Vis spectra of GA and GA/Fe'” capsules and p) AFM image of dried
GA/Fe" capsules. Adapted from '3
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1.4.6 Nanoflowers-based hybrid materials

Organic-inorganic nanoflowers are a class of nanostructured flower-
like materials self-assembled from biomacromolecules and metal ions.
Nanoflowers found widespread interest in nanomedicine, sensing,
catalysis and environmental applications.’”®1%3

Nanoflowers were prepared for the first time by Zare et al. via a
simple one-step precipitation method.”® These enzyme-containing
hybrid materials displayed enhanced enzyme catalytic activity,
recyclability, and durability due to the enzyme immobilization effect and
the high surface-to-volume ratio of the carriers."®® Furthermore, organic

molecules entrapped in the nanoflowers structure displayed exceptional
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stability against harsh environments, like high temperatures, organic

solvents, and protease catalytic activity.'®

These hierarchically
organized porous structures were prepared in mild conditions, e.g. room
temperature and aqueous solution, therefore preserving the functionality
of biomacromolecules. Remarkably, the enzymatic activities of these
nanostructures exceed those reported for covalently attached or
physically entrapped enzymes.'®® Nanoflowers were prepared simply
adding a copper salt solution to a phosphate buffered saline solution
containing the proteins. The self-assembly mechanism begins from the
complexation of some functional moieties in the macromolecule (e.g.
amide, carboxyl, and thiol groups) with the copper ions via coordination
to provide nucleation sites for primary crystals (Figure 7a).'® The
anisotropic and kinetically controlled growth of these primary structures
into larger copper phosphate crystals causes separate petals to appear,
resulting in the complete formation of branched flower-like architectures.
In these structures, the organic component acts as scaffold promoting
the crystals nucleation and petals growth, as well as serving as a binder
to hold the petals together. The nanoflowers characteristics (e.g. size,
surface morphology, chemical composition) can be tuned varying the
synthetic conditions, including macromolecules and metal ions nature
and concentrations, crystallization time, temperature, pH, and ionic
strength (Figure 7b-d)."®’

The physical and chemical properties of nanoflowers are commonly
studied via materials science characterization techniques, such as
scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction
(XRD) differential scanning calorimetry (DSC), nuclear magnetic
resonance  spectroscopy  (NMR), Fourier-transform  infrared
spectroscopy (FTIR), and UV-visible spectroscopy (UV-Vis) (Figure
7e)."®® These characterization techniques aim to study the structure,

surface morphologies, elemental and functional groups composition,
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thermal and crystalline properties of the nanoflowers, as well as their
catalytic performances.

Further studies proposed other synthetic strategies for the
preparation of hybrid nanoflowers to overcome some of the limitations
associated with the conventional procedure. For instance, employing
sonochemical synthetic strategies, the nanoflowers crystallization time
was decreased from a few days down to a few minutes.®"®" This was
achieved simply putting under sonication the PBS solution containing
metal ions and biomacromolecules in a laboratory commonly used
ultrasound water bath. Moreover, a synthetic method was recently
developed to prepare nanoflowers-functionalized substrates aiming to
directly grow the hybrid structures on surfaces, such as paper- and

192-193

fibrous-based membranes. This was accomplished directly

incubating the PBS solution including metal ions and
biomacromolecules with the targeted substrate.

Several biomacromolecules as proteins,'® enzymes,'® peptides,’®

7 182, 198

amino acids,’®” and antibodies were used in the synthetic

procedure to obtain diverse types of nanoflowers. For instance,

* lipase,”® amylase,®® catalase,®®' a-chymotrypsin,?®?

189

laccase,®
trypsin,®® alcohol dehydrogenase,®® glucose oxidase (GOx),

horseradish peroxidase (HRP)'®" 2%°

and several other enzymes were
used to prepare hybrid nanoflowers which displayed enhanced catalytic
activity and improved recycling capabilities than their free analogue.?*®
207

Copper ions were mainly used for the preparation of hybrid
nanoflowers, as well as other divalent metal ions, as Ca'", Mg", Zn", Co",
and Fe'" 292> Besides the crystal structure and chemical composition of
the inorganic matrix composing the nanoflowers, metal ions influence
the enzymes encapsulation yield and relative reactivity.?'®2' For

21
d 6

instance, B-glucosidase an B-galactosidase®'’ catalytic activities

were superior in nanoflowers prepared with, respectively, Zn" and Ca"
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rather than other divalent metal ions. This could be explained by the
higher affinity of different binding sites on diverse biomacromolecules
for specific metal ions, as shown with computational studies.?'®

Due to the high complexity and modularity that these hybrid materials
have, different applications have been explored, including relevant
biotechnological applications in the field of biosensing, biomedicine,

catalysis, and environmental remediation (Figure 7)."°
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Figure 7. a) Schematic of the proposed synthetic formation mechanism
of organic-inorganic nanoflowers through four main steps: coordination
of metal ions via functional groups in the organic component, co-
precipitation, self-assembly of inorganic crystals and organic molecules,
and anisotropic growth until structure completion. SEM images of
protein-inorganic nanoflowers with different morphologies prepared with
BSA and copper phosphate, using a BSA concentration of b) 0.5, c)
0.02, and d) 0.1 mg mL". e) Commonly used characterization
techniques, inner circle, and corresponding analysed properties, outer
circle, for the studied of hybrid nanoflowers. f) Advanced

biotechnological applications of organic-inorganic nanoflowers. Adapted
from 179, 184, 186, 188
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1.4.7 Gold nanoparticle layers-based hybrid

materials

Metal nanoparticles, and in particular gold nanoparticles, have been
extensively studied because of their unique size- and shape-dependent
optical, electronic, catalytic and photo-thermal properties, high surface-
to-volume ratio, facile functionalization and biocompatibility in fields
such as physics, chemistry, biology and materials science for sensing,
imaging, drug delivery and cancer therapy.?'%%??

The self-assembly of hybrid structures at the interfaces using gold
nanoparticles and organic molecules was reported, obtaining nano- and
micro-structured materials used in the biomedical field as biosensors
based on surface-enhanced Raman scattering (SERS), enzyme-linked
immunosorbent assay (ELISA), and electrochemical technologies.?
These gold nanoparticle layers (GNPL) hybrid materials are assembled
via non-covalent and covalent bonds.?** Pre-functionalized surfaces can
be easily coated with AuNPs simply immersing them in a colloidal

solution of the nanoparticles.?®

Multi-layered structures can be
prepared by the repetition of the alternating deposition of linking agents
and metal nanoparticles. Commonly, these techniques are called by the
name of layer-by-layer (LbL) assembly methods.' These are usually
employed for the coating of interfaces and preparation of layered
structures via a multitude of techniques, as dip-, spin-, and spray-
coating, to name a few.!% By the means of these techniques,
parameters like the coating thickness, roughness, morphology, order,
pores sizes, and functionality can be controlled. For instance, the
coating thickness is finely controlled by the number of layers composing
the final structure. Moreover, the final properties of a functional hybrid
LbL assembled material arise from both the inorganic and organic

component, as in the case of lysozyme-AuNPs assemblies were the
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inorganic GNPLs possess antibacterial properties derive from the
presence of the protein.?®

Coatings, thin films and layered structures based on LbL assemblies
relying on non-covalent bonds among their building blocks usually are
based on electrostatic interactions, between oppositely charged
nanoparticles and  polyelectrolytes, and hydrogen  bonds.
Polyelectrolytes are polymers whose repeating unit carry a charged
functional group that in water dissociate making the polymer charged.?’
Coating substrates with polyelectrolytes provide a simple, controllable
and versatile method for the preparation of thin-film and functionalized
surfaces for the build-up of hybrid LbL assemblies (Figure 8a).'*® %
Metal nanoparticles are electrically neutral and, for the successful
electrostatic LbL assembly, they must be functionally charged in
advance. Charged reducing or capping agents used in the preparation
of such nanoparticles confer them a net charge and therefore colloidal
stability in solution. Different agents produce nanoparticles with different
charges. For instance, the use of sodium citrate and glucose provide
nanoparticles with a negative charge, whereas using hexadecyl
trimethyl ammonium bromide gives positively charged nanoparticles. As
an example, non-covalent LbL assemblies were prepared with alternate
deposition of positively charged poly(allylamine hydrochloride) and
negatively charged sodium citrate-capped gold nanoparticles.??® 22923
Another class of non-covalent approaches for the preparation of GNPL
rely on hydrogen bonding, in particular in the DNA templated self-
assembly (Figure 8b).?*' This technique allows to prepare large-scale
spatially controlled patterns of AUNP with nanometre-sized features by
the self-assembling of complementary bases in the DNA structure.?*?%%
These patterned materials have a homogeneous and controlled spatial
distribution of AUNP on the surface, which is beneficial for applications
relying on the materials nanoparticles distance-dependent optical and

electronic properties, such as nanoelectronic and sensing.?**#** This is
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obtained carefully engineering the DNA functional groups, that function
as attaching point to the AuNP, and geometry, therefore controlling the
intramolecular interactions and the DNA self-assembling via base
pairing that rely on hydrogen bonds.?**#*" Briefly, AuUNP with covalently
attached DNA strands can self assemble on a surface with interparticle
distances and geometries dictated by the self-assembly of the DNA
structure 2% 2%

In addition to electrostatically bonded assemblies, covalent
interactions between gold nanoparticles and thiols-bearing molecules
were used to produce hybrid LbL assemblies.?*® For instance, using
1,9-nonanedithiol as the spacer and linking agents, coatings and multi-
layered hybrid structures were prepared on gold substrates using gold
nanoparticles. Covalently linked structures show greater stability than
non-covalently assembled materials due to the non-dynamic nature of
their interactions, which is useful for the preparation of materials applied
in catalytic, sensing and environmental applications. Interestingly,
covalent-based coatings can be used for the production of patterned
GNPL for applications as cell and protein patternings. Substrates are
modified with spatial control over the deposition of AuNP via micro-
contact printing or transfer printing.?*> This technique involves the
transfer of gold nanoparticles from a stamp to a substrate by the means

2 For

of specific covalent interactions, as the thiol-gold affinity.
example, when a thiol-functionalized substrate is placed in contact with
an AuNP-coated patterning stamp, the transferring process of AuNP to
the functionalized substrate is driven by the newly formed covalent
bonds between the thiols and the AuNP.?*?> Moreover, the GNPL can be
further modified with biomacromolecules, such as peptides, to promote
cell adhesion and proliferation on a spatially controlled patterned

area.’®
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Figure 8. Depiction of assembly methods to prepare gold nanoparticle
layers. a) Spin- and dip-coating via layer-by-layer strategy, and b) by
template coating with pre-functionalized surfaces with self-assembled

and self-organized DNA strands following conjugation with gold

nanoparticles. Adapted from ?%.

14.8 Glycogen building block-based hybrid

materials

Natural occurring nanoparticles having multifunctional properties hold

great potentials in biomedical and sensing applications,*** as tissue

245-247 248-249 250-251 These

engineering, drug delivery, and imaging.
nanostructures have been modified to have targeting, drug loading,
tracking, and imaging properties, yet maintaining biocompatibility and
biodegradability features.?*>?*® Contrarily to their synthetic counterparts
that require multiple reagents, organic solvents, time and energy-
intensive fabrication routes, natural nanoparticles and polymers such as
polysaccharides are usually obtained via cost-effective extraction
processes directly from natural resources. This allows their possible
scale up production and easy research-to-industrial translation.?**
Among the available polysaccharides, glycogen is emerging as a
natural building block for assembling nanostructured hybrid

biomaterials.
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Glycogen was firstly studied in the 19th century when Bernard C.
reported the isolation of glycogen from animal livers and its physical and
chemical properties.?*?*® Since then, it was found that glycogen
nanoparticles exist in most living organisms acting as a vital component
of the cellular energy machinery.?®’?*® Different methodologies were
proposed over the years to extract various types of glycogens with
disparate chemical and physical properties from living organisms, such
as animals and plants.?**%%? Glycogen acts as a regulator in the blood
glucose homeostasis and cellular hydration. As an example, in
mammals, glycogen made up to 10% of the hydrated weight of livers
and it is present in lower quantity in other organs, like heart, brain and
muscles.?®*?*° Glycogen is synthesized by the cooperative activity of
glycogen synthase, glycogenin, and glycogen-branching enzymes
acting on uridine diphosphate glucose as the substrate (Figure 9a).%%
Briefly, glycogenin starts the polymerization leading to 8-12 glucose
units linearly linked by an a-D-(1,4) glycosidic bonds, which convert into
nanoparticle via branching of the structure, linking other glucose
repeating units via a-D-(1,6) glycosidic bonds, and continuing the
polymerization and branching sequences.?" 267268

Glycogen is a hyperbranched polysaccharide in the form of spherical
soft nanoparticle with high water solubility and molecular weight, made
of glucose repeating units linked by linear or branching glycosidic
linkages.?®* It has a dendrimer-like architecture of glucose chains and
branches randomly linked to form a hyperbranched polymer

nanoparticle,?%%2"2

with a higher density of glucose units in the core than
the surface of the particle.’”® Several parameters characterize different
types of glycogen from different sources, like particle size, charge,
protein content, degradability, molecular weight, water content, degree
of branching, and chain ends. Thus, the unique properties of glycogen-
based materials are correlated to specific glycogen sources.?®® For

example, TEM images of glycogen nanoparticles extracted from rat

1-29



liver, rabbit liver, slipper limpet, and human skeletal muscles show their
different structural properties (Figure 9b-e).?° These polysaccharidic
nanoparticles are easily modified to prepare advanced functional
derivatives, which maintain biodegradability and biocompatibility.
Chemical modifications are performed via carbohydrate chemistry and
biochemistry in both water and organic solvents, at room temperature,
under mild conditions, and with nontoxic reagents (Figure 9f).
Engineering the chemical, physical, and structural properties of
glycogen allow the tuning of hydrophobicity, colloidal stability, toxicity,
degradability, and functionality of these nanostructures. For instance,
glycogen can be functionalized with several functional groups via simple
synthetic chemical routes, as periodate oxidation, reductive amination,
oxime formation, esterification, alkylation, and several “click” based

4

chemical reactions.?®® Although several materials were already

proposed and used in targeting, drug delivery, and imaging

applications,®" 274276

only a few reports proposed glycogen as a
building block for the preparation of hybrid materials.

Hybrid materials based on organic components and metal
nanoparticles hold great potentials in applications in sensing and
biomedicine thank the components combined properties.?”” In
particular, glycogen-AuNP hybrid materials were prepared with a self-
assembly process simply mixing the metal and organic nanoparticles in
solution.?’”® The plasmon absorption of the AUNP had a redshift and its
intensity was a function of the glycogen concentration. This effect was
due to the enhanced dielectric constant of the surrounding environment
of the AuNP, which aggregated on the surface of glycogen.
Interestingly, when AuNP were mixed with other glycans or proteins
similar opticals behaviour were not observed, indicating the affinity of
glycogen to AuNP.?”® Another synthetic method to prepared glycogen-
based hybrid materials was proposed following a bottom-up approach

where AuNP were synthesized directly in the presence of glycogen
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(Figure 10).2®° A higher concentration of gold ions precursors on the
surface of glycogen resulted in an increased number of metal
nanoparticles and therefore in a controlled shift of the plasmonic band.
Moreover, following a similar procedure, glycogen-silver nanoparticles
hybrids were prepared to hold antimicrobial properties.?®’ Glycogen-
based hybrid materials for drug delivery applications were designed and
proposed by Kandimalla et al.?®? In this study, glycogen-AuNP hybrids
were used to increase the solubility of the scarcely water-soluble
silymarin, enhancing the drug gut permeation and ultimately the drug
therapeutic effect in rats. Besides, these hybrids nanomaterials were
non-toxic and biocompatible to human erythrocytes. The interesting and
highly tunable properties of glycogen combined with the unique
electromagnetic properties of inorganic metal nanoparticles make these
nanoparticles an enticing potential platform for the preparation of

functional advanced hybrid materials.
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Figure 9. A) Depiction of the biological production of Glycogen from
uridine diphosphate glucose to hyperbranched polysaccharidic
nanopatrticle via enzymatic synthesis. Transmission electron microscopy
(TEM) images of several types of glycogens having different structural
properties from various sources, as B) rat liver, C) rabbit liver, D) slipper
limpet, and E) human skeletal muscles. F) Examples of schematics
relative to synthetic reactions for the modification of the glycogen
repeating unit. Adapted from 2°* 2%°.
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Figure 10. Depiction illustrating the assembly process of glycogen-
AuNP hybrid materials and the photograph showing the colours of the
different solutions as a function of the glycogen/AuNP ratio. Adapted
from 254, 280.
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1.5 Applications of hybrid materials

Hybrid materials provide researchers with many opportunities to
explore materials for a variety of scientific and industrial applications.
Hereon, after an overview of the progress in hybrid technologies, for the
scope of this thesis, this section will showcase recent advances of

hybrid materials in biomedical and, in particular, sensing applications.>*

=3 -
*= “Protective coatings

\
ommercia
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of hybrid
materials

Figure 11. Examples of advanced technological applications of hybrid
materials. Adapted from *.
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1.5.1 Industrial applications of hybrid

materials

Hybrid nanomaterials have been extensively employed in the last
decades in disparate applications, because of their large-scale
production and excellent properties (Figure 11).22*2%° Hybrid materials
for commercial/industrial applications were successfully applied in the
fields of electronics (microprocessor, waveguides), optics (curved
lenses, lasers mirrors), smart coatings (self-cleaning, antidust,
anticorrosion, anti-scratch), energy (batteries, membranes, hybrid cells,
solar cells, fuel cells), environment (catalysis, biosensors, adsorbents),
nanomedicine (imaging, drug delivery, coatings, implants), automotive
(green tyres, lightweight reinforcement), packaging (textiles,
nanocomposites), sport (polymer reinforcement) and construction
(paints, organoclays, sealant, woods).?®*?*® Moreover, these hybrid
materials can be prepared by a great variety of synthetic procedures,
including  bottom-up, top-down, and advanced processing
methodologies such as deposition of thin-film (dip, spin, electrocoating,
microfluidic), lithography (nanoimprinting, two-photon absorption, dip-
pen), plasma sintering, spray, ion etching, 3D printing and extrusion.?®

Successful innovative hybrid materials have to be prepared from raw
and inexpensive materials and available at the industrial scale. The
manufacturing processes of hybrid materials have to be compatible with
existing industrial infrastructures, they need to show real added value
compared to former materials and they must fulfil safety and regulation
requirements.*

Factors that can trigger the development and marketing of new hybrid
materials can be of regulatory, technical or economic nature. For
instance, regulatory constraints on chromates and Ni-based conversion
coatings allowed the development of hybrid coatings in aeronautics and

automotive applications.* These hybrid coatings fulfil not only new
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regulations but also technical and economical requirements, adding real
value to the new material.® Moreover, these materials can be processed
with already existing automotive technologies, making the transition
toward the uses of hybrids easier and less expensive.?®'2%2

Overall, the process from the discovery to the industrial production of
hybrids is generally long and many factors and actors need to be
considered, in addition to scientific work, to successfully bring a material

to the market for real applications.

1.5.2 Nanoflower-based biosensors

Recent studies gave significant development of hybrid nanoflowers in
the field of sensing applications.”® '® Biosensors are detector devices
that transduce target biological activities by the means of specific
biochemical recognition mechanisms in a quantifiable signal, usually
electrical, thermal or optical.?**%*® The unique hierarchical nano-to-
micro structures of nanoflowers endow these materials with a large
surface area, providing accessible and numerous active sites, improved
catalytic activities, capture ability and detection sensitivity properties.

Elegant examples of hybrids for the detection of bioanalytes were
designed incorporating multi-enzymes, as GOx and HRP, within the
inorganic structure of the nanoflowers (Figure 12a and b).'> %" The
prepared nanoflowers allowed the multi-step catalysis of an enzymatic
cascade reaction in one hybrid system. The cascade reactions involved,
first, the oxidation of glucose in the presence of oxygen by GOx with the
concomitant production of hydrogen peroxide (H,O,), and, then, the
oxidation of a chromogen catalysed by the presence of HRP and H,0,
(Figure 12a). The colour change was readily monitored via
spectroscopic analysis. The vicinity of the two enzymes enhanced the
glucose detection sensitivity reducing the diffusion and decomposition

of H,O,, obtaining, therefore, a multi-enzyme hybrid nanoflowers
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capable to detect glucose via a colourimetric method with a low limit of
detection in the range of fractions of uM (Figure 12b).

Several kinds of hybrid nanoflowers were prepared in combination
with a sandwich immunoassay for the sensing of bioanalytes, such as
protein biomarkers and pathogens. These systems rely on specific
bioanalyte recognitions using recognition probes which trigger a
transduced and amplified signal change via signal probes.?®*?® The
design of nanoflowers for sandwich biosensing consists of hybrid
structures exhibiting two functionalities: the specific capability to bind
targeted bioanalyte and the improved enzymatic activity and stability for
the amplification of the signal. This adaptable design can host various
kind of recognition proteins, as antibodies'®® and streptavidin,'®* as well
as signal enzymes, as HRP®* and B-galactosidase,?'’ for the
preparation of various protein-enzyme hybrid nanoflowers. Depending
on the chosen enzyme, the transduced and amplified signal outputs can
be a colourimetric, fluorescent and electrochemical response
Nanoflowers, compared to other platforms for the immobilization of
functional biomacromolecules, can easily load a greater quantity and
simultaneously combine several biomolecules into one hybrid system.
Hybrid nanoflowers for the sandwich biosensing were prepared with
concanavalin-A (Con A) and GOx incorporated in a calcium hydrogen
phosphate structure via a one-pot synthesis in mild conditions (Figure
12¢).>*' Con A was used as the recognition unit toward the superficial E.
coli O-antigen, whereas GOx acted as the transducer and signal
amplification unit that catalysed the glucose to gluconic acid reaction
causing a decrease in pH, (Figure 12d). The sensor had a linear range
of 10-10° CFU mL™" and a low LOD of 10 CFU mL™". Electrochemical
signals were also explored to develop electrochemical sensors for the

detection of bioanalytes.?'® 3%

In particular, in impedimetric
immunosensor devices the transduced signal is the increasing

resistance of the system, measured via electrochemical impedance
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spectroscopy (EIS), which is associated with the increasing amount of
analytes at the surface of the electrode. For example, a cobalt
phosphate nanocomposite was prepared in the presence of an aptamer
for the detection of platelet-derived growth factor.'? The hybrid material
was deposited on the surface of an electrode and then incubated in a
solution containing the bioanalyte. The protein adsorbed on the
electrode surface, via aptamer recognition, increased the system
resistance as a function of the protein concentration in solution, with a
low LOD of 3.7 pg mL™".

To expand the potentials of nanoflowers for sensing applications,
paper-based, low-cost and portable sensors incorporating these hybrids

were developed.??® 303305

Cellulose materials supported hybrid
structures were prepared via a direct in situ growth of nanoflowers on
the paper-liquid interface avoiding additional steps, as purification and
drying, and shortening the crystallization time, from days to several
minutes, compared to the conventional synthesis. A colourimetric
glucose sensor was developed using a functionalized microfluidic paper
with manganese phosphate hybrid nanoflowers and GOx.**® The hybrid
material was readily synthesized adding a manganese and phosphate
salt solutions in the presence of GOx on the paper interface. The device
achieved rapid on-site glucose detection in complex biological samples

with a LOD of 0.01 mM.
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Figure 12. Examples of nanoflowers in biosensing applications. a) The
chemical equation of glucose sensing via a two-step enzymatic cascade
reaction and b) depiction of the cascade reaction using HRP/GOx-
Cu3(POy), nanoflowers. c¢) Schematic of the assembly process of hybrid
ConA/GOx-CaHPO, hybrid nanoflowers and d) corresponding
nanoflowers-based immunosensing of E. coli. Adapted from "%% %%,

1.5.3 Gold nanoparticle-based biosensors

Hybrid biosensors made from controlled nanostructured materials
greatly benefit from the materials enhanced optical, electrical,
morphological, and cargo loading properties.>**®**%” SERS-, ELISA- and
electrochemical-based sensors with low detection limit and high
sensitivity can be developed using GNPL embedded in organic
architectures benefiting from the assemblies excellent surface plasmon
resonance, surface area, loading capacity, and electron transfer
properties (Figure 13a).

SERS is a surface-sensitive technique were Raman scattering from
analytes adsorbed on ordered plasmonic rough metal nanostructured
interfaces is enhanced by a factor of 102, allowing the detection of even
single molecules.*®® The chemical as well the electromagnetic effects,
which are the electron transfer from substrate to the analyte and the
excitation of the localized surface plasmon resonance (LSPR),
respectively, contribute to the SERS.**® This technique is useful for the
detection of biochemical analytes in biomedical and food applications,

0

and environmental monitoring.*® Interfaces with excellent SERS
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activities should have rough and stable surfaces able to immobilize a
high quantity of analytes and have strong and homogeneously
distributed LSPR to achieve reproducible and uniform SERS signals.>'"
312 GNPL present rough surfaces, chemical stability, well-defined and
controlled structures, high surface area, and strong interactions
between nanoparticles producing LSPR modes, which properties make
these structures and ideal material for preparing SERS substrates.?'*?'*
Moreover, other variables in GNPL can be finely tuned as the
nanoparticles size, size distribution, shape, and thickness of the
inorganic layer to control the hot spots number and spatial organization,
therefore control the SERS sensing properties.?'*?'® Several examples
of SERS sensors based on GNPL have been successfully proposed for
the detection of biomacromolecules, as the proteins BSA and
myoglobin,*'**% the pathogen S. Typhimurium,**' and small molecules,

2

as the antiviral medicine amantadine,®”? antibiotic penicillin,**® and

benzenethiol®'®

(Figure 13b and c) with high sensitivities and low
detection limits.

The biochemical assay ELISA is based on the specific recognition
reaction between an antigen and its specific antibody to detect and
quantify the antigen amount in a sample.®** It is a widespread analytical
assay used in clinical analysis and quality controls. The most used and
accurate ELISA assay uses the “sandwich” method, in which the
sample solution containing the target antigen is incubated on a
functionalized substrate with the relative antibody. The recognized and
linked antigen on the substrate is then conjugated to another antibody
bearing an enzyme, which can be quantified by an enzymatic reaction
involving, usually, a colourimetric assay.*® The immobilization of the
antibody on the substrate is of crucial importance for the sensing
properties of the assay. Commonly, substrates used in ELISA assay are
smooth and flat polystyrene microplates that, due to the two-

dimensional interfacial structure, accommodate a limited quantity of
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antibody at the interface. This negatively affects the assay detection
limit, restricting the sensing capability of low concentration biomarkers,
such as antigens at initial phases of cancer.*® GNPL present rough
surfaces, high surface area, micro-to-nano architectures, and electron
transfer efficiency properties that endow materials with characteristics
that greatly benefit ELSA assay. Indeed, these structures have high
loading cargo capability, low diffusion hindrance, and enhanced
catalytic activity, improving the sensing properties of ELISA assay. For
instance, the lysozyme, human serum albumin and fibrinogen proteins
absorption on GNPL-modified PS microplates is a few folders higher
compared to the unmodified one.*?® Moreover, also the sensitivity of
GNPL-modified PS microplates toward the carcinoembryonic antigen in
human plasma was increased of 100-folds compared to unmodified
plates and the limit of detection halved compared to commercial ELISA
kit (Figure 13d and e).**’

Electrochemical biosensors are based on the conversion of biological
information into an easily processed electrical signal, which can be
studied via common electrochemical techniques as
chronopotentiometry, chronoamperometry, cyclic voltammetry, and
electrochemical impedance spectroscopy.®?®3?° These techniques are
widely explored for biosensing applications due to their fast and reliable
results and the possibility to miniaturize the electrochemical sensing
device. Sensing properties, as sensitivity and limit of detection, are
strictly correlated to the chemical composition and structure of the
interface that connects the electrode and the biological sample.**° The
topographies, architectures, and chemical compositions of the
electrodes can be controlled by the means of nanotechnology to
enhance biosensor detection properties.*®' In electrochemical sensors,
GNPL improve bioactive molecules adhesion and bioactivity, enhance
stability and promote electron transfer efficiency.®**** GNPL

electrodes, compared to unmodified electrodes, have an increased

1-41



loading cargo and electron transfer efficiency that result in improved
sensitivity and limit of detection.??® Usually, electrodes are prepared by
the facile self-assembling of antibodies, enzymes, and proteins via LbL
methods.***%% A variety of biomolecules were successfully detected
using immobilized bioactive molecules on electrode surfaces
functionalized with GNPL, including antigens such as lipoprotein with
apolipoprotein B,**” human chorionic gonadotropin antigen with anti-
human chorionic gonadotrophin,®*® carcinoembryonic antigen with anti-

carcinoembryonic antigen,**® and enzymes as hydrogen peroxide with
230, 341-342

horseradish peroxidase,®*° glucose with glucose oxidase, and
acetylthiocholine with acethylcholinesterase (Figure 13f-h).3*?
Applications of gold nanoparticle layers
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Figure 13. a) An overview of biotechnological applications and b-h)
specific biosensing applications of hybrid materials based on gold
nanoparticles layers. b) SERS-active substrates composed of gold
nanoparticles resulting in c¢) enhanced SERS intensities signals. d)
Depiction of ELISA-enhancing substrates and e) improved signals in an
immunoassay targeting CEA. f) Schematic of acetylthiocholine sensing
via an electrochemical-active modified electrode with gold nanoparticle
layers and acethylcholinesterase, g) amperometric response upon
addition of the analyte, and h) AFM image of the modified electrode.
Adapted from 223, 318, 327, 343_
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1.6 Scope of the thesis

Recent developments in the field of hybrids hold great potentials for
their advanced applications as a platform for a range of biomedical-
related applications. In particular, the detection properties of sensors
based on hybrid structures greatly benefit from the synergistic
combination of organic and inorganic components in a single material.
However, questions persist regarding the detection properties, synthetic
preparation, catalytic activities, and assembly capability of functional
hybrid materials for sensing applications. This thesis explores
innovative approaches to design advanced hybrid nanostructured
materials with electrocatalytic, optical and catalytic properties

Several characterization methods were used for the study of the
prepared hybrid materials, as well as the evaluation of their catalytic
and sensing properties. Chapter 2 displays the materials, methods,
instruments, techniques and other relevant experimental details used in
this thesis.

In Chapter 3 a non-enzymatic glucose sensor capable of detecting
glucose at physiological pH was developed. The electrochemical sensor
was prepared modifying a carbon electrode with inks made blending
cobalt phosphate nanostructures and a fluorinated binding agent. The
cobalt-based material was prepared in mild conditions without the use
of toxic chemicals or high temperatures, providing a robust and scalable
synthetic method for the preparation of hierarchically organized
nanostructures. The modified electrode showed to be electroactive for
the oxidation of glucose to gluconolactone due to the presence of cobalt
metal ions, which are known for their electrocatalytic properties. Taking
advantage of the electrochemical reaction, glucose was detected in
PBS and human serum in biological relevant concentrations. Moreover,
density functional theory studies gave further insights on the glucose

binding to the modified electrode surface.
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In Chapter 4 hybrid nanostructured nanoflowers with enzymatic-like
catalytic properties were prepared. These particles were synthesized in
mild conditions via a crystallization process of copper phosphate in the
presence of the biomacromolecule dextran sulfate.

Structures with different morphologies were obtained varying the
synthetic parameters, as the concentration of reagents, pH and the
reaction time. It was found that surfaces could be functionalized with
these hybrid materials via a simple, one-pot, scalable and robust
method to prepare catalytic micro-reactors. These structures displayed
a non-enzymatic peroxidase-like catalytic activity toward hydrogen
peroxide as substrate. Thus, a hydrogen peroxide sensor was
developed using a fluorescent chromogenic substrate. Furthermore, a
glucose sensor was prepared taking advantage of a hybrid
enzymatic/non-enzymatic cascade reaction achieved combining the
enzyme glucose oxidase and the inorganic hybrid particles.

In Chapter 5 a natural nanoparticle was engineered to prepare, with
metal nanoparticles, hybrid functional materials. The organic
engineered nanoparticles display adhesive and functional properties for
the preparation of thin film on a variety of substrates, regardless of the
substrate chemical composition. The coatings were found to be stable
in several chemical environments and yet maintain enzymatic
degradability. These organic coatings with metal nanoparticles were
further used for the tuneable preparation of modular hybrid layer-by-
layer assemblies. These hybrid systems, in which the metal
nanoparticles maintain catalytic and optical properties, were used for
the preparation of catalytic reactors and functional surfaces for sensing
applications.

Finally, Chapter 6 provides the conclusions of the entire scientific
work completed during this PhD program, as well as prospective

research works that can result from the outcomes of this thesis.
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Chapter 2

Experimental Details

Chapter 2 reports the materials, methods, instruments, techniques

and other experimental details used in this thesis.
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2.1 Cobalt Phosphate Nanostructures for
Non-Enzymatic Glucose Sensing at

Physiological pH

211 Reagents and chemicals

Cobalt(ll) nitrate hexahydrate (Co(NO3)2:6H20, 297%, CAS no.

10026-22-9) was purchased from Baker. PBS tablets, Nafion 117
solution (CAS no. 31175-20-9), cobalt(ll) phosphate hydrate
(Co3(POg)2:xH20, CAS no. 10294-50- 5), potassium ferricyanide(lll)

(K3Fe(CN)g, CAS no. 13746-66-2), and HS from human male AB

plasma were purchased from Sigma-Aldrich. D-Glucose (CAS no. 50-
99-7) was purchased from AnalR. Potassium chloride (KCIl, CAS no.
7440-09-7) was purchased from Chem-Supply. All the chemicals were
used as received. High-purity (Milli-Q) water with a resistivity of 18.2
MQ cm was obtained from an inline Millipore RiOs/origin water

purification system.

2.1.2 Instrumentation

X-ray photoelectron spectroscopy (XPS) spectra were acquired using
an Axis Ultra X-ray photoelectron spectrometer (Kratos Analytical, UK),
equipped with a 165 mm concentric hemispherical electron energy
analyzer and a monochro- mated Al Ka incident X-ray source (1486.6
eV). Survey (wide) scans were recorded in the binding energy range of
0-1200 eV, with 1.0 eV steps, a dwell time of 100 ms, and an analyzer
pass energy of 160 eV. Multiplex (narrow) high-resolution spectra were
recorded with a pass energy of 20 eV, 0.05 eV steps, and a dwell time

of 250 ms, resulting in an energy resolution (AE/E) of ~300 meV. The
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base pressure in the analysis chamber during data collection was 1-2 x

1079 mbar, and these data were processed using the software
CasaXPS. All binding energies were calibrated using the C 1s level of
adventitious carbon at 285.0 eV. Fourier transform infrared (FTIR)
spectra were obtained on a TENSOR Il (Bruker) attenuated total
reflectance FTIR (ATR-FTIR) spectrometer and analyzed using the
software OPUS 7.8. The number of scans was 64. A minimum

1 and the absorbance/transmittance mode were

resolution of 4 cm™
used. Scanning electron microscopy (SEM) images were obtained on a
Teneo VolumeScope (FEI) microscope. Transmission electron
microscopy (TEM) was conducted on a Tecnai Spirit (FEI) microscope
operating at 120 kV. Energy-dispersive X-ray spectroscopy (EDX) was

performed on a 20 mm?

X-Max SDD instrument (Oxford Instruments)
equipped with the software AZtec 3.2. X-ray diffraction (XRD) data were
collected using a D8 ADVANCE X-ray diffractometer (Bruker) with Ni-
filtered Cu Ka radiation (1.54 A). Data were collected between 5° and
85° 20, with a step size of 0.02° and a scan rate of 1.0 s per step. An
anti- scatter blade was used to reduce the diffracted background
intensity at low angles. An incident beam divergence of 1.0° was used
with a 2.5° soller slit in the diffracted beam. The sample was spun at 15
rom. Generally, unless otherwise specified, the data from the character-

izations were exported to the software OriginPro 8.5 for further analysis.

21.3 Synthesis of CPNs

An aqueous Co(NO3)2:6H20 solution (100 pL, 1.2M) was added to
PBS (20mL, 1mM, pH7.4) in a 50mL tube with simultaneous vortexing,

which was continued for 5 s after addition, followed by static incubation
at 23 °C overnight. For the scale-up of the synthesis, an aqueous
Co(NO3)2:6H20 solution (10 mL, 1.2 M) was added to PBS (2 L, 1 mM,
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pH 7.4) in a 2 L glass beaker with vigorous stirring, which was
continued for 5 s after addition, followed by static aging at 23 °C
overnight. The precipitate was then collected, washed 5 times by
centrifugation (67g, 5 min) and resuspension in water, and finally
resuspended in water (40 mL) and stored at 4 °C for further
characterization. SEM and TEM samples were prepared by dropcasting
the aqueous suspension on a silicon wafer and a carbon grid,
respectively, followed by drying in air. XPS, XRD, and FTIR samples
were prepared by drying the aqueous suspension in a vacuum

desiccator prior to analysis.

214 Electrode preparation

A glassy carbon electrode (GCE, 3 mm in diameter) was first
polished with a 0.05 pym alumina slurry. The polished GCE was then
rinsed with water and ethanol, and allowed to dry in air. A CPN
suspension (10 mg/mL) in 10% (v/v) Nafion in ethanol was prepared
and vortexed to obtain a homogeneous suspension. On the center of
the GCE, the prepared suspension (10 uL) was dropcasted and allowed
to dry in air. Similarly, a screen- printed electrode (SPE, 3 mm in
diameter) was modified by dropcasting a 10 mg/mL CPN suspension
(10 pL) in 10% (v/v) Nafion in water and allowed to dry in air. A total
mass of 0.1 mg of CPNs was deposited on the GCE or SPE to achieve
complete surface coverage of the working electrode (WE). A bare GCE
electrode for control measurements was prepared following the
aforementioned procedure without the use of CPNs, thereby resulting in
an electrode coated with Nafion only. For comparison, GCE was also

modified with Co3(POg4)2 powder following the aforementioned protocol.

Graphite SPE chips that were produced in the Laboratory of Biosensors
and Nanomachines at the University of Rome, Tor Vergata, were used.

Briefly, the electrodes were printed using a 245 DEK (Weymouth, UK)
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screen-printing machine and graphite- (LOCTITE EDAG PF-407A) and
silver-based (LOCTITE EDAG PF-410) conductive inks and a gray
dielectric paste insulating ink. The inks were printed on a polyester
flexible film (Autostat HT5). Each graphite SPE chip contained three
separate printed portions that served as the working (carbon-based ink),
the reference (silver-based ink), and the counter electrode (CE)
(carbon-based ink). The diameter of the WE was 3 mm, which resulted

in an apparent geometric area of 7.07 mm2.

2.1.5 Electrochemical measurements

Cyclic  voltammetry (CV) and chronoamperometry (CA)
measurements were performed on a MM510 potentiostat/galvanostat
(Materials Mates Italia S.r.l.) using the software VoltaScope 5.4.
Electrochemical measurements involving the GCE were conducted in a
three-electrode electrochemical cell composed of a glassy carbon WE
(3 mm diameter), a platinum wire as the CE, and a Ag/AgClI reference
electrode (RE). Electrochemical measurements involving the SPE were
performed on the SPE described above. The supporting electrolyte,

unless specified otherwise, was a N9o-saturated 10 mM PBS solution

(pH 7.4) that was thoroughly mixed by a magnetic stirrer. The pH of the

electrolyte was adjusted, when needed, with 1 M NaOH solution.

2.1.6 Computational details

The X-ray crystal structure of Co3(PO4)2 was obtained based on the

most likely cobalt phosphate stoichiometry determined from the XRD
pattern of the CPNs and cleaved to form the (100), (111), and (211)
surfaces. For the (111) and (211) surfaces, oxygen positions were

adjusted to preserve the tetrahedral phosphate geometry. Each slab
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consisted of two layers, with x x y dimensions of 16.72 x 8.79, 9.77 x
12.13, and 17.47 x 12.13 A? for the (100), (111), and (211) surfaces,
respectively. Increasing the number of layers or replicating the unit cell
in the x or y dimension did not affect the Glu binding energies
significantly. A vacuum spacer of at least 20 A in the z-direction was
added, and the model surfaces were subsequently relaxed, generating
surface structures corresponding to different possibilities of surface
cobalt coordination. Following surface relaxation, the geometry of the
bottom layer of the slabs was frozen for the surface—-Glu binding energy
calculations. For the free Glu structural optimization, a single Glu
molecule was placed in the center of a 20 x 20 x 20 A® box, and only
the gamma point was sampled. For the adsorption calculations, a
variety of initial orientations of Glu on the relaxed surfaces were
constructed, with an O1(Glu)-cobalt initial distance of ~2.5 A. All
calculations were performed using the Vienna Ab initio simulation
package and the generalized gradient approximation (GGA)
Perdew-Burke—Ernzerhof exchange correlation functional. The
projector augmented wave (PAW) method was used with the Blochl all-
electron, frozen-core PAW pseudopotentials. A 5 x 5 x 1
Monkhorst-Pack k-point mesh for sampling the Brillouin zone and a
cutoff energy of 500 eV were applied, and spin polarization was
included. A dipole correction was applied to minimize polarization
effects because of slab asymmetry. The Hubbard U parameter (GGA +
U) for the electron correlation of the d states in cobalt ions was used
with a value of 3.5 eV. A convergence criterion of 0.01 eV/A was

employed for the geometry optimizations.
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2.2 Enzyme-Mimicking Hybrid Nanoflowers

Enables Sensing of Bio-analytes

2.21 Materials

Copper sulfate (7758-99-8), phosphate buffered saline tablets,
dextran sulfate (9011-18-1), hydrochloric acid (7647-01-0), sodium
hydroxide (1310-73-2), o-phenylenediamine (95-54-5), hydrogen
peroxide (7722-84-1), glucose oxidase from Aspergillus Niger (9001-37-
0), glucose (50-99-7) and Corning 96 well TC-treated plates were
purchased from Sigma Aldrich.

The CAS number for each chemical was reported in brackets. All the
chemicals were used as received. High-purity (Milli-Q) water with a
resistivity of 18.2 MQ cm was obtained from an inline Millipore

RiOs/origin water purification system.

2.2.2 Synthesis of dextran sulfate-copper

phosphate nanoflowers

In a typical synthesis of hybrid Dextran Sulfate-copper phosphate
nanoflowers (D-NF), 500 uyL of phosphate buffered saline (PBS, 1 X, pH
7.4) with a dextran sulfate (DS) concentration of 1 mg mL™" was quickly
added under vortex mixing to 100 uL of a CuSO, aqueous solution (120
mM) in a 2.2 mL PS vial. The solution was then mixed by vortex for 60 s
and subsequently incubated statically overnight at room temperature
(25 °C). At 30 min of incubation, the solution turned from transparent to
opaque, indicating the nucleation and growth of micrometre-sized
nanoflowers. After overnight incubation, the blue precipitate was
washed via centrifugation and re-suspension with water for at least five

times, then dried under vacuum at room temperature. To study the
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reaction synthetic parameters, nanoflowers preparations were carried
systematically changing one variable at a time, namely PBS, DS,
CuSO0O, concentrations and pH. The final chemical concentrations of a 1
X PBS solution is defined as 137 mM NaCl, 10 mM Na,HPO,/NaH,PO,,
and 2.7 mM KCl at pH 7.4.

2.2.3 Characterization of hybrid nanoflowers

Transmission electron microscopy (TEM) images were acquired
using a Tecnai Spirit (FEI, USA) instrument with an operating voltage of
120 kV. Scanning electron microscopy (SEM) images and energy-
dispersive X-ray spectroscopy (EDX) spectra and mapping were
acquired with a FlexSEM 1000 (Hitachi, Japan) benchtop SEM
equipped with a Quantax 80 (Bruker, USA) EDX system. Typically,
images and spectra of uncoated samples were recorded using a beam
voltage of 15 kV, operating in SEM pressure mode and with an
acquisition time of 5 min. Attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR) spectra were obtained on a TENSOR
II (Bruker) ATR-FTIR spectrometer and analyzed using the software
OPUS 7.8. The number of scans was 64 with a minimum resolution of 4
cm™". The fluorescence emission and excitation spectra were recorded
on a Infinite M200 microplate reader (Tecan, Switzerland)
spectrophotometer and analysed using the software i-control. The
samples for X-ray diffraction (XRD) analysis were ground in a mortar
and pestle under ethanol, smeared onto a glass slide, allowed to dry
overnight in air and then analysed as a randomly orientated sample.
Diffraction data were collected using a Bruker D8 Advance X-ray
diffractometer with Ni-fitered Cu ka radiation (1.54 A). Data were
collected between 5 and 85° 20, with a step size of 0.02° and a scan
rate of 1.0 s per step. An anti-scatter blade was used to reduce the

diffracted background intensity at low angles. An incident beam
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divergence of 1.0° was used with a 2.5° soller slit in the diffracted beam.
The sample was spun at 15 revolutions per minute. Phase identification
was completed using Diffrac.EVA V4.1 software with the ICDD PDF4+
2018 database. Thermal gravimetric analysis (TGA) was performed
using an alumina crucible in a TGA Netzsch TG 209F1 Libra at a
heating rate of 4 °C min™' from 30 to 600 °C in air.

224 Preparation of D-NF functionalized

microreactors

To prepare a 96 well plate coated with D-NF, a similar synthetic
procedure described for the preparation of D-NF was executed. In a 15
mL PS vial, 5000 uL of phosphate buffered saline (PBS, 1X pH 7.4) with
a dextran sulfate (DS) concentration of 1 mg mL™ was quickly added
under vortex mixing to 1000 pL of a CuSO,4 aqueous solution (240 mM),
continuing then the mixing by vortex for 60 s. Solution aliquots (300 pL)
were then added to each well of a 96 well plate and subsequently
incubated statically overnight at room temperature (25 °C). The
functionalized wells were washed rinsing with water and stored under

water at room temperature (25 °C) until further use.

2.2.5 Catalytic activity and H,O, sensing

The non-enzymatic peroxidase-like activity of the hybrid nanoflowers
was studied using OPD as substrate. In each D-NF coated well, 100 pL
of OPD solution (0.3 mM), 100 yL of PBS (3X pH 6.5) and 100 pL of
H,O, (15 mM) were incubated under gentle mixing, recording the
solution fluorescence emission intensity in real-time every 5 min for a
total of 45 min. Fluorescence emission intensities at 566 nm were
recorded using an excitation wavelength of 410 nm. There was no need

to separate the nanoflowers from the solution since the catalytic
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substrate remained attached to the bottom of the well during the
reaction. H,O, detection was performed in the same experimental
conditions as described before varying the final H,O, concentration from
0 to 7 mM. For control experiments, solutions composed of a) OPD in
PBS with the presence of D-NF and b) OPD and H,O, in PBS without
the presence of D-NF were incubated as previously described and their

fluorescence emissions recorded over time.

2.2.6 Glucose detection via hybrid cascade

reaction

The detection of glucose was performed in 96 D-NF coated well
plate. In each well, 100 yL of OPD solution (0.3 mM), 100 uL of PBS
(3X pH 6.5) with different concentrations of glucose and 100 pL of
glucose oxidase (100 U mL™) were incubated under gentle mixing at 37
°C. After 120 min of incubation, the solutions fluorescence emission
intensities at 536 nm were recorded using an excitation wavelength of
444 nm.
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2.3 Nanoengineering Multifunctional
Hybrid Interfaces Using Adhesive

Glycogen Nanoparticles

2.3.1 Materials

Phytoglycogen derived from sweet corn (PG) was purchased from
Glysantis. Acetic acid glacial, anhydrous dimethyl sulfoxide (DMSO)
(299.9%), ammonium molybdate, B-amylase from barley, copper(ll)
sulfate pentahydrate, crystal violet (CV), deuterium oxide, dialysis
tubing cellulose membrane (14 kDa cutoff), fetal bovine serum,
glutathione (GSH), gold(lll) chloride hydrate, hydrochloric acid, lipoic
acid (LA), methylene blue, nitric acid, Parafiim M, phosphate buffered
saline (PBS) tablets, platinum nanopowder (<50 nm), polyethylene
terephthalate (PET) film, polymethylmethacrylate (PMMA) film,
polypropylene (PP) film, polystyrene (PS) film, PTFE film, AgNPs (20
nm), sodium acetate, sodium arsenate dibasic pentahydrate, sodium
bicarbonate, sodium borohydride, sodium carbonate, sodium citrate,
sodium dodecyl sulfate (SDS), sodium potassium tartrate tetrahydrate,
sodium sulfate, sulfuric acid, thiazolyl blue tetrazolium bromide (MTT),
and  N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide  hydrochloride
(EDC-HCI) were purchased from Sigma-Aldrich. Cover glass slips were
purchased from Knittel Glass. PMMA slides were purchased from
Caplugs Evergreen. 4-(Dimethylamino)pyridine (DMAP) was purchased
from Fluka. Alexa Fluor 488 NHS Ester and Dulbecco’s modified Eagle
medium were purchased from Thermo Fisher Scientific. Dodecanoic
acid was purchased from Alfa Aesar. Hydrogen peroxide, ethanol
(EtOH), and n-hexane were purchased from Chem-Supply. A PS

particle suspension (3.2 ym) was purchased from MicroParticles. PP
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conical tubes (15 mL) were purchased from Corning. Nickel foam was
purchased from American Elements. PS cuvettes were purchased from
Greiner Bio-One. PTFE and polyurethane tubes were purchased from
ATA Scientific. All the chemicals were used as received. High-purity
(Milli-Q) water with a resistivity of 18.2 MQ cm was obtained from an

inline Millipore RiOs/origin water purification system.

2.3.2 Synthesis and materials preparation

2.3.21 Synthesis of L-PG

To modify PG with a degree of functionalization of 2% (LA/glucose
mol/mol), PG (200 mg, 1.23 mmol glucose unit) was dissolved in 8 mL
anhydrous DMSO under an inert atmosphere of nitrogen. LA (30.6 mg,
0.12 eq.), DMAP (45.2 mg, 0.3 eq.), and EDC-HCI (28.4 mg, 0.12 eq.),
each dissolved in 4 mL anhydrous DMSO, were sequentially added
dropwise to the above solution under stirring. The system was allowed
to react for 72 h under nitrogen gas flux. Then, HCI (1.2 M, 0.31 mL, 0.3
eq.) was slowly added to neutralize DMAP. The product was purified by
dialysis (14 kDa cutoff) against acidic Milli-Q water (2 L, pH 4 using HCI)
for 2 days and neutral Milli-Q water for one day, and freeze-dried to
finally obtain L-PG (yield 180 mg, 90%). The degree of functionalization
of modified glycogen was determined by NMR spectroscopy. 'H-NMR
(400 MHz, D,0, 50 °C) ® (ppm): 5.36 (0.98, H-aa), 4.97 (0.02, H-ap),
4.30-3.32 (6.53, H-b, c, d, e, f), 3.31-3.20 (0.02, H-k, m), 2.62-2.4
(0.07, H-g), 2.08-1.94 (0.03, H-I), 1.87-1.19 (0.13, H-h, i, j). The degree
of functionalization was calculated by dividing the peaks integral relative
to the lipoate peaks (& (ppm): 3.31-1.19) by the peaks integral of H-aa
and H-ap (d (ppm): 5.60—4.80) to 100.
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2.3.2.2 Preparation of fluorescent labeled L-PG

Lipoate-conjugated phytoglycogen (L-PG; 2 mg) was dispersed in
carbonate buffer (1 mL, 10 mM, pH 9.2). To this dispersion, AF488NHS
solution (30 pL, 1 mg mL™" in dimethyl sulfoxide (DMSO)) was added
and the resulting solution was mixed overnight. Excess fluorophore was
removed using an illustra Nap 10 Sephadex column (GE Healthcare
Life Sciences), and the resulting product was freeze-dried to generate
L-PG@AF488.

2.3.2.3 Synthesis of dodecane-conjugated
phytoglycogen (DD-PG)

DD-PG was prepared using the same synthesis procedure as that
used for preparing L-PG, with the exception that dodecanoic acid (0.06
eq.) was used instead of lipoic acid. The degree of functionalization of
modified glycogen, as determined by NMR spectroscopy, was 1%

(dodecanoic moieties/glucose mol/mol).

2.3.2.4 Synthesis of gold nanoparticles (AUNPs)

AuNPs of 14 nm in diameter were prepared by citrate reduction of
HAuCI, in aqueous phase. Typically, a sodium citrate (102 mg) water
solution (2 mL) was rapidly injected into a boiling aqueous HAuCl,
solution (30 mg in 200 mL water) under vigorous stirring. After boiling
for 15 min, the solution was cooled to room temperature. The colloidal

suspension was stored at 4 °C in the dark until further use.
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2.3.2.5 Preparation of L-PG metal nanoparticle

hybrid coatings on glass

Circular glass substrates (diameter of 10 mm) were functionalized
with L-PG and Au, Ag and Pt metal nanoparticles. First, the substrates
were cleaned with EtOH and water and placed on a planar surface. To
prepare the first layer, an L-PG dispersion (0.4 mL, 0.1 mg mL™") was
deposited on the glass. After incubation for 10 min, the glass was rinsed
with water. To prepare the second layer of metal nanoparticles, 0.4 mL
of a Au (0.06 mg mL™"), Ag (0.02 mg mL™), or Pt (0.1 mg mL™") colloidal
dispersion was added and the system was incubated for another 10
min. The glass was then washed with water to obtain one bilayer on one
side of the substrate. To prepare multilayered or multi-elements
systems, the process was repeated as many times as required with the
appropriate metal nanoparticles. When the appropriate number of
bilayers was obtained, the glass was dried with a N, gun. For control
experiments, unmodified PG was used with AuNPs following the
abovementioned procedure. The glass substrates were directly
incubated with AuNPs in the absence of L-PG following the same

procedure.

2.3.2.6 Preparation of PS microparticles coated with
L-PG and AuNPs

A dispersion of 3.2 ym PS particles (0.3 mL, 1 mg mL™") was washed
via centrifugation and redispersion with water three times (2000 rcf, 2
min). After each centrifugation, sonication in an ultrasound bath was
performed for 5 s to disperse the particles in solution. During the last
wash, the dispersion was diluted with water to 0.3 mL and added via

pipetting to an L-PG solution (0.2 mL, 0.1 mg mL™"). After gentle mixing
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for 3 min, a further three washes as previously described were
performed. In the last wash, the dispersion was diluted to 0.3 mL to
obtain a 1 mg mL™" L-PG-coated PS microparticle dispersion. To this
dispersion, 0.5 mL of AuNP colloidal suspension was added by pipetting
and the solution was gently mixed for 3 min. The colloidal dispersion
was then washed three times as previously described and finally diluted
to 0.3 mL to obtain a 1 mg mL™" PS microparticles coated with one L-
PG/AuNP bilayer. The assembly cycle was repeated as many times as

required, with the last layer composed of AUNP after each cycle.

2.3.2.7 Preparation of inner-coated PP tubes with L-
PG and AuNPs

To prepare an inner-coated 15 mL PP tube via layer-by-layer (LbL)
assembly, an L-PG solution (2 mL, 0.1 mg mL'1) was introduced into
the PP tube and vortexed for 3 min, followed by washing with water.
Then, a AuNP colloidal suspension (2 mL, 0.06 mg mL™") was
introduced into the tube, vortexed for 3 min, and washed with water,
producing a 1-bilayer inner-coated PP tube. To obtain systems with
more bilayers, the steps were repeated several times as required. The
obtained functionalized vials were used fresh for the catalysis

experiments.

2.3.3 Instrumentation

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra were obtained on a TENSOR |l (Bruker) ATR-FTIR
spectrometer. UV-vis absorbance spectra were recorded on a
SPECORD 250 PLUS (Analytik Jena, Germany) spectrophotometer or

an Infinite M200 microplate reader (Tecan, Switzerland). Dynamic light
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scattering (DLS) hydrodynamic diameter and C-potential were measured
using a Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern,
UK). Atomic force microscopy (AFM) experiments were performed on a
JPK NanoWizard Il BioAFM instrument. Contact angle experiments
were performed on an optical contact angle tensiometer (DataPhysics)
using the sessile drop method. Cell viability was evaluated via a
standard MTT assay protocol using MDA-MB-231 cells. The rate of
glycogen particle degradation by B-amylase was determined using the
Somogyi—Nelson assay. The chemical stability of the L-PG coatings
was studied via fluorescence analysis using a Fluorolog
spectrofluorometer (Jobin Yvon Horiba). Quartz crystal microbalance
with dissipation (QCM-D) experiments were performed using a QSense
E4 (Biolin Scientific, Sweden) equipped with gold sensor chips (QSX
301 Gold, Biolin Scientific). Differential interference contrast (DIC)
microscopy images were recorded using an inverted Olympus IX71
microscope. TEM images were acquired using a Tecnai Spirit (FEI,
USA) instrument with an operation voltage of 120 kV. SEM images and
EDX spectra and mapping were acquired with a FlexSEM 1000 (Hitachi,
Japan) benchtop scanning electron microscope equipped with a
Quantax 80 (Bruker, USA) EDX system. Helium ion microscopy images
were recorded on an ORION NanoFab (Zeiss, Peabody, USA) using a
25 keV He® probe with a current of 0.3 pA. SERS analysis was
conducted on a RENISHAW Raman microscope equipped with a

He—-Ne laser operating at 532 nm.
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2.34 Characterization

2.3.41 Attenuated total reflectance Fourier

transform infrared (ATR-FTIR) spectroscopy

ATR-FTIR spectra were obtained on a TENSOR Il ATR-FTIR
spectrometer (Bruker) and analyzed using the software OPUS 7.8. The

number of scans was 64 with a minimum resolution of 4 cm™".

2.3.4.2 UV-Vis spectroscopy

UV-Vis absorbance spectra were recorded on a SPECORD 250
PLUS spectrophotometer (Analytik Jena, Germany) and analyzed using
the software Aspect UV. Solid and liquid samples spectra were
recorded using, respectively, a solid sample holder and a reduced
volume quartz cuvette with a path length of 1 cm mounted on a
standard cell holder. Spectra were acquired with a scan speed of 20 nm
s”". The spectra of PG and L-PG were recorded using a 1 mg mL™

water dispersion.

2.3.4.3 Dynamic light scattering (DLS):

hydrodynamic diameter and {-potential

The hydrodynamic diameter and C-potential of the nanoparticles were
measured using a Zetasizer Nano-ZS instrument (Malvern Instruments,
Malvern, UK) equipped with a He—Ne ion laser (A = 633 nm). To
evaluate the hydrodynamic diameter based on the scattered intensity,
an L-PG or PG suspension (0.1 mL, 1 mg mL™" in water) was analyzed
in a micro cuvette (ZEN0040, Malvern Instruments). To evaluate the (-
potential, a particle suspension (0.8 mL, 3 mg mL™") in PBS (0.1%, pH

7.4) was analyzed in a capillary cell (DTS1070, Malvern Instruments).
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The analysis was performed using a standard operation procedure with
automatic attenuation and measurement position, executing 5 runs

consisting of at least 10 acquisitions for each sample.

2.3.4.4 Atomic force microscopy (AFM)

AFM experiments were performed on a JPK NanoWizard Il BioAFM
instrument. Images were obtained in tapping mode using Tap300-G
(BudgetSensors, Bulgaria) monolithic silicon cantilevers with a spring
constant and resonance frequency of about 40 N m™" and 300 kHz,
respectively. For the analysis of single particles, an L-PG aqueous
dispersion (40 uL, 1 ug mL™") was incubated on a freshly gold-sputtered
mica substrate (20 nm gold layer) for 60 min, extensively washed with
water, and dried with a N, gun. Height and thickness values were
averaged over 250 single nanoparticles. For the thickness and
roughness analysis of the films, glass substrates were first cleaned with
EtOH and water and then completely immersed in a 0.1 mg mL™" PG,
DD-PG or L-PG solution for 10 min. The glass slides were then rinsed
with water several times to remove all excess and unbound polymer,
and dried with a N, gun to obtain PG-, DD-PG- or L-PG-functionalized
glass substrates. Scratches were made using a metallic doctor blade.
Films thicknesses and roughness were analyzed (at least 20 different
profiles for each sample) using the JPK SPM image processing

software.

2.3.4.5 Contact angle measurements

For the contact angle measurements, substrates were incubated in a
0.1 mg mL™" L-PG or PG water solution for 30 min at 21 °C, then rinsed
with water to remove excess polymer. Excess water was removed by

blowing the sample with a N, gun. Uncoated substrates were used as
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the control. Contact angle experiments were performed using H,O (3
ML) at 21 °C on an optical contact angle tensiometer (DataPhysics)
using the sessile drop method. The substrates were placed in the
contact angle instrument window analysis. The drop shape was fitted
using the elliptic method. The contact angle values and standard
deviations were calculated based on the left and right contact angles of

at least 15 different drops per sample.

2.3.4.6 Cytotoxicity assay

Cell viability was evaluated via a standard thiazolyl blue tetrazolium
bromide (MTT) assay protocol. Cells (MDA-MB-231) were plated on a
96-well plate (Costar 3596, Corning, USA) with a seeding density of 10*
cells per well in Dulbecco’s modified Eagle medium (100 yL) with 10%
fetal bovine serum. After 24 h, L-PG nanoparticles were added to the
culture media (final concentrations as reported) and the systems were
incubated for 24 h. Then, MTT reagent was added and after 4 h, the
resulting formazan crystals were dissolved in DMSO. The cell viability
was determined by absorbance measurements at 554 and 670 nm (as

reference) with an Infinite M200 microplate reader (Tecan, Switzerland).

2.3.4.7 Degradation of PG and L-PG nanoparticles
by B-amylase

The rate of glycogen particle hydrolysis by p-amylase was
determined using the Somogyi—Nelson assay adjusted for a microtiter
plate.” For the assay, a PG or L-PG solution (25 pL, 2 mg mL™") in 16
mM sodium acetate buffer (pH 4.8) was treated with B-amylase solution
in H,O (25 L, 1 U mg'1) for 20 min, 1 h, 2 h, or 24 h on a 96-well plate
(Costar 3596, Corning, MA, USA); the experiments were performed in

triplicates. After the incubation, the working solution was added (50 L),
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the plate was covered and heated in a water bath at 95 °C for 20 min.
Then, the plate was cooled to room temperature, and the
arsenomolybdate color reagent was added (50 uL) into each well,
followed by incubation for 1.5 h for complete color development. The
absorbance was measured at 750 nm with an Infinite M200 microplate
reader. To prepare the working solution, sodium potassium tartrate
tetrahydrate (1.2 g), sodium carbonate (2.4 g), sodium bicarbonate (1.6
g), and sodium sulfate (14.4 g) were dissolved in water, and the
resulting solution was diluted to 80 mL to obtain stock Solution I.
Copper sulfate pentahydrate (0.4 g) and sodium sulfate (3.6 g) were
dissolved in water, and the resulting solution was diluted to 20 mL to
obtain stock Solution Il. The solutions were stored separately to prevent
copper oxidation.? Four parts of Solution | and one part of Solution II
were freshly mixed to prepare the working solution before analysis. To
prepare the color reagent, ammonium molybdate (2.5 g) was dissolved
in water (45 mL) and concentrated sulfuric acid (2.1 mL). Sodium
arsenate dibasic pentahydrate (0.3 g) was dissolved in water (2.5 mL)
and mixed with the ammonium molybdate solution. The reagent was
incubated at 37 °C for 24-48 h and stored in a brown bottle.®
References:

(1) Y. Shao and A. H.-M. Lin, Food Chem., 2018, 240, 898.
(2) M. Somogyi, J. Biol. Chem., 1952, 195, 19.
(3) N. Nelson, J. biol. Chem., 1944, 153, 375.

2.3.4.8 Stability of L-PG coatings on glass

substrates

The chemical stability of the L-PG coatings was studied via
fluorescence analysis. First, square-shaped glass slides were cleaned
with ethanol (EtOH) and water and then completely immersed in a 0.1
mg mL™" AF488-labeled L-PG solution for 10 min. Then, the

functionalized glass substrates were rinsed with water several times to
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remove all excess and unbound polymer. The prepared glass
substrates were then separately incubated for 60 min in several
solutions: H,O, 10 mM phosphate-buffered saline (PBS; pH 7.4), 1 M
HCI, 1 M HNO3;, 1 M H,0,, 10 mM glutathione (GSH), 17 mM sodium
dodecy! sulfate (SDS), EtOH, and 0.5 U mL™" B-amylase (in 8 mM
acetate buffer, pH 4.8). Following incubation, each glass slide was
rinsed with water and dried with a N, gun. The fluorescence emission
intensities were recorded by mounting the samples on a solid-state
sample holder in a Fluorolog instrument (Jobin Yvon Horiba). Emissions
intensities were recorded at a wavelength of 515 nm using an excitation
wavelength of 488 nm (slit aperture 5). The data were recorded using

the software FluorEssence.

2.3.4.9 Quartz crystal microbalance with dissipation
(QCM-D)

QCM-D experiments were performed using a QSense E4 (Biolin
Scientific, Sweden) equipped with a peristaltic pump. Before the
measurements, gold sensor chips (QSX 301 Gold, Biolin Scientific)
were cleaned with piranha solution, rinsed with Milli-Q water, dried with
a N, gun and sterilized with a UV/ozone treatment (Bioforce
Nanoscience, UV.TC.EU.003, USA) for 20 min.

2.3.4.10 Differential interference contrast (DIC)

microscopy

DIC microscopy images were recorded using an inverted Olympus

IX71 microscope.
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2.3.411 Transmission electron microscopy (TEM)

For TEM analysis of the bare, L-PG- and L-PG/AuNP-coated PS
microparticles, the corresponding water dispersion was dropped onto an
ozone-cleaned copper grid and allowed to dry in air overnight. TEM
images were acquired using a Tecnai Spirit (FEI, USA) instrument with

an operation voltage of 120 kV.

2.3.4.12 Scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDX) spectroscopy

For SEM and EDX analysis, the sample-containing copper grid
prepared for TEM analysis was attached onto a carbon tape and
analyzed as is. SEM images and EDX spectra and mapping were
acquired with a FlexSEM 1000 benchtop scanning electron microscope
(Hitachi, Japan) equipped with a Quantax 80 EDX system (Bruker,
USA). Typically, images and spectra of samples were recorded using a
beam voltage of 15 kV, operating in SEM pressure mode and with an

acquisition time of 5 min.

2.3.4.13 Scanning helium ion microscopy (HIM)

HIM was performed on an ORION NanoFab (Zeiss, Peabody, USA)
using a 25 keV He" probe with a current of 0.3 pA, and the image was
obtained using an Everhart—Thornley-type secondary electron detector.
The sample was mounted on a 45° holder and the stage tilted by a

further 30° to give a final viewing angle of 75°.
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2.3.4.14 Stability of L-PG/AuNP hybrid coatings on

glass substrates

To assess the chemical stability of the L-PG/AuNP hybrid coatings,
square-shaped glass slides were first cleaned with EtOH and water and
then completely immersed in a 0.1 mg mL™" L-PG solution for 10 min.
The functionalized glass substrates were then rinsed with water several
times to remove all excess and unbound polymer. The L-PG-coated
substrates were then completely immersed in a AuNP colloidal
suspension for 10 min and subsequently rinsed with water to obtain 1
bilayer coating of L-PG/AuNP on each side. The prepared glass slides
were then separately incubated for 60 min in several solutions: H,O, 10
mM PBS (pH 7.4), 1 M HCI, 1 M HNO3, 10 mM NaBH,4, 1 M H,0,, n-
hexane, EtOH, 17 mM SDS, and 10 mM GSH. After that, each glass
slide was washed with water and dried with a N, gun. The UV-vis

spectrum of each glass slide was recorded from 350 to 800 nm.

2.3.4.15 Catalytic evaluation of AuNPs in L-PG/AuNP-
coated 15 mL polypropylene (PP) tubes

PP tubes functionalized with an inner coating of L-PG/AuNPs were
used to perform the decoloration of methylene blue (MB; blue solution)
to leucomethylene blue (LMB; colorless solution) via NaBH, in the
presence of catalyst AUNPs. In a typical reaction, 5 mL of a 0.025 mM
MB and 10 mM NaBH, solution were introduced into the tube and
vortexed for 45 min. At intervals of 5 min, aliquots (0.3 mL) were
withdrawn. The UV-vis spectra of the aliquots were measured using a
plate reader in the range of 450 to 750 nm, with a recording interval of 2
nm. To obtain the kinetics graph, the absorbance intensity at 664 nm

was recorded for each sample and plotted against the reaction time.
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2.3.4.16 AuNP stability in modified 15 mL PP tubes

A 3-bilayer L-PG/AuNP-functionalized PP tube was prepared as
described before, with AuUNPs as the last layer. After each addition of
AuNP solution, the supernatant was withdrawn and the UV-vis spectra
were acquired. A 10 mM NaBH, solution (2 mL) was incubated by
vortexing in the prepared tube for 45 min. At intervals of 5 min, aliquots
(0.3 mL) were withdrawn. The aliquots were analyzed via UV-vis
spectroscopy. To calculate the concentration (mM) of AuNPs in the
supernatant, the following formula was used:
OD@400nm:1.2 = 0.5 mM:x mM (where OD is the optical density).

2.3.4.17 Surface-enhanced Raman scattering (SERS)
sensing using L-PG/AgNP hybrid coatings

A 3-bilayer L-PG/AgNP glass substrate was prepared as described
before, with AgNPs as the last layer. Liquid samples at different
concentrations of crystal violet were loaded onto the functionalized
substrate and the SERS intensity was then measured with a
RENISHAW Raman microscope equipped with a He—Ne laser operating
at 532 nm. The laser spot size was 5 pm, focused by a 50x lens. Single
scans were run with an integration time of 15 s using a grating of 1800
lines mm™" from 300 to 1800 cm™". The acquired data were processed
with the WIRE 2.0 software.
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ABSTRACT: Nanostructured materials have potential as platforms for
analytical assays and catalytic reactions. Herein, we report the synthesis
of electrocatalytically active cobalt phosphate nanostructures (CPNs)
using a simple, low-cost, and scalable preparation method. The
electrocatalytic properties of CPNs toward the electrooxidation of
glucose (Glu) were studied by cyclic voltammetry and chronoamper-
ometry in relevant biological electrolytes, such as phosphate-buffered
saline (PBS), at physiological pH (7.4). Using CPNs, Glu detection
could be achieved over a wide range of biologically relevant
concentrations, from 1 to 30 mM Glu in PBS, with a sensitivity of
7.90 nA/mM cm® and a limit of detection of 0.3 mM, thus fulfilling the
necessary requirements for human blood Glu detection. In addition, CPNs showed a high structural and functional stability over
time at physiological pH. The CPN-coated electrodes could also be used for Glu detection in the presence of interfering agents
(e.g, ascorbic acid and dopamine) and in human serum. Density functional theory calculations were performed to evaluate the
interaction of Glu with different faceted cobalt phosphate surfaces; the results revealed that specific surface presentations of
under-coordinated cobalt led to the strongest interaction with Glu, suggesting that enhanced detection of Glu by CPNs can be
achieved by lowering the surface coordination of cobalt. Our results highlight the potential use of phosphate-based
nanostructures as catalysts for electrochemical sensing of biochemical analytes.

104

2Co%* lactone
PH74

-

electrode

0 10 20 30
Glucose conc. (mM)

OF MELBOURNE on July 22

ia UN

led

g
B KEYWORDS: cabalt phosphate, nanoflowers, density functional theory, non-enzymatic, glucose sensing
a8

H B INTRODUCTION macromolecules. The functional groups of the macromolecules

Nanostructured materials with highly accessible surface areas
and exposed facets have proven useful in applications spanning
catalysis," sensing” and energy storage.” These materials are
typically fabricated using inorganic nanoparticles,* nanowires,”
and nanosheets,’ which allows the surface structure and
functionality of the resulting materials to be tailored.”
However, harsh conditions are typically employed for the
synthesis, involving multiple steps, toxic reagents, and extreme
pH and temperature. The development of new synthetic
strategies for engineering nanostructured surfaces under mild
conditions, and with enhanced catalytic properties, is therefore
desirable.

Recently, the synthesis of hybrid organic—inorganic nano-
structured materials, such as nanoflowers, under moderate
synthetic conditions was reported.” Briefly, a metal salt (e.g,
composed of copper, calcium, or manganese ions) is dissolved
in phosphate-buffered saline (PBS) in the presence of
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provide sites for the nucleation and subsequent growth of
metal phosphate crystals, leading to the formation of

d phosphate-based les with a high
surface-to-volume ratio. These highly structured materials have
primarily been used for the immobilization of enzymes that
ultimately achieve superior enzymatic performances.””"'
Similar phosphate-based materials have also been synthesized
in the absence of organic motifs, that is, without macro-
molecules.'>'* Materials that display accessible surface areas,
high index facets,”® and sharp edges,'® and are composed of
transition metals,”” "' are potentially useful in the field of
electrocatalysis for sensing biochemical analytes.® Notably,
materials containing electroactive cobalt metal ions based on
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ABSTRACT: Nanostructured materials have potential as platforms for [ One-pot material synthesis - =Non-enzymatic Glucose sensing
analytical assays and catalytic reactions. Herein, we report the synthesis
of electrocatalytically active cobalt phosphate nanostructures (CPNs)
using a simple, low-cost, and scalable preparation method. The &
electrocatalytic properties of CPNs toward the electrooxidation of
glucose (Glu) were studied by cyclic voltammetry and chronoamper-
ometry in relevant biological electrolytes, such as phosphate-buffered
saline (PBS), at physiological pH (7.4). Using CPNs, Glu detection
could be achieved over a wide range of biologically relevant
concentrations, from 1 to 30 mM Glu in PBS, with a sensitivity of
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7.90 nA/mM cm? and a limit of detection of 0.3 mM, thus fulfilling the

necessary requirements for human blood Glu detection. In addition, CPNs showed a high structural and functional stability over
time at physiological pH. The CPN-coated electrodes could also be used for Glu detection in the presence of interfering agents
(e.g., ascorbic acid and dopamine) and in human serum. Density functional theory calculations were performed to evaluate the
interaction of Glu with different faceted cobalt phosphate surfaces; the results revealed that specific surface presentations of
under-coordinated cobalt led to the strongest interaction with Glu, suggesting that enhanced detection of Glu by CPNs can be
achieved by lowering the surface coordination of cobalt. Our results highlight the potential use of phosphate-based
nanostructures as catalysts for electrochemical sensing of biochemical analytes.

KEYWORDS: cobalt phosphate, nanoflowers, density functional theory, non-enzymatic, glucose sensing

B INTRODUCTION

Nanostructured materials with highly accessible surface areas
and exposed facets have proven useful in applications spanning
catalysis,1 sensing,2 and energy storage.3 These materials are
typically fabricated using inorganic nanoparticles,* nanowires,’
and nanosheets,® which allows the surface structure and
functionality of the resulting materials to be tailored.”
However, harsh conditions are typically employed for the
synthesis, involving multiple steps, toxic reagents, and extreme
pH and temperature. The development of new synthetic
strategies for engineering nanostructured surfaces under mild
conditions, and with enhanced catalytic properties, is therefore
desirable.

Recently, the synthesis of hybrid organic—inorganic nano-
structured materials, such as nanoflowers, under moderate
synthetic conditions was reported.” Briefly, a metal salt (e.g,
composed of copper, calcium, or manganese ions) is dissolved
in phosphate-buffered saline (PBS) in the presence of
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macromolecules. The functional groups of the macromolecules
provide sites for the nucleation and subsequent growth of
metal phosphate crystals, leading to the formation of
nanostructured phosphate-based microparticles with a high
surface-to-volume ratio. These highly structured materials have
primarily been used for the immobilization of enzymes that
ultimately achieve superior enzymatic performances.” "'
Similar phosphate-based materials have also been synthesized
in the absence of organic motifs, that is, without macro-
molecules.'”'* Materials that display accessible surface areas,'*
high index facets,”> and sharp edges,]6 and are composed of
transition metals,'’”’ """ are potentially useful in the field of
electrocatalysis for sensing biochemical analytes.ZO Notably,
materials containing electroactive cobalt metal ions based on
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phosphates,13 phosphides,20 nitrites,”’ and oxides'® have
recently shown promise for their use in electrochemical
applications, such as water splitting,*> energy storage,"> and
sensing.23

Particularly, the development of accurate, inexpensive, and
stable glucose (Glu) detection devices is an expanding field,
where the key goal is to reduce costs associated with the
measurements, ultimately leading to increased patient
compliance for patients diagnosed with metabolic diseases,
such as diabetes. A variety of methods have been developed for
Glu sensing and include processes based on enzymatic
reactions,”* "¢ Glu-specific conjugation chemistry,27 supra-
molecular recognition,”® and direct electrochemical oxida-
tion.””*” Commercial methods used for the detection of blood
Glu level involve enzymatic sensors. However, these enzymatic
sensors have drawbacks in terms of material cost,”’ measure-
ment variability with temperature, pH, humidity, interfering
chemical species, and enzyme stability.”> These disadvantages
have thus generated interest in developing non-enzymatic Glu
sensors. Examples of non-enzymatic systems developed to date
are based on noble metals,*>** alloys,35 transition metals,>'>°
and hybrid organic—inorganic structures comprising carbon
nanotubes®” and graphene.*® However, despite these recent
developments, several problems remain to be addressed
relative to the high cost of the component materials, the
complexity of the fabrication method, the specificity of the
sensor to the analyte, and the limit and range of detection.
Importantly, the poor performance of existing non-enzymatic
sensors in detecting Glu at near-biological conditions, such as
in an aqueous buffer at physiological pH, has limited the use of
non-enzymatic Glu-sensing systems in real-life applica-
tions 2339~

Herein, we have developed a low-cost and scalable one-pot
approach to fabricate electrocatalytically active cobalt
phosphate nanostructures (CPNs) under mild synthetic
conditions. The CPNs are amorphous, exhibit high surface
areas, and can catalyze the electrooxidation of Glu in aqueous
buffer at physiological pH. Upon coating an electrode with
CPNs, the electrooxidation of Glu can be quantified as a
function of Glu concentration—the CPN-coated electrode can
achieve a wide range of detection between 1 and 30 mM Glu in
aqueous buffer (PBS), with a sensitivity of 7.90 nA/mM cm? at
S mM of Glu based on the electroactive surface area (ESA)
and a limit of detection (LOD) of 0.3 mM [signal-to-noise
ratio (S/N) = 3]. In addition, the CPN-coated electrode
exhibits high stability with time and can detect Glu in the
presence of common interfering agents [ascorbic acid (AA)
and dopamine (DP)] and in human serum (HS). Density
functional theory (DFT) calculations were performed to
investigate the interaction between Glu and the surface of
the CPN sensor. The results show that the interaction of CPNs
with Glu is because of the presentation of under-coordinated
cobalt atoms at the interface of the CPN material. Our results
highlight the potential use of CPNs for the electrochemical
detection of biochemical analytes.

Bl EXPERIMENTAL METHODS

Reagents and Chemicals. Cobalt(II) nitrate hexahydrate
(Co(NO;),6H,0, >97%, CAS no. 10026-22-9) was purchased
from Baker. PBS tablets, Nafion 117 solution (CAS no. 31175-20-9),
cobalt(II) phosphate hydrate (Cos(PO,),-xH,0, CAS no. 10294-50-
S), potassium ferricyanide(III) (KyFe(CN), CAS no. 13746-66-2),
and HS from human male AB plasma were purchased from Sigma-

Aldrich. p-Glucose (CAS no. 50-99-7) was purchased from AnalR.
Potassium chloride (KCl, CAS no. 7440-09-7) was purchased from
Chem-Supply. All the chemicals were used as received. High-purity
(Milli-Q) water with a resistivity of 18.2 MQ cm was obtained from
an inline Millipore RiOs/origin water purification system.

Instrumentation. X-ray photoelectron spectroscopy (XPS)
spectra were acquired using an Axis Ultra X-ray photoelectron
spectrometer (Kratos Analytical, UK), equipped with a 165 mm
concentric hemispherical electron energy analyzer and a monochro-
mated Al Ka incident X-ray source (1486.6 eV). Survey (wide) scans
were recorded in the binding energy range of 0—1200 eV, with 1.0 eV
steps, a dwell time of 100 ms, and an analyzer pass energy of 160 eV.
Multiplex (narrow) high-resolution spectra were recorded with a pass
energy of 20 eV, 0.05 eV steps, and a dwell time of 250 ms, resulting
in an energy resolution (AE/E) of ~300 meV. The base pressure in
the analysis chamber during data collection was 1-2 X 107 mbar,
and these data were processed using the software CasaXPS. All
binding energies were calibrated using the C 1s level of adventitious
carbon at 285.0 eV. Fourier transform infrared (FTIR) spectra were
obtained on a TENSOR II (Bruker) attenuated total reflectance FTIR
(ATR-FTIR) spectrometer and analyzed using the software OPUS
7.8. The number of scans was 64. A minimum resolution of 4 cm™
and the absorbance/transmittance mode were used. Scanning electron
microscopy (SEM) images were obtained on a Teneo VolumeScope
(FEI) microscope. Transmission electron microscopy (TEM) was
conducted on a Tecnai Spirit (FEI) microscope operating at 120 kV.
Energy-dispersive X-ray spectroscopy (EDX) was performed on a 20
mm?® X-Max SDD instrument (Oxford Instruments) equipped with
the software AZtec 3.2. X-ray diffraction (XRD) data were collected
using a D8 ADVANCE X-ray diffractometer (Bruker) with Ni-filtered
Cu Ka radiation (1.54 A). Data were collected between 5° and 85°
20, with a step size of 0.02° and a scan rate of 1.0 s per step. An anti-
scatter blade was used to reduce the diffracted background intensity at
low angles. An incident beam divergence of 1.0° was used with a 2.5°
soller slit in the diffracted beam. The sample was spun at 15 rpm.
Generally, unless otherwise specified, the data from the character-
izations were exported to the software OriginPro 8.5 for further
analysis.

Synthesis of CPNs. An aqueous Co(NO;),-6H,0 solution (100
uL, 1.2 M) was added to PBS (20 mL, 1 mM, pH 7.4) in a S0 mL
tube with simultaneous vortexing, which was continued for 5 s after
addition, followed by static incubation at 23 °C overnight. For the
scale-up of the synthesis, an aqueous Co(NO;),-6H,O solution (10
mL, 1.2 M) was added to PBS (2 L, 1 mM, pH 7.4) in a 2 L glass
beaker with vigorous stirring, which was continued for 5 s after
addition, followed by static aging at 23 °C overnight. The precipitate
was then collected, washed S times by centrifugation (67g, S min) and
resuspension in water, and finally resuspended in water (40 mL) and
stored at 4 °C for further characterization. SEM and TEM samples
were prepared by dropcasting the aqueous suspension on a silicon
wafer and a carbon grid, respectively, followed by drying in air. XPS,
XRD, and FTIR samples were prepared by drying the aqueous
suspension in a vacuum desiccator prior to analysis.

Electrode Preparation. A glassy carbon electrode (GCE, 3 mm
in diameter) was first polished with a 0.05 ym alumina slurry. The
polished GCE was then rinsed with water and ethanol, and allowed to
dry in air. A CPN suspension (10 mg/mL) in 10% (v/v) Nafion in
ethanol was prepared and vortexed to obtain a homogeneous
suspension. On the center of the GCE, the prepared suspension
(10 pL) was dropcasted and allowed to dry in air. Similarly, a screen-
printed electrode (SPE, 3 mm in diameter) was modified by
dropcasting a 10 mg/mL CPN suspension (10 uL) in 10% (v/v)
Nafion in water and allowed to dry in air. A total mass of 0.1 mg of
CPNs was deposited on the GCE or SPE to achieve complete surface
coverage of the working electrode (WE). A bare GCE electrode for
control measurements was prepared following the aforementioned
procedure without the use of CPNs, thereby resulting in an electrode
coated with Nafion only. For comparison, GCE was also modified
with Co;(PO,), powder following the aforementioned protocol.
Graphite SPE chips that were produced in the Laboratory of
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Figure 1. (a) Schematic illustration of the proposed mechanism for CPN formation. (b,c) SEM and (d,e) TEM images of the CPNs at various
magnification. (f) EDX spectrum. High-resolution Co 2p (g), P 2p (h), and O 1s (i) XPS spectra, (j) XRD spectrum, and (k) ATR—FTIR
spectrum of the CPNis (the inset in (k) shows a magnified portion of spectrum in the 1300—370 cm™ range).

Biosensors and Nanomachines at the University of Rome, Tor
Vergata, were used. Briefly, the electrodes were printed using a 245
DEK (Weymouth, UK) screen-printing machine and graphite-
(LOCTITE EDAG PE-407A) and silver-based (LOCTITE EDAG
PF-410) conductive inks and a gray dielectric paste insulating ink.
The inks were printed on a polyester flexible film (Autostat HTS).
Each graphite SPE chip contained three separate printed portions that
served as the working (carbon-based ink), the reference (silver-based
ink), and the counter electrode (CE) (carbon-based ink). The
diameter of the WE was 3 mm, which resulted in an apparent
geometric area of 7.07 mm?.

Electrochemical Measurements. Cyclic voltammetry (CV) and
chronoamperometry (CA) measurements were performed on a
MMS10 potentiostat/galvanostat (Materials Mates Italia S.r.l.) using
the software VoltaScope 5.4. Electrochemical measurements involving
the GCE were conducted in a three-electrode electrochemical cell
composed of a glassy carbon WE (3 mm diameter), a platinum wire as
the CE, and a Ag/AgCl reference electrode (RE). Electrochemical
measurements involving the SPE were performed on the SPE
described above. The supporting electrolyte, unless specified
otherwise, was a N,-saturated 10 mM PBS solution (pH 7.4) that
was thoroughly mixed by a magnetic stirrer. The pH of the electrolyte
was adjusted, when needed, with 1 M NaOH solution.

Computational Details. The X-ray crystal structure** of
Co,(PO,), was obtained based on the most likely cobalt phosphate
stoichiometry determined from the XRD pattern of the CPNs and
cleaved to form the (100), (111), and (211) surfaces. For the (111)
and (211) surfaces, oxygen positions were adjusted to preserve the
tetrahedral phosphate geometry. Each slab consisted of two layers,
with x X y dimensions of 16.72 X 8.79, 9.77 X 12.13, and 17.47 X
12.13 A? for the (100), (111), and (211) surfaces, respectively.
Increasing the number of layers or replicating the unit cell in the x or
y dimension did not affect the Glu binding energies significantly. A
vacuum spacer of at least 20 A in the z-direction was added, and the
model surfaces were subsequently relaxed, generating surface
structures corresponding to different possibilities of surface cobalt
coordination. Following surface relaxation, the geometry of the
bottom layer of the slabs was frozen for the surface—Glu binding
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energy calculations. For the free Glu structural optimization, a single
Glu molecule was placed in the center of a 20 X 20 X 20 A% box, and
only the gamma point was sampled. For the adsorption calculations, a
variety of initial orientations of Glu on the relaxed surfaces were
constructed, with an O1(Glu)—cobalt initial distance of ~2.5 A. All
calculations were performed using the Vienna Ab initio simulation
package® and the generalized gradient approximation (GGA)
Perdew—Burke—Ernzerhof*® exchange correlation functional. The
projector augmented wave (PAW) method*” was used with the Blschl
all-electron, frozen-core PAW pseudop::)tenl‘.ials.48 AS XS X1
Monkhorst—Pack*’ k-point mesh for sampling the Brillouin zone and
a cutoff energy of 500 eV were applied, and spin polarization was
included. A dipole correction was applied to minimize polarization
effects because of slab asymmetry. The Hubbard U parameter (GGA
+ U)* for the electron correlation of the d states in cobalt ions was
used with a value of 3.5 eV.>! A convergence criterion of 0.01 eV/A
was employed for the geometry optimizations.

Bl RESULT AND DISCUSSION

Preparation and Characterization of CPNs. CPNs were
synthesized using a one-pot crystallization method in water at
neutral pH and 23 °C. Briefly, Co(NO;),-6H,0 solution was
added to PBS while mixing for S s. The resulting solution was
then incubated statically overnight (Figure la). After ca. 30
min following the addition of Co(NOs),-6H,0, the solution
turned from a transparent pale red to an opaque dispersion.
After aging overnight, a dark purple precipitate formed at the
bottom of the flask, leaving an almost transparent supernatant.
These observations suggest that the Co** ions are involved in
the formation of the solid precipitate. The morphology of the
precipitate was characterized by SEM and TEM. The SEM
images in Figure 1b,c reveal the open flower-like network of
the CPNs. The flower-like structures were about 3 ym in
diameter and were composed of smaller sub-unit nanosheets
that had a thickness of about 20 nm and a width of about 100
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Figure 2. (a) Schematic representation of the preparation of GCE and SPE, the experimental setup used for the electrochemical characterization,
and measurements performed in the electrolyte composed of HS and PBS. (b) CV cycles (30) of the CPNs in a N,-saturated PBS electrolyte (10
mM, pH 7.4) at a scan rate of 20 mV/s. The inset shows a plot of the peak current density value at 0.65 V vs Ag/AgCl as a function of the cycle
number. (c) CVs of CPNs in PBS buffer (10 mM, pH 7.4) at different scan rates: 20, 25, 30, 35, 40, 50, and 60 mV/s. The inset shows a plot of the
oxidation (Ox) and reduction (Red) peak current densities as a function of the square root of the scan rate. (d) CVs of CPNs in S mM
K;Fe(CN)4/0.1 M KCI supporting electrolyte at different scan rates from 20 to 270 mV/s. The inset shows a plot of the peak current of the
Fe(CN)s*"/Fe(CN)*™ redox couple as a function of the square root of the scan rate. Dashed arrows indicate the potential sweep direction. All

current density data are normalized by the ESA.

nm. The TEM images in Figure 1d,e indicate that the
distribution of the nanosheets was denser at the core than in
the outer layer of the particles. The spatially organized length
of the network spans from the nano- to the microscale,
providing both exposed facets and a high surface-to-volume
ratio. In contrast, Co;(PO,), powder is composed of
aggregates of sheets with thickness and lateral dimensions of
around 400 nm and 4 um, respectively (Figure S1). These
dimensions are significantly larger than the dimensions of the
prepared CPNs.

The EDX and XPS analyses of the CPNs, shown in Figure
1f—i, reveal the presence of the elements Co, P, and O in the
sample. In addition, EDX analysis indicates a bulk Co/P ratio
of 1:0.4 (Figure S2), whereas the XPS analysis shows a surface
Co/P ratio of 1:6 (Figure S3). The surface composition
determined from XPS data of the Co and P 2p levels was
calculated taking into account the relative sensitivity factors.
Hence, we conclude that the composition of CPNs is
nonhomogeneous.

The XPS survey spectrum in Figure S3 shows the presence
of a prominent O 1s peak and characteristic core-level peaks of
Co and P. The Co 2p XPS spectra (Figure 1g) displayed Co
2ps;;, and Co 2p,,, peaks, with each peak consisting of
contributions from Co** and Co¥, respectively, observed at
780.6 and 782.6 eV for the Co 2p;/, peak and at 796.5 and
789.3 eV for the Co 2p, /, peak. In addition, two broad satellite

42789

(Sat.) features were observed at 780.6 and 782.6 eV. The
intensity of the satellite features appears to be enhanced,
indicating a contribution from the presence of Co(OH), and
phosphate species on the surface.”> As shown in Figure 1h, two
peaks, P 2p;,, and P 2p, /,, were also present in the P 2p region
at 132.3 and 133.2 eV, respectively. These peaks are consistent
with the characteristic binding energies of tetrahedral (PO,)
groups.”> The O 1s peak could be resolved into three
components, with the main core-level oxygen line at 530.5 eV
and two satellites at 532.0 and 533.0 eV. Although the
assignment of these satellites features is controversial in the
literature, the peak at 533.0 eV could be attributed to OH
species present in small quantities of cobalt hydroxide, whereas
the peak at 532.0 eV could be assigned to the presence of a
layer of loosely bound oxygen at the surface of the CPNs. As
the core-binding energies relative to Co 2p and O 1s of cobalt
oxides and hydroxides are in the same range as those of cobalt
phosphate, we suggest that the surface of CPNs constitutes a
combination of Co** and Co®* as oxo/hydroxo and phosphate
species, however, with the latter phosphate species believed to
be more predominant in line with the Co/P ratio of 1:6
determined by XPS.**

The typical XRD pattern of the CPNs in Figure 1j indicates
that the sample is not crystalline. The XRD pattern could be
matched to the Coy(PO,),H,O phase. The ATR—FTIR
spectrum of the CPNs in Figure 1k displayed peaks at around
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Figure 3. (a) Proposed electrochemical oxidation of Glu to gluconolactone at the electrode interface. (b) CVs of the CPN-modified electrode in
PBS buffer (10 mM, pH 7.4) at a scan rate of 20 mV/s in the absence (black line) and presence (blue lines) of 30 mM Glu, respectively. The
dashed line represents the CV of the GCE (bare electrode) obtained under the same experimental conditions. The inset shows a magnification of
the potential region from 0.5 to 0.7 V (vs Ag/AgCl) with the presence of 10, 20, and 30 mM Glu (full profiles shown in Figure SS). (c)
Chronoamperometric responses of the CPN in PBS buffer (10 mM, pH 7.4) to successive additions of Glu at an applied potential of 0.65 V (vs Ag/
AgCl) and (d) the calibration curve based on the triplicate CA experiments. (e) Amperometric responses of CPNs at 0.65 V (vs Ag/AgCl) to the
addition of Glu (S mM) in PBS electrolyte (10 mM, pH 7.4), followed by additions of interfering agents LA (1.5 uM), GA (1.5 uM), AA (30 uM),
and DP (0.14 nM), and second addition of Glu (S mM). (f) Cyclic amperometric responses of CPN-modified GCE in 0, S, and 30 mM Glu; the
CPN-modified GCE was washed with water after each measurement. Note that all current data have been normalized by the ESA and are not

apparent current densities.

580 cm™" and in the 3500—2500 and 1200—900 cm™" regions.
The broad absorption in the region from 3500 to 2500 cm™*
and the weak peak at 1607 cm™" were assigned to the vibration
of the OH groups, suggesting the presence of water of
crystallization and hydroxyl groups within the structure.” The
vibration frequencies present in the region from 1200 to 900
em™ are characteristic of phosphate groups.’® The two
overlapping intense peaks at 567 and 586 cm™' are
characteristic of the stretching vibrations of the metal—oxygen
bond.*” The morphological properties of the CPN's suggest the
potential use of this material as an electrocatalyst.

Electrochemical Characterization of CPNs. A schematic
illustration of the preparation of electrode surfaces with CPNs
and the setup used for the electrochemical studies is shown in
Figure 2a. Briefly, a suspension of CPNs was dropcast on the
GCE and electrochemically characterized using a three-
electrode cell with PBS as the supporting electrolyte. A SPE
that was prepared in a similar manner was used for the
detection of Glu in HS. The SPE was selected because of its
small size, as this would allow for low-volume measurements.
In addition, the SPE device is portable and disposable. The
dropcasting technique, which is a common and widespread
approach for preparing electrodes, was selected as it allows for
a fast and facile deposition.

CV and CA experiments were conducted to characterize the
electrochemical properties of the CPN electrode. Figure 2b
shows the first 30 consecutive CV cycles of CPNs obtained at a
scan rate of 20 mV/s and in the potential range from —0.2 to
0.9 V. After the first few cycles, broad reduction and oxidation
peaks were observed in the potential region of 0.35—0.65 V.
These two peaks were respectively assigned to the oxidation
and reduction of the Co ions. The inset in Figure 2b displays
the oxidation current response of CPNs at 0.65 V over the 30
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CV cycles run; a gradual increase in current was observed as
the cycle number increased. This upward trend can potentially
be explained by the migration of anions to the electrode
surface, which counterbalance the electrostatic charge from the
oxidized Co cations and subsequently penetrate the CPN's with
successive CV cycles, thereby generating and expanding
percolation pathways within the catalyst, leading to an increase
in the ESA.’® As the abovementioned process enhances the
electrochemical response of the CPN, 30 CV cycles were run
as an activation step.

Figure 2c displays the CV cycles of the CPN electrode in
PBS at various scanning rates ranging from 20 to 60 mV/s.
Faster scanning rates resulted in an increase in both anodic and
cathodic peak currents, suggesting a limiting process in the
Co’*/Co" redox reaction. The inset in Figure 2c shows the
linear relationship between the peak currents and the square
root of the scan rate at neutral pH, indicating that the Co®"/
Co*" redox reaction is a diffusion-controlled process.”” The
fitting values are reported in Table SI.

The effective surface area of the activated CPN-modified
GCE was measured via CV at varying scan rates of 20—270
mV/s in a non-mixed 5 mM K;Fe(CN)4 and 0.1 M KCI
supporting electrolyte by the ferri-/ferrocyanide redox couple
method (Figure 2d).%® The inset in Figure 2d shows the
relationship between the peak current associated with the
Fe(CN)4>~/Fe(CN)¢*" pair and the square root of the scan
rate. This relationship can be described by eq 1

ipeaic = 268 600An>*D'2C'/? 1)
where i, (A) is the peak current, A (cm?) is the effective
surface area, n (1) is the number of electrons transferred in the
process, D (7.3 X 107® cm?/s) is the diffusion coefficient of
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Fe(CN)™ at 25 °C C (5 X 107° mol cm™) is the
concentration of Fe(CN)*, and v (V/s) is the scan rate. The
slope of the plot in the inset of Figure 2d was used to calculate
the effective surface area, A, using eq 1. The calculated effective
surface area of the CPN-modified GCE was 46.63 cm?, which
is about 660 times larger than the geometrical area of the
electrode (77 X 1072 cm?).

To elucidate the electrochemical properties of CPNs, several
CV cycles in PBS at different pHs at a scanning rate of 20 mV/
s in the potential region from —0.2 to 0.9 V were performed
(Figure S4). At pH 10.5, an overall increase in the magnitude
of the current density was observed with the most pronounced
oxidation and reduction peaks observed at, respectively, 0.30
and 0.65, and 0.15 and 0.50 V. These peaks could be attributed
to the reduction/oxidation of Co**/Co®* and Co**/Co*" redox
couples, respectively.*>3%6>¢3

Non-Enzymatic Detection of Glucose. The electro-
catalytic properties of CPNs were examined toward
applications involving physiological pH, such as the detection
of Glu. Considering that Glu can be oxidized to glucono-
lactone at a neutral pH via a two-electron electrochemical
reaction®* and that the Co™ ions may act as oxidizing
species,”® we propose that the prepared CPN material can
catalyze the electrochemical oxidation of Glu (Figure 3a),
which can be described by eqs 2 and 3

2Co>" = 2Co*t + 2¢” ()

2Co* + C¢H;,04(glucose)
- 2Co°T + C6H1006(g1uc0nolactone) +2H* 3)

Therefore, electrooxidation of Glu on CPNs for the non-
enzymatic detection of Glu at physiological pH was
investigated. Figure 3b compares the CVs of the CPN
electrode and the bare GCE recorded in 0 and 30 mM Glu
solutions (0, 10, 20, and 30 mM partially shown in inset)
prepared in N,-saturated PBS (10 mM, pH 7.4), as supporting
electrolyte, at a scan rate of 20 mV/s in the potential region
from —0.2 to 0.9 V, where the current density for this and all
subsequent profiles are normalized by the ESA. The full CV
profiles of the CPNs in various Glu solutions normalized by
both the geometric area and the ESA of the electrode are
shown in Figure S5. A noticeable Glu concentration-dependent
increase in the anodic peak current was observed in the 0.3—
0.8 V range, which corresponds to the electrooxidation of Glu.
The oxidation of Glu in PBS at pH 7.4 could be related to the
formation of the electroactive Co** species. In contrast, the
bare GCE (dashed line in Figure 3b) shows negligible current
density and no apparent pair of redox peaks owing to the
absence of electroactive species in the potential range from
—0.2 to 0.9 V at all Glu solution concentrations studied.

To evaluate the concentration-dependent electrochemical
response of CPNs further, CA profiles in PBS electrolyte
containing various amounts of Glu (Figure 3c) were recorded
at an applied potential of 0.65 V. A stepwise increase in current
density upon addition of Glu at increasing concentrations was
observed until a stable current density was achieved; 90% of
the steady-state current density was achieved in 37 s (Figure
S6). No current density drift was observed after consecutively
running the CA experiments three times, using the same CPN-
modified GCE for a total of 240 min (Figure S7), thus
highlighting the stability and longevity of CPNs. Figure 3d
shows the calibration curve that was constructed from the

triplicate CA experiments. Interestingly, we observed an
increase in the magnitude of the standard deviation in moving
toward higher glucose concentrations, which may correspond
to an increase in the variability of detection as CPNs approach
the upper concentration limit of glucose.

The sensitivity of the CPN-modified GCE was 7.90 nA/mM
cm? at a Glu concentration of S mM based on the ESA, and the
LOD was 0.3 mM based on S/N = 3. Both the Glu detection
range, tested up to 30 mM, and the LOD fulfill the
requirements for Glu detection in human blood.* It is
particularly interesting that CPNs can catalyze the electro-
oxidation of Glu at physiological pH. In contrast, most of the
existing cobalt-based catalysts that are used for non-enzymatic
sensing of Glu require strongly alkaline conditions.>**"*"*>
Furthermore, although some other metal phosphate systems
(e.g., Niz(PO,),-based materials®®) have shown greater
sensitivity for glucose detection than our currently reported
materials, the detection range was investigated below the
typical glucose concentration of human blood (i.e, <1 mM),
and measurements were also performed in strongly alkaline
conditions (1 M NaOH solutions).

Figure S8 shows the amperometric responsiveness of
commercial Co;(PO,), powder-based electrode for the
electrooxidation of Glu. A similar trend to CPNs was observed
in terms of a stepwise increase in current density as the Glu
concentration is increased. Figure S9 shows the calibration
curve that was constructed from the triplicate CA experiments.
The powder displayed a LOD of 0.4 mM (S/N = 3) and a
sensitivity of 4.53 nA/mM cm? at a Glu concentration of 5
mM based on the ESA, which is 43% lower than that of CPNs.
The results suggest that the CPN-improved sensitivity is
because of the increased ESA as a result of the smaller
dimensions and the spatial organization of the CPN building
blocks when compared with the Co(PO,), powder. The
sensitivity and LOD were calculated, respectively, using eqs S2
and S3, and the fitting values are listed in Table S2.

Selectivity of CPNs in Physiological Contexts. For
accurate Glu determination in biological contexts, it is
important for the material to exhibit selectivity toward Glu
in the presence of other sugars and other oxidizable species in
the human blood at their respective concentrations. Therefore,
the selectivity of CPNs toward Glu was studied in the presence
of other sugars, such as lactose (LA) and galactose (GA), and
other readily oxidizable species, such as AA and DP, at their
physiological concentrations.”” "% Figure 3e shows the CA
profiles recorded at 0.65 V with successive additions of Glu (S
mM), LA (1.5 uM), GA (1.5 uM), AA (30 M), DP (0.14
nM), and Glu (5§ mM) to PBS (10 mM, pH 7.4) electrolyte
under stirring. An increase in current density of about 50 nA/
cm? was observed upon first addition of 5 mM Glu. In contrast,
a significantly smaller increase in current (<10%) was observed
upon subsequent addition of AA, and the increase in current
was negligible following subsequent addition of LA, GA, and
DP. The increase in current density (about 35 nA/cm?)
observed after the second addition of Glu shows that CPNs are
still responsive to Glu, and their activity is not compromised by
the interfering agents. These results suggest that CPNs are still
capable of Glu sensing under the given experimental
conditions.

Moreover, CPNs exhibit high tolerance against CI~
poisoning considering that the experiments were conducted
in PBS, which contains a high concentration of NaCl (137
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Figure 4. Energetically favorable Glu binding configurations and energies: (a) (100), (b) (111), and (c) (211) surfaces. Solid orange lines indicate
coordination bonds and dotted black lines indicate hydrogen bonding. Cobalt, phosphorous, oxygen, carbon, and hydrogen are represented as blue,

purple, red, gray, and white spheres, respectively.

mM). It is known that chloride ions can poison non-enzymatic
Glu sensors based on precious metals and alloys.>>*%"!

Reusability of CPNs. The feasibility of reusing the same
material (sensor) for multiple measurements is advantageous
toward reducing costs and environmental impact. To
demonstrate that the CPN-modified GCE can be reused
multiple times, amperometric responses at 0.65 V were
recorded in 0, S, and 30 mM Glu PBS electrolyte; the
electrode was washed with water after each measurement.
Figure 3f shows that the current densities at the Glu
concentrations studied were sustained across the multiple
measurements performed, thus confirming that the CPN-
modified GCE can effectively be reused after simple cleaning
with water for reliable Glu sensing.

Thermostability of CPNs. To study the Glu-sensing
properties of CPNs as a function of the electrolyte temper-
ature, CA experiments were performed in triplicate as a
function of temperature in S mM Glu PBS supporting
electrolyte at a constant potential of 0.65 V. As observed in
Figure S10, the current density was dependent on the
temperature. The current density increased steadily with an
increase in temperature up to 30 °C and increased more
steeply with further increases in temperature to S0 °C. From
the electrochemical current densities at 30 and 50 °C, the
calculated Glu concentrations (Table S2, fit 1) were,
respectively, about 1 and 34 mM higher than the actual Glu
concentration (S mM). The concentration of Glu detected
using CPNs was consistent in the temperature range of 23—30
°C. Considering that, in general, the detection of Glu is
performed within the temperature range of 23—30 °C, CPNs
are suitable for general use as a Glu sensor material. However,
if a more precise detection of Glu is needed, the effect of the
temperature has to be taken into account, especially at
temperatures higher than 30 °C.

Calculations of the Interactions between the Cobalt
Phosphate Surface and Glucose. We next investigated the
mechanism of interaction between Glu and the CPN surface.
To examine binding orientations of Glu on CPN surfaces,
DFT calculations were performed. Relaxed surfaces of (100),
(111), and (211) facets of Cos(PO,), provided a variety of
possible cobalt coordination scenarios. The relaxed (100)
surface presented cobalt in a 3-coordinate trigonal config-
uration, with a surface cobalt—cobalt distance of ~6 A. The
relaxed (111) and (211) surfaces presented cobalt in a variety
of 3-, 4-, and S-coordinate geometries, with surface cobalt—
cobalt distances of 3—4 A (Figure S11).

For the 3-coordinate Co arising from the relaxed (100)
surface, the most energetically favorable binding of Glu was
found to occur via the coordination of O1 to one Co atom at a

distance of 2.10 A and coordination of O3 to a second surface
Co atom at a distance of 2.14 A (Figure 4a). The binding
energy of this configuration was calculated as —1.42 eV (Table
S3).

The most energetically favorable binding determined on the
(111) surface was that between Ol and O2 of Glu and 3-
coordinate cobalt, with oxygen—cobalt distances of 2.06 and
2.17 A, respectively (Figure 4b). The binding energy for this
configuration was —1.52 eV. In contrast to the (100) surface,
Glu binding on the (111) surface induced significant surface
reconstruction upon binding, increasing the distance between
the chelated cobalt and one of the phosphate oxygens from
2.06 to 2.31 A.

Similar to the (111) surface, optimal Glu binding on the
(211) surface was with a 3-coordinate cobalt adjacent to a 4-
coordinate cobalt, and the O1 and O2 oxygens of Glu chelated
the cobalt with oxygen—Glu distances of 2.02 and 2.04 A,
respectively (Figure 4c). However, the presence of an
uncoordinated phosphate oxygen within 3 A of the Glu O1
distinguishes the binding of Glu on the (211) surface from that
observed on the (111) surface. It can be suggested that the
electrooxidation of Glu is coupled to the proton transfer from
the O1 hydroxyl group to the uncoordinated phosphate
oxygen. On the basis of the calculations, this configuration
exhibits the strongest binding with a binding energy of —1.86
eV. Glu binding configurations involving 4-coordinate and S-
coordinate cobalt on the (111) and (211) surfaces were
generally less favorable, with binding energies of approximately
—0.3 eV.

Though the results show an increase in binding strength
with increasing facet index, it can be suggested that the key
requirement for strong Glu binding and electrooxidation is the
involvement of the distorted trigonal 3-coordinate geometry of
cobalt on the surface, edge, or vertex, where the O1 and O2 of
Glu can chelate, regardless of the facet, neighboring
uncoordinated phosphate oxygens. Interestingly, the most
energetically favorable binding is associated with maximizing
the number of electrostatic contacts (e.g, coordinate bonds
and hydrogen bonds), while minimizing the overall contact
area (Table S3). Therefore, we suggest that the under-
coordinated Co surface presentation scenarios associated with
more highly faceted surfaces offer a greater distribution of
electrostatic contacts, ultimately resulting in greater inter-
actions with Glu.

Detection of Glucose in HS. The ability of CPNs to
oxidize Glu suggests that they can be applied to biological
samples, such as HS. To examine the use of CPNs for the
detection of Glu in a complex matrix, such as HS, a SPE
(Figure S12) with a dropcasted suspension of CPNs was used.
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SPEs are suitable for the sensing of Glu owing to their
miniaturized, portable, and disposable nature.”> Figure Sa
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Figure S. (a) Calibration curves with the relative fittings based on the
chronoamperometric response of the CPN-modified SPE in the
electrolyte composed of HS diluted with PBS (10 mM, pH 7.4) to the
successive addition of Glu at an applied potential of 0.65 V (vs Ag/
AgCl) (the raw data prior to fitting are shown in Figure S13). (b)
Consecutive CVs of CPNs in a 33 mM Glu HS 5% v/v in PBS
electrolyte after activation. The inset shows the changes in the current
density at 0.65 V (vs Ag/AgCl) as the cycle number is increased from
1 to 200. All current density data are normalized by the ESA.

shows the calibration curves based on the chronoamperometric
responses of CPN-modified SPE upon addition of Glu in
separate diluted solutions of HS, namely, HS 1, 2, 5, 10% v/v
in PBS, at an applied constant potential of 0.65 V (Figure S13).
The error bars in Figure Sa represent the standard deviation of
the steady-state current density at a given Glu concentration.
The parameters of the fittings are shown in Table S2. The
concentrations studied span up to 35 mM Glu, showing the
broad detection range of CPNs. However, with an increase in
the content of HS in PBS, a decrease in CPN sensitivity and an
increase in LOD were observed, possibly owing to the fouling
of biochemical species on the electrode surface (Figure S14).
Nevertheless, CPNs still show responsiveness toward the
electrooxidation of Glu. Surface fouling from proteins,
peptides, and lipids present in a biological matrix can inhibit
electron transfers on an electrochemically active surface,
causing a reduction in analytical performances, such as
sensitivity, detection limit, and reproducibility.”* This surface
fouling causes deactivation of the electroactive sites, resulting
in the decrease in electrocatalytic current relative to the
oxidation of Glu. The stability of CPNs in HS was also
examined by recording 200 consecutive CV cycles in a 33 mM
Glu HS 5% in PBS (Figure Sb). Throughout the 200 cycles,
CPNs showed no apparent decrease in current density at 0.65
V, as shown in the inset of Figure Sb, indicating its long service
life and reliability. Future studies will focus on improving the
system with various strategies in order to minimize protein,
peptide, and lipid fouling. Such strategies can involve the
surface coverage of the electrode with antifouling materials,
such as polyvinylpyrrolidone or polyethylene glycol, or pre-
filtering the HS to remove the fouling substances.

B CONCLUSIONS

We reported the synthesis of electrocatalytically active CPNs
using a simple, low-cost, and scalable crystallization method.
We investigated the electrocatalytic properties of CPNs for
non-enzymatic Glu detection—rod-printed electrodes and
SPEs were modified with CPNs for the catalyzed oxidation
of Glu in a relevant biological environment, such as PBS

42793

electrolyte, at physiological pH of 7.4. The CPNs achieved a
wide Glu detection range (from 1 to 30 mM Glu in PBS) with
a sensitivity of 7.90 nA/mM cm? at S mM of Glu (based on the
ESA of the electrode) and a LOD of 0.3 mM. The CPN system
was stable—no drifts in the current density were observed
during the determination of Glu in both PBS and diluted
solutions of HS, thus suggesting the longevity and reliability of
the CPN system. Additionally, CPNs displayed negligible
catalytic activity toward the oxidation of coexisting interfering
species, such as LA, GA, AA, and DP, thus demonstrating the
specificity of the CPN system toward Glu detection. CPNs
were applied in biologically relevant electrolytes, such as
diluted solutions of HS in PBS, where CPNs achieved a wide
detection range up to 35 mM Glu, with a sensitivity depending
on the concentration of HS. DFT calculations suggested that
the optimal binding of Glu occurred at under-coordinated
cobalt atoms at the surface, edge, or vertex of the
nanostructure. Our results suggest the potential application
of CPN-modified electrodes for the non-enzymatic detection
of Glu under biological conditions.
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Figure S1. Scanning electron microscopy (SEM) images of commercial Co3(POs). powder at

various magnifications.
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Electron Image 1

Element  Line type co::::trreart‘iton wt’% S‘:étrz,a at. % St::t?:lrd
C K series 0.02 3.56 0.20 7.84 C Vit
0] K series 0.73 18.02 0.20 29.71 SiO2
Si K series 1.52 51.88 0.45 48.72 Si02
P K series 0.16 4.59 0.09 3.91 GaP
Co K series 0.45 21.95 0.63 9.82 Co
Total 100.00 100.00

Figure S2. SEM image of the cobalt phosphate nanostructures (CPN) sample showing the region

of interest on which energy-dispersive X-ray spectroscopy (EDX) was conducted and associated

EDX data. (The EDX pattern is shown in Figure 1f.)
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Figure S3. X-ray photoelectron spectroscopy survey spectrum of the CPN.
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Figure S4. Cyclic voltammograms of the CPN-modified glassy carbon electrode (GCE)

measured in PBS electrolyte at different pHs and a scan rate of 20 mV s,
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Figure S5. CVs of the CPN-modified electrode in PBS buffer (10 mM, pH 7.4) recorded at a
scan rate of 20 mV/s in the absence (black line) and presence (blue lines) of 10, 20, and 30 mM
Glu, respectively. The dashed line represents the CV of the GCE (bare electrode) obtained under
the same experimental conditions. In (a) and (b), the reported current densities are normalized

against the geometrical area and the real surface area of the electrode, respectively.
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Figure S6. Chronoamperometric response of the CPN to the addition of 5 mM of glucose (Glu)

in a 0 mM Glu PBS electrolyte. A constant applied potential of 0.65 V was used.
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Figure S7. Chronoamperometric responses of the CPN-modified GCE in PBS buffer (10 mM,
pH 7.4) to successive addition of Glu at an applied potential of 0.65 V (vs Ag/AgCl). The data of

three successive experiments (exp) conducted using the same prepared electrode are shown. The

data were used to construct the calibration curve in Figure 3d.
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Figure S8. Chronoamperometric responses of Co3(POs), powder-modified GCE in PBS buffer

(10 mM, pH 7.4) to successive addition of Glu at an applied potential of 0.65 V (vs Ag/AgCl).
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The data of three successive experiments performed using the same electrode are shown. The

data were used to construct the calibration curve in Figure S9.
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Figure S9. Calibration curve based on CA experiments performed in triplicate (Figure S8).
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Figure S10. Amperometric responses of the CPN-modified GCE to addition of 5 mM Glu in

PBS electrolyte as a function of the electrolyte temperature
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Figure S11. Relaxed slabs of cobalt phosphate: (a) (100), (b) (111), and (¢) (211) surfaces.
Cobalt, phosphorous, and oxygen are represented as blue, purple, and red spheres, respectively.

Cobalt atoms that coordinate to glucose are highlighted in yellow.

Table S1. Parameters Obtained from the Fittings shown in Figure 2c

intercept slope

RZ
(uA/cm?)  ((mV/s)¥2 pA/cm?)
Oxidation peak current
-5.8+0.3 1.86 £ 0.05 0.996
(Ox, black line)
Reduction peak
current 3.4+03 -1.21+0.04 0.992

(Red, red line)
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Equation S1 was used to fit the data in Figures 3d and 5a:

. _ b+c[Glu]
b= Tralow (S1)

where i (uA/cm?) is the current density and [Glu] (mM) is the bulk concentration of Glu. The
values of the fitting equations are listed in Table S2.

The sensitivity (nA/mM cm?) was calculated from the tangent of the functions used to fit the 5
mM glucose data in Figure 3d. A glucose concentration of 5 mM was chosen because this
concentration is the homeostatic concentration of the analyte in human blood. The derivative of
Equation S1, which is described as Equation S2, was used as the fitting equation reported in
Figure 3d:

(c—ab)

Sensitivity = T = @l 2

(82)

where i (WA/cm?) is the current density, [Glu] (mM) is the bulk concentration of Glu, and a, b
and c are the values of the fitting Equation S1.

The detection limit, or known as limit of detection (LOD), is calculated on the basis of the
standard deviation (os4) of the blank chronoamperometric current density (PBS with 0 mM of
glucose) and the sensitivity («) as previously calculated at a signal-to-noise ratio of 3, using the
Equation S3 as follows:

LOD = 30yd/a (S3)
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Table S2. Parameters from the Fittings Shown in Figures 3d and Sa
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Figure S12. Screen-printed electrode modified with the CPN.
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Figure S13. Chronoamperometric responses of the CPN-modified SPE in PBS electrolyte (10
mM, pH 7.4) containing 1, 2, 5, and 10% v/v of HS to successive addition of Glu at an applied
potential of 0.65 V (vs Ag/AgCl). The corresponding calibration curves with the relative fittings

are displayed in Figure 5a.
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Figure S14. Sensitivity and limit of detection (LOD) of the CPN-modified SPE in PBS buffer as

a function of concentration of human serum (HS) based on data from Figure Sa.
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Table S3. Total Energies, Binding Energies, Percentage of Glucose Solvent-Accessible

Surface Area in Contact with the Cobalt Phosphate Surface, Coordinate Bonds, And

Hydrogen Bonds for the (100), (111), And (211) Relaxed Surfaces of Cobalt Phosphate®

binding energy

glucose

system energy contact area cogrdl(r;ate h}{)drogen
(GV) (CV) (%) ondas onds
Glucose —138.05
(100) surface —695.35
(111) surface —694.37
(211) surface —689.32
Glucose on .
(100) surface o482 1.42 39 2 (different Co) 2
Glucose on
(111) surface 833.95 1.52 33 2 (same Co) 2
Glucose on
(211) surface 829.22 1.86 26 2 (same Co) 3
“All surfaces comprised 24 cobalt, 16 phosphorous, and 64 oxygen atoms.
13
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4.1 Manuscript main text

41.1 Abstract

We report the synthesis of dextran sulfate-copper phosphate hybrid
nanoflowers (D-NF) with a high surface-to-volume ratio and catalytic
properties by a facile and rapid crystallization process in aqueous
solution. The D-NF were assembled on surfaces to operate as
microreactors. These nanostructured surfaces showed intrinsic non-
enzymatic peroxidase-like catalytic activity that was utilized for the
detection of hydrogen peroxide (H,O,). The limit of detection (LOD,
S/N=3) and sensitivity of these catalytic surfaces for H,O, were 35 yM
and 28.3+0.6 kcps/mM respectively in PBS (1X, pH 6.5). The D-NF
were further combined with glucose oxidase to obtain a glucose-sensing
platform via a hybrid enzymatic/non-enzymatic cascade reaction. The
glucose sensor showed a LOD of 35 yM and a sensitivity of 1180+70
cps/mM in PBS. Our results revealed the potential of copper phosphate-
based nanoflowers as enzyme-mimicking materials for sensing

biochemical analytes.

4.1.2 Introduction

Nanoflowers (NF) have attracted an incredibly growing interest in
recent years due to their unique properties, advancing the fields of
catalysis,"? sensing,> and nanomedicine. NF are hybrid materials
composed by an organic and inorganic part such as respectively,
proteins, polysaccharides, enzymes and various metal phosphate
salts.>” These materials exhibit hierarchical structures that span from
the micro- to the nano-scale endowing them with a high surface-to-

volume ratio. In particular, enzymes-containing nanoflowers exhibit
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enhanced enzymatic catalytic activity and stability due to the
biomolecule immobilization within the organized inorganic architecture.’

Despite numerous studies reported the syntheses of functional NF in
the last years, some problems in the engineering of these materials
remain, limiting their widespread use. Namely, hybrid nanoflowers
require costly biomacromolecules, e.g. enzymes, for their synthesis and
their catalytic activity is strictly related to the used enzyme. Moreover,
nanoflowers have been scarcely applied for the preparation of functional
surfaces. To overcome these issues, nanoflowers were prepared using
readily available and inexpensive organic molecules as

% and proteins'""? for

polysaccharides,® biosurfactants,” amino acids,’
environmental and catalytic applications. Furthermore, copper-based
nanoflowers displayed catalytic activity via a Fenton-like reaction that
involved the metal centre, regardless of the nanoflowers organic
composition. Such materials were reported to have non-enzymatic

913 and oxidase-like'" activity. Recently

biomimetic peroxidase-like
functional nanoflowers were employed to develop paper-based
sensors,”  graphene-based sorbents’” and membrane-based
catalysts.'® However, difficulties in obtaining homogeneous hierarchical
structures were encountered and laborious multi-steps procedures were
required.

Here we report the synthesis of hybrid nanoflowers (D-NF) using
dextran sulfate, a readily available polymer, and copper phosphate via a
simple and rapid crystallization method in mild conditions. The synthetic
parameters as pH, reactants concentrations and reaction time were
varied to prepare nanoflowers with different morphologies. A single-step
method to functionalize surfaces was developed to prepare catalytic
micro-reactors. These structures displayed a non-enzymatic
peroxidase-like catalytic activity for the production of hydroxyl radicals
from hydrogen peroxide. The functionalized reactors were used as a

fluorometric sensor to detect hydrogen peroxide using o-
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Phenylenediamine (OPD) as the chromogenic substrate with a LOD of
35 pM (S/N=3). Furthermore, a glucose sensor was engineered
combining glucose oxidase and D-NF relying on a hybrid
enzymatic/non-enzymatic cascade reaction. The developed sensor
allows the detection of glucose at neutral pH with a LOD of 35 yM. Our
results highlight the potential of D-NF to assemble functional
nanostructured biosensing surface for the detection of biochemical

analytes.

4.1.3 Results and discussions

4.1.3.1 Synthesis and characterization of dextran

sulfate-copper phosphate hybrid nanoflowers

Dextran sulfate-copper phosphate hybrid nanoflowers, D-NF, were
prepared via a simple crystallization method (Figure 1a). In this, PBS
(0.5 mL, 1X, pH 7.4) containing DS (1 mg mL™) was added to 0.1 mL of
CuS0O, (120 mM) solution under stirring for 60 s. Then, the solution was
incubated statically at 21 °C for 16 h, after which blue precipitates were
formed. It is known that copper-containing materials display non-
enzymatic peroxidase-like catalytic activity, which involves the
conversion of hydrogen peroxide (H,O,) to the highly reactive hydroxyl
free radical ('OH) via a Fenton-like reaction. Based on those
assumptions, we hypothesized that the high surface-to-volume ratio and
chemical composition of D-NF could be used to design a reusable, high-
throughput, fluorometric platform for the rapid and sensitive detection of

hydrogen peroxide (Figure 1b).
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Figure 1. a) Schematic illustration of the preparation of dextran sulfate-
copper phosphate hybrid nanoflowers and b) the nanoflowers-based
platform for the detection of hydrogen peroxide.

To study the morphologies and investigate the chemical composition
of the prepared D-NF, a comprehensive characterization was performed
via SEM, TEM, FT-IR, EDX, XRD and TGA (Figure 2 and Figure S1 and
S2). The dried D-NF appeared as a fine blue powder, typical colour of
copper (ll) based materials. Low and high magnification SEM images
displayed, respectively, the D-NF homogeneous size distribution of
3.0£0.1 um in diameter and the hierarchical architecture morphology of
the particles, resulting from the nucleation and growth processes of
nanosheets (Figure 2a). Low and high magnification TEM images
showed, respectively, that the cores of the D-NF were denser than their
surface and that their surface was composed by nanosheets of few

nanometres in thickness (Figure 2b).
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Figure 2. Characterization of hybrid dextran sulfate-copper phosphate
nanoflowers. a) SEM and b) TEM images of the D-NF with, in the
respective inserts, high magnification images. c) FT-IR spectra of pure
copper phosphate, DS and hybrid D-NF. d) EDX spectrum and, in the
insert, mapping, of the D-NF.

FT-IR spectroscopy performed on D-NF indicated the presence of P-
O and P=0 vibrations with intense peaks at 390, 560, 625, 990 and
1035 cm™', ascribed to the presence of phosphate groups (Figure 2c)."”
Moreover, the FT-IR spectrum of D-NF showed the presence of bands
in the regions from 1180 to 1300 cm™ and 680 to 870 cm™ ascribed to
the vibrations relative to the sulfate groups in the DS, confirming the
presence of DS in the hybrid nanoflowers.'® EDX spectra and elemental
mapping revealed the homogeneous presence of P, Cu, O, and S
elements in the D-NF (Figure 2d). The XRD spectrum of the D-NF

showed the presence of sharp diffraction peaks and an amorphous
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background (Figure S1). The peak position and relative intensities
matched well with those of copper phosphate hydrate crystal structure
(powder diffraction file number 22-0548). The broad peak centred at 20
degrees, instead, was attributed to the presence of amorphous DS
within the nanoflowers structure.’® The XRD analysis confirmed that the
hybrid nanoflowers were composed of amorphous DS within a well-
crystallized Cuz(PO,), 3H,0 structure. TGA was employed to quantify
the weight percentage of DS in the D-NF (Figure S2).?° The TGA curve
showed a weight loss of 8% above 100 °C, which is attributed to water
desorption. Subsequently, a weight loss of 12% occurred from 100 to
440 °C due to the decomposition of DS.?' From 440 to 600 °C there
was no further weight loss, indicating that the inorganic component did
not further decompose. Taken together the results confirmed the
presence of DS within the inorganic nanostructure to form

monodisperse, high volume-to-surface ratio and hybrid nanoflowers.
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180 -min

Figure 3. SEM images of the hybrid nanoflowers growth at a) 30, b) 60,
c¢) 90 and d) 180 min from the start of the crystallization reaction. Scale
bars reported are the same in all the figures.

To give an insight into the D-NF formation mechanism, different
reaction times (30, 60, 90 and 180 min) were set and SEM images were
acquired to analyse the surface morphologies of the obtained D-NF
(Figure 3). The formation of porous D-NF follows steps of nucleation
and growth. At an early reaction stage (30 min), the nucleation of small
units of Cus(PO,4) along with the complexation of DS with Cu ions, via
electrostatic interactions, were observed (Figure 3a). These complexes
provided sites for the nucleation of primary crystals. With increasing
incubation times (60 and 90 min), kinetically controlled primary crystals
grow on the pre-formed structure with the shape of petals, resulting in
more petals to appear on the surface of the particles (Figure 3b and c).
After 180 min, the anisotropic growth of the petals led to the complete

formation of flowerlike spherical structures (Figure 3d). During these
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steps, DS may promote the nucleation of crystals to form the scaffold
for the petals and served as a binder to assemble them into hierarchical
structures. To prove this hypothesis and deeply understand the role of
DS on the crystallization process of the hybrid nanoflowers, two
different control syntheses were executed. First, the influence of the
polymeric component during the particle formation was studied. Pure
copper phosphates NF were prepared without the use of any organic
component. The inorganic nanostructures were formed by large
aggregates of several micrometre-sized particles, which were
composed of disordered nanosheets assemblies, contrarily to the
ordered structure prepared with DS (Figure S3a, b and Figure S4a ,b).
We hypothesize that in the absence of the polymer the disorganized
nucleation of the primary crystals occurred. Subsequently, the
uncontrolled growth of the primary crystals resulted in the formation of
large aggregates. Next, we investigated the influence of the chemical
composition of the polymer. NF were synthesized using dextran, with a
similar molecular weight of DS but lacking negatively charged sulfate
groups. We observed that the obtained Dextran-NF were 9+1 mm in
diameter, significantly larger than the diameters of D-NF, and showed
some degree of aggregation (Figure S3c, d and Figure S4c). The
dextran did not lead to a strong interaction between copper ions and the
polymer, causing the primary crystals to nucleate differently compared
to the case of D-NF. However, the presence of the organic component
stabilized the growing particles resulting in the formation of fewer
aggregates. It is important to note that in pure copper phosphates NF
and Dextran-NF, the building blocks morphologies composing these
structures resembled the one described before for the D-NF, suggesting
the similar and, however, disordered assembled nature of the
crystallization process. These findings indicated the essential role of DS
in the crystallization process as the organic component for the

nucleation of primary crystals, via the interaction between copper ions
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and negatively charged sulfate groups, and for the growing of the
particles, as the stabilizing agent.

To optimize the final products, the parameters that could influence
the crystallization process, such as the concentration of reagents and
pH were investigated in details.

D-NF were prepared at different PBS concentrations, from 0.1 X to
10 X (Figure S5). At low PBS salt concentrations of 0.1 X and 0.2 X, no
precipitates or particles were found. Defined particles with increasing
diameter from 2.8+0.2 to 4.3£0.3 ym and similar surface morphology
were achieved using 0.5 X and 2 X PBS (Figure S5a and b). Visible
higher reaction yields were obtained with increased PBS concentration,
due to the higher content of phosphate ions in the solution. At high PBS
salt concentrations of 5 X and 10 X, there was no formation of NF
although crystal-like structures in the form of aggregates were formed
(Figure S5c and d). This suggests that the low concentration of
phosphates does not allow the nucleation and growth of crystals,
resulting in the absence of ordered precipitates. Contrarily, at higher
concentration of phosphates, aggregates formed from the rapid
nucleation of copper phosphates clusters, which did not lead to ordered
nanoflowers assemblies.

Moreover, D-NF were synthesized investigating the concentration of
copper ions from 2.5 to 160 mM (Figure S6). At the lowest
concentration of copper ions of 2.5 mM, aggregated particles were
formed showing sparingly petals on the surface resulting in micrometre-
sized pores (Figure S6a). Instead, with copper ions concentrations from
5 to 160 mM, dispersed particles were found having diameters from 2 to
6 uym with an increased amount of petals on the surface resulting in a
smaller petal-to-petal distance (Figure S6b-e). A noticeable higher yield
was achieved with increasing copper ions concentrations.

D-NF were also prepared at different pH from 4.4 to 10.4 (Figure S7).
No precipitates were formed at pH 4.4. Particles prepared at pH 5.4 had
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a low density of petals on the surface, resulting in uncompleted
structures (Figure S7a). D-NF synthesized at pH from 6.4 to 10.4 were
dispersed particles with a higher density of petals on the surface (Figure
S7b-e).

Besides, the formation of D-NF varying the DS concentrations
varying from 0.1 to 10 mg mL™" was studied (Figure S8). Aggregated
crystal-like structures were observed when the DS concentration was
equal or lower than 0.17 mg mL™" (Figure S8a and b), whereas uniform
and dispersed flower-like microparticles formed when the DS
concentration was equal or higher than 0.4 mg mL™" (Figure S8c-f). The
particles prepared with different concentrations of DS displayed similar
hierarchical flower-like morphologies. These were composed of
lamellae-like building blocks with a thickness of few tens of nanometres,
joint together to form particles with an average diameter of around a few
micrometres.

These findings indicated that dispersed and homogeneous D-NF
could be prepared only within a specific range of pH, PBS, DS and
copper ions concentrations. Moreover, D-NF having different
morphological properties could be synthesized varying the studied

synthetic parameters.

4.1.3.2 Preparation of D-NF functionalized surfaces

The crystallization process for the synthesis of hybrid nanoflowers is
influenced by the initial nucleation of primary crystals via the
interactions between metal ions and functional moieties, such as the
electrostatic interactions between copper cations and negatively
functional groups. Taking advantage of these interactions, a coating
method was developed for the functionalization of tissue culture-treated
polystyrene microplates (TC-plates). The employed TC-plates present

on the surface carboxyl functional groups,'” which could favourably act
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as the nucleation site for the primary crystals enabling the coating of
such surfaces with nanoflowers. TC-plates were prepared via a rapid
and scalable crystallization method in which PBS (5 mL, 1X, pH 7.4)
containing DS (1 mg ml") was added to 1 mL of CuSO, (240 mM)
solution under stirring for 60 s. The solution (0.3 mL) was then injected
in a well of a 96 TC-plate and incubated at 21 °C for 16 h. After this
time, an opaque blue precipitate was formed at the bottom of the well,
whereas the supernatant remained clear. After washing simply by
rinsing the functionalized plate with water, the materials deposited on
the surface showed a micro-to-nano hierarchical structure and
homogeneously coated the well surface (Figure S9a). The coating was
composed by D-NF with similar morphologies as described for the
preparation of single particles (Figure S9b and c). Rinsing with water
could not wash the coating away and its structural integrity was not
compromised after several days of soaking in water. The D-NF coating
presents a hierarchical structural organization enabling accessible mass
transport to the solid-liquid interface and good mechanical and chemical
stability in water. For these reasons, functionalized microplates with D-
NF coatings were used as reactors for chemical reactions to develop a

high throughput sensing platform.

4.1.3.3 Non-enzymatic catalytic activity and kinetics
of D-NF

The non-enzymatic peroxidase-like catalytic activities of D-NF were
studied using OPD as the substrate (Figure 4). The oxidation of OPD by
the hydroxyl radicals deriving from H,O, produces the fluorescent
product 2,3-diaminophenazine (DAP) that can be measured via
fluorescence spectroscopy. DAP has an absorbance intensity peak at
410 nm and an emission peak at 566 nm which can be used to monitor

the reaction in real-time, allowing the monitoring of the catalytic kinetics.
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Moreover, fluorescence measurements were taken into consideration
instead of absorbance to avoid the contribution of scattering from the
immobilized D-NF in functionalized TC-plate wells. To verify this, the
fluorescent emission intensities of DAP solutions in unmodified and D-
NF coated wells were recorded. The intensities were comparable within
the standard deviation, demonstrating that the fluorescence intensities
of a DAP solution were not influenced by the presence of a D-NF
coating at the bottom of the well (data not shown). When a PBS solution
containing (0.1 mM) OPD and (5 mM) H,O, was placed in a D-NF
coated well, the emission intensity at 566 nm started to increase
reaching a plateau over 30 min. This indicated that the conversion of
OPD to DAP started to take place (Figure 4a), highlighting the non-
enzymatic peroxidase-like catalytic activity of the hybrid nanoflowers
toward hydrogen peroxide as the substrate. The condensation reactions
of OPD to DAP followed a pseudo-first-order reaction with different
kinetics if D-NF and/or H,O, were present (Figure S10). The pseudo-
first-order kinetic hypothesis was validated by the linear trends of the
natural logarithm of the fluorescence emission intensities, /in, (which
was calculated subtracting the fluorescence intensities from the
saturated one) against the time (R?>>0.99). Based on these
relationships, the reaction rate constants (k) were calculated to be
0.152+0.002, 4.36+0.07 and 122.2+0.4 ms™' when OPD was incubated
with H,O, alone, D-NF alone and with the co-presence of H,O, and D-
NF. These constants highlighted that H,O, alone could not oxidize OPD
and although the presence of just D-NF slightly catalysed the
condensation reaction, the highest value of k was obtained with the co-
presence of the catalytic substrate and hydrogen peroxide. This
highlighted the importance of the co-presence of both D-NF and H,0, at
the same time to effectively oxidize the OPD substrate. The D-NF
catalytic properties could be attributed to the nanoflowers morphology

and chemical composition, in terms of, respectively, high surface-to-
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volume ratio and the presence of catalytic copper ions, resulting in the

enhanced substrate accessibility to active sites (Figure 4b).
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Figure 4. Non-enzymatic peroxidase-like catalytic activities of hybrid
nanoflowers. a) Catalytic kinetics regarding the oxidation of OPD to
DAP by H,0, or D-NF alone and with the co-presence of H,0, and D-
NF. b) Emission spectra of the solutions after kinetic completion with an
excitation wavelength of 410 nm. c¢) Emission spectra, and photos in the
insert, of the solutions incubated in functionalized wells upon addition of
different H,O, concentrations (from 0 to 7 mM) in PBS buffer. d)
Calibration lines representing the extended and, in the insert, linear
concentration ranges of H,O, against emission intensities at 566 nm.
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4.1.3.4 Detection of hydrogen peroxide via

fluorometric assay

As previously described, a fluorometric system based on D-NF and
the catalysed condensation reaction of OPD to DAP was developed for
the sensing of H,O,. To study the quantitative detection of H,O,, PBS
solutions (1X, pH 6.5) containing different concentrations of H,O, (from
0 to 7 mM) and OPD (0.1 mM) were added to a D-NF modified well and
kept under gentle shaking for 45 min at 21 °C (Figure 4c). Upon
increasing the concentration of H,O,, the colour of the reaction solution
gradually changed from colourless to dark yellow. The catalytic activity
of D-NF for the oxidation reaction of OPD to DAP was further confirmed
by fluorescent measurements. An increase of the emission peak at 566
nm was observed by increasing H,O, concentration (Figure 4d). A linear
trend (R?=0.996) was observed between the emission intensity at 566
nm and the H,O, concentration in the range from 0 to 0.4 mM with a
sensitivity of 28.3+0.6 kcps/mM and a LOD of 35 pyM (S/N=3). For the
extended range from 0 to 7 mM H,0O,, a non-linear Langmuir-like fit was
instead used that matched well with the experimental data (Table S1).
This catalytic activity could be attributed to the high surface area and to
the morphological spatial organization of the D-NF that enhance the
mass transport of OPD from the solution to the catalytic interface and
the presence and accessibility of active sites composed of active copper
ions exposed to the solution. Importantly, the D-NF coating was found
to be stable during the reaction since no particles were observed in the
supernatant after the completion of the reaction, indicating the good

mechanical stability of the coating.
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4.1.3.5 Detection of glucose via a hybrid cascade

reactions

H,O, was previously detected in the mM concentration range, which
is the concentration of many bio-analytes in biological fluids. For
instance, the concentration of glucose (Glu) in the blood is around 5 mM
with peaks in diabetic patients from 1 to 30 mM during a day.?
Interestingly, the limit of detection and detection range of the previously
described fluorometric sensing system favourably matched with the
physiological glucose concentrations in healthy and diabetic patients.
By pairing this non-enzymatic sensing platform to an H,O, producing
enzyme, such as glucose oxidase (GOx), a versatile detection platform
for the detection and sensing of glucose can be engineered. A system
was designed taking advantage of the enzymatic activity of glucose
oxidase (GOx) and the non-enzymatic peroxidase-like catalytic activity
of D-NF to detect glucose via a hybrid enzymatic/non-enzymatic
cascade reaction (Figure 5a). The cascade mechanism of the hybrid
system is presented as the following: during the first GOx mediated
enzymatic reaction, glucose and oxygen react to form gluconolactone
and H,0.. In the second non-enzymatic reaction, hydroxyl radicals are
produced from H,O, on the D-NF catalytic surface, promoting the
condensation reaction of OPD to DAP. This results in a colour change
in the solution that can be detected by a fluorometric method. To prove
the concept of hybrid cascade reaction, a solution composed of OPD,
GOx, Glu in PBS with the presence of D-NF was incubated and its
emission and excitation spectra recorded (Figure 5b, black line). For
control experiments, two solutions were prepared similarly without the
presence of D-NF or Glu (Figure 5b, green and red lines, respectively).
When all the components were present, a significant increase of both
the excitation and emission spectra intensities were observed,

meanwhile weaker intensities were displayed by both control solutions.
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The less intense fluorescence intensities of the control experiments that
lack the hybrid cascade reaction, indicates the inefficient production of
DAP. Conversely, the significant fluorescence signal recorded in the
solution consisting of all the components suggests that the cascade
reaction effectively promoted the production of DAP, confirming the
proposed hybrid cascade reaction mechanism.

Notably, when OPD, GOx and Glu in PBS were incubated in the
presence of D-NF with different concentrations of Glu, the emission
intensities at 536 nm increased as a function of the initial concentrations
of Glu (Figure 5c). A linear trend (R,=0.976) was observed in the Glu
range from 0 to 1 mM with a sensitivity of 1180£70 kcps/mM and a limit
of detection of 35 yM (S/N=3). For the fit of the extended range up to 6
mM, a non-linear calibration line was used instead. The range up to 7
mM Glu a non-linear fit was used, matching well with the experimental
data (Table S2). Hence, we demonstrated as a proof of concept that
with the developed system is possible to detect and quantify the
concentration of a biological analyte, glucose, in a physiological relevant
solution, as PBS at neutral pH. We envision that this system could be
similarly used to detect other biological analytes, like cholesterol, lactic
acid, and uric acid via, respectively, cholesterol oxidase, lactate

oxidase, and urate oxidase.

4-136



a 460nm* x540nm
@ NH,
Glucose Oxidase D-NF

NH,
Glucose H,O0, o-Phenylenediamine

460 nm* 540 nm

02 HZO @: ND: NH,
NZ NH,

Diaminophenazine

Glucono-lactone

b - —OPD+Glu+GOx+D-NF
Eiianan OPD+Glu+GOx C
- ——OPD+GOx+D-NF -
- ' w 2
S Q
U 2
E .
- ©
8 Emission 3
c spectra ©)
() = 1
o c
w - —
o ' c
S . Kol
=} y )
2 £
I \ 1 \ I . w oL \ 1 A 1 . 1
400 500 600 700 0 2 4 6
Wavelength (nm) [Glucose] (mM)

Figure 5. a) Schematic depicting the sensing of glucose via a hybrid
enzymatic/non-enzymatic cascade reaction. b) Excitation and emission
fluorescence spectra of samples with a combination of OPD, GOx, Glu
and D-NF in PBS after incubation for 120 min at 37 °C. c) Calibration
lines representing the extended and, in the insert, linear concentration
ranges of Glu vs. emission intensities at 536 nm.

4.1.4 Conclusions

We reported the synthesis of dextran sulfate-copper phosphate
hybrid nanoflowers via a simple, rapid and low-cost crystallization
method. The synthetic parameters were investigated and optimized to
prepare monodisperse particles with a high volume-to-surface ratio and
hierarchical surface morphology. We developed a facile and scalable

coating process of surfaces with D-NF for the preparation of functional
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microreactors for the detection of H,O, in PBS. This was achieved via
the intrinsic non-enzymatic peroxidase-like catalytic activity of the hybrid
nanoflowers that, in the presence of H,O,, promotes the condensation
reaction of OPD to the fluorescent DAP. The proposed sensing system
achieved an H,0, linear detection range from 0 to 0.4 mM in PBS with a
sensitivity of 28.3+0.6 kcps/mM and a LOD of 35 uyM (S/N=3) and a
non-linear detection range up to 7 mM. As a proof of concept, the
detection of glucose was further performed based on a hybrid cascade
reaction via the enzymatic and non-enzymatic activities of GOx and D-
NF, respectively. This system showed a linear glucose detection range
from 0 to 1 mM in PBS with a sensitivity of 1180+70 kcps/mM and a
LOD of 35 yM and a non-linear detection range up to 6 mM. The
sensing of H,O, in physiologically relevant media and the possibility to
couple a peroxidase-like enzyme, as GOx for the sensing of glucose, to
the functional reactor highlighted the potentials of D-NF as catalytic
materials for the development of flexible sensing platforms for

biomedical and environmental applications.
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4.2 Supplementary Information

Enzyme-Mimicking Hybrid Nanoflowers Enable Sensing of
Bioanalytes

Pietro Pacchin Tomanin®, Frank Caruso?®, Francesca Cavalieri®°
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Figure S1. XRD spectra of D-NF and the copper phosphate as the
reference.
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Figure S2. Thermal gravimetric analysis of the D-NF.
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0 mg mL" DS
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Figure S3. SEM images of particles prepared as the controls. Particles
synthesized as: a-b) pure copper phosphates without the presence of
organic molecules, and c-d) with the presence of dextran at a
concentration of 0.83 mg mL" are represented by low and high
magnification SEM images.
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Figure S4. Optical microscope images in liquid state of a) D-NF, b) pure
copper phosphate NF, and c) Dextran-NF.

4

Figure S5. SEM images of D-NF prepared at different concentrations of
PBS. Hybrid nanoflowers synthesized with a PBS concentration of a)
0.5 X, b)2X, c)b5Xandd) 10 X are represented by low and high
magnification SEM images.
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2.5 mM [Cu?'] 10 mM Tcu?]

40 mM [Cu?] 160 mM [Cu?']

Figure S6. SEM images of D-NF prepared with different concentrations
of Cu?* ions. Hybrid nanoflowers synthesized with a Cu** ions
concentration of a) 2.5, b) 5, ¢) 10, d) 40 and e) 160 mM are
represented by low and high magnification SEM images.
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Figure S7. SEM images of D-NF prepared at different pH. Hybrid
nanoflowers synthesized at pH of a) 5.4, b) 6.4, c¢) 8.4, d) 9.4 and e)
10.4 are represented by low and high magnification SEM images. The
same scale bars were used for all the images.

0.08 mg mL[DS] 0.17'mgmL’ [DS] 0.4 mg mL" [DS]

1.7’ mg mL" [DS] 473 mg mlt [DS] 8:3 mgunL:' [DS]

Figure S8. SEM images of D-NF prepared with different concentrations
of DS. Hybrid nanoflowers synthesized with a DS concentration of a)
0.08, b) 0.17, ¢) 0.4, d) 1.7, ) 4.2 and f) 8.3 mg mL™" are represented
by low and high magnification SEM images.
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Figure S9. SEM images of D-NF assembled at the functional
polystyrene interface of TC plates at a) low, b) medium, and c¢) high

magnifications.

10 _Y\ ] = P—
\\-‘\
=
EN
S 8t :
£ A
£ |—oPD+H0: %
linear fit OPD+H.0. N, T
6 |—— OPD+D-NFs -
linear fit OPD+D-NFs ]
—— OPD+H:0:+D-NFs
- linear fit OPD+H:0.+D-NFs
| 1 | N | 1
0 15 30
Time (min)

Figure S10. Catalytic reaction rates of the OPD oxidation in
microreactors with the presence of H,O, and D-NF and control
experiments with the presence of only H,O, or D-NF. Included, are the
linear fit of the data. The data are relative to Figure 4a.
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Non-linear Langmuir-like equation used for the fitting of the H,O, and

Glu sensing extended range in Figure 4d and Figure 5c:
_(b+cx)

y_(1+ax)

Table S1. Fitting equation parameters relative to the H202 sensing

represented in Figure 4d.

Varia Value and standard
ble deviation

a 0.88 + 0.06

b 5400 + 300

c 38000 + 2000

R 0.998

Table S2. Fitting equation parameters relative to the Glu sensing

represented in Figure 5c.

Varia Value and standard
ble deviation

a 1.4 +0.1

b 260 + 10

c 3500 + 200

R 0.998
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5.1 Manuscript main text

5.1.1 Abstract

Multifunctional and biodegradable nanostructured hybrid interfaces
based on biopolymers are potentially useful in many applications in
catalysis, bioanalytical sensing and nanomedicine. Herein, we report
the engineering of multifunctional hybrid films by assembling adhesive
biological nanoparticles i.e. lipoate-conjugated phytoglycogen (L-PG).
These nano building blocks possess adhesive properties, arising from
their amphiphilic nature, and reactive functional disulfide groups. The
assembly of L-PG on surfaces enabled the rapid and conformal
deposition of a thin film on substrates of varying chemical composition
and wettability. The L-PG films showed negligible cytotoxicity and
moderate stability under different harsh conditions but displayed
enzyme-mediated degradability. In addition, metal nanoparticles were
embedded into the L-PG layers to build up multilayered hybrid films.
Specifically, Au and Ag nanoparticle-loaded L-PG multilayered films
with catalytic and surface-enhanced Raman scattering properties were
prepared. Finally, we highlight the versatility of the present approach to

engineer multifaceted interfaces for catalysis and sensing applications.
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Table Of Content Graphic. Amphiphilic phytoglycogen nanopatrticles are
used as building blocks for engineering multifunctional hybrid films with
catalytic and sensing propetties.
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5.1.2 Introduction

The engineering of multifunctional nanostructured interfaces has
attracted great interest in many interdisciplinary fields including
nanomedicine,” biosensing,? tissue engineering,® and catalysis.* The
desired multifunctional interface can be achieved by controlling the
chemical functionality and structural arrangement of the building blocks
on a nanometer scale. For integration of functions, a polymeric material
with the desired functionality and morphology can be combined with
inorganic or metal nanoparticles to engineer a complex hybrid interface

with structural and compositional inhomogeneity.””’

The precise
manipulation of the physical and chemical interactions between these
hybrid building blocks allows control of the interface nanomorphology
and functionality of the macroscopic materials. The use of
polysaccharides, such as chitosan,®? amylose,® cellulose,"" hyaluronic

acid, >3

as biodegradable polymeric components for engineering
multifunctional surfaces and films, is attractive because polysaccharides
are natural biomacromolecules that can be chemically or biochemically
modified to impart various functional properties. In particular, glycogen
is a biological polysaccharidic nanoparticle found ubiquitously across
the animal and plant kingdoms, serving as a vital component of the

cellular energy machinery.'"

Glycogen nanoparticles have a
dendrimer-like structure composed of repeating units of glucose
connected by linear a-(1,4) glycosidic linkages with a-(1,6) branching.
They have different structural properties (e.g., nanoparticle size,
molecular weight, and degree of branching) depending on the source.'®
For example, phytoglycogen (PG) is a naturally abundant form of
glycogen derived from sweet corn, possessing a diameter of 80 nm and
a high molecular weight of 20 MDa.'® PG nanoparticles have a highly

17,18

branched, hydrated structure and a high colloidal stability, and

chemical functionalization of the polymeric chains can be performed
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under mild conditions using nontoxic reagents. Importantly, the reactive
hydroxyl groups on glycogen can be modified to produce functional

nanoparticles that remain partially biodegradable,

making glycogen
attractive as a building block for engineering biofunctional materials and
interfaces. Recently, glycogen nanoparticles with different chemical
modifications and properties have been successfully exploited for drug

1925 and smart materials.?6%°

delivery,”® 2 targeting,?* cellular imaging,

Amine functionalities are typically introduced on glycogen to form
complexes with negatively charged nucleic acids.’®° Octenylsuccinate
hydroxypropyl PG nanoparticles were developed to improve the
solubility of hydrophobic dugs.?® The modification of glycogen with
hydrophobic allyl and propargyl moieties was exploited to obtain
crosslinked water-insoluble films with a fibrous or sponge-like structure.
The films were used as a scaffold for growing osteoblast-like cells.*® A
stimuli-responsive hydrogel for colon-targeted drug delivery was
obtained via free-radical polymerization of glycogen, modified by N-
isopropylacrylamide moieties, with ethylene glycol dimethacrylate as a
crosslinker.®" Despite the various glycogen-based materials developed
to date, the use of the adhesive properties of glycogen nanoparticles for
the preparation of functional interfaces remains to be examined and
exploited. The development of adhesive glycogen nanoparticles and
self-assembly strategies is expected to advance this biological
nanoparticle toward its use as a versatile surface coating material. We
propose that the modification of PG with hydrophobic and functional
moieties would endow the functionalized amphiphilic polysaccharide
with unexplored adhesive properties to prepare nontoxic, biodegradable
films.

In the present study, we report a rapid and robust method to form
nanostructured hybrid films using lipoate-conjugated phytoglycogen (L-
PG). L-PG exhibits remarkable adhesiveness to coat various substrates

including organic, inorganic, and even low-surface-energy materials
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(e.g., polytetrafluoroethylene (PTFE)). A thin and homogenous film is
rapidly formed by immersion of the substrate into an L-PG water
solution. The resulting L-PG film shows negligible cytotoxicity and
significant degradability, yet displays stability in various harsh
environments such as strong acid. We also demonstrate that these films
can be functionalized with inorganic nanoparticles (e.g., Au, Ag, and Pt
nanoparticles) owing to the high affinity of disulfide bridges in the
tagged lipoate to the noble metal nanoparticles. The supported Au
nanoparticles (AuNPs) show catalytic activity and high stability owing to
the high permeability and protection of the L-PG multilayered film.
Moreover, a surface-enhanced Raman scattering (SERS) active
substrate is developed by integrating Ag nanoparticles (AgNPs) into the
coating, therefore producing sensing interfaces that can monitor
chemical changes in the surface proximity. Overall, this study describes
a rapid and facile strategy for preparing multifunctional and
biodegradable interfaces for different applications including in the

environmental and medical fields.
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Amphiphilic lipoate-glycogen
adsorption on substrates

S-S

H

substrate

AuNP assembly
via metal-disulfide affinity

B

Fig. 1. (a) Schematic of the L-PG assembly on a substrate and (b) co-
assembly of metal nanoparticles on the L-PG layer to obtain hybrid
surfaces via LbL assembly suitable for catalysis and sensing
applications.

51.3 Results and Discussion

5.1.3.1 Synthesis and characterization of L-PG

PG was first functionalized with a natural compound, LA, via an
esterification reaction in DMSO to form L-PG (Figure S1). The resulting
L-PG bears both hydrophilic and hydrophobic moieties (Figure 1a) that
impart adhesion properties to the nanoparticles. In addition, the disulfide

groups of lipoate are reactive toward metal nanoparticles (Figure 1b).
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NMR spectra confirmed the successful preparation of L-PG, which
showed distinct signals that were ascribed to the glucose repeating unit
and lipoate moieties (Figure S2). The lipoate groups are likely grafted to
the outermost branches of PG. Previous work has shown that glycogen
inner chains that are not swollen by organic solvent (e.g., DMF and
DMSO) are less accessible and reactive, leading to surface-constrained

functionalization.®
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Fig. 2. Characterization and coating properties of L-PG. (a) ATR-FTIR
spectra of PG and L-PG and (b) dry-state AFM image and
corresponding height profile of L-PG. (c) Water contact angles of the
bare, PG-, and L-PG-coated substrates. Dry-state AFM images and
corresponding height profiles of (d) PG- and (e) L-PG-coated glass
Substrates (scale bar 2 um). (f) Emission intensities of fluorescently
labeled L-PG coatings on glass substrates after incubation in different
chemical and biochemical environments. Error bars represent standard
deviations.

It is noteworthy that a trade-off between hydrophilicity and
hydrophobicity is vital in the design of this building block. For example,
samples with a degree of functionalization higher than 2% showed poor
solubility in water and DMSO owing to the high hydrophobicity (Table
S1). Therefore, a degree of functionalization of 2% was considered

optimal for maintaining L-PG colloidal stability in aqueous solution. The
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presence of lipoate groups on L-PG was further confirmed by FTIR
spectroscopy. The newly formed ester bonds were observed at 1721
cm™' (Figure 2a). Importantly, the 1,2-dithiolane of lipoate remained in
the oxidized state during the reaction, as signals corresponding to thiol

t3 The new

stretching bands at 2560-2570 cm™' were absen
absorbance peak observed at 290 nm in the UV-vis spectrum of L-PG
further confirmed the presence of the lipoate ring (Figure S3).>* The
synthesized L-PG had a hydrodynamic diameter (90 + 50 nm), as
determined by DLS, and a {-potential value (-1 £ 6 mV) similar to those
of unmodified PG (90 + 40 nm; -1 £ 6 mV) (Figure S4). These results
confirm that the chemical modification of PG with up to 2% hydrophobic
moieties does not induce any aggregation or substantial change in the
solution properties of the resulting nanoparticles relative to those of the
unmodified PG. Dry-state AFM further confirmed that the L-PG
nanoparticles were spherical and well dispersed, with a round flattened
shape, characteristic of dehydrated spherical soft materials (Figure 2b).
As measured by AFM, the L-PG nanoparticles featured an average

diameter of 90 + 20 nm and a thickness of 8 £ 2 nm.

5.1.3.2 Preparation and characterization of L-PG

films

L-PG was subsequently examined for coating several planar
polymeric substrates, including PET, PMMA, PP, PS, Parafiim, and
PTFE. The successful coating was confirmed by contact angle
measurements (Figure 2c). Specifically, the L-PG film formed on a
PTFE surface featured a reduced water contact angle from 107 £ 6°
(uncoated PTFE substrate) to 69 + 5°, thus shifting the wettability of the
final film from hydrophobic to hydrophilic. A similar trend was observed
on other substrates (Figures 2c and S5). Conversely, when unmodified

PG was used to coat these substrates, there was negligible difference
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in the contact angle before and after the deposition procedure (Figure
2c). This observation indicates that the unmodified PG nanoparticles
show poor adhesiveness. In addition, AFM analysis revealed that,
unlike unmodified PG (Figure 2d), a continuous, dense L-PG film of 6 +
1 nm in thickness formed on the glass surface after deposition (Figure
2e).

To examine the stability of the films, L-PG was labeled with a
fluorophore tag (AF488) so that the disassembly of the coating was
monitored after the treatment. The L-PG coating was first incubated in
different solutions for 60 min, followed by repeated washing with water.
The fluorescence intensity of the substrates was then recorded to
evaluate residual L-PG on the substrates. The results indicate that the
L-PG coating shows moderate stability in diverse chemical
environments such as in H,O, 10 mM PBS (pH 7.4), 1 M HCI, 1 M
HNO3;, 1 M H,0,, 10 mM GSH, 17 mM SDS, and EtOH (Figure 2f). In
contrast, the L-PG film can be significantly degraded by p-amylase
(Figure 2f) and the building block are not cytotoxic (Figure S6).
However, the L-PG nanoparticles required a longer incubation time than
the unmodified PG nanoparticles to achieve the same degree of
degradation by B-amylase (Figure S7). These results show that stable
aqueous suspensions of hydrophobically modified PG nanoparticles can
be used to build robust but biodegradable, noncytotoxic thin films owing
to the adhesiveness of L-PG that promotes the interfacial assembly of
nanoparticles on substrates with different wettability.

To understand the mechanism governing the adhesion properties of
L-PG, the influence of the amphiphilic nature of PG without disulfide
bonds was assessed. To this end, an analogous amphiphilic PG
derivative, containing 1% hydrophobic dodecane moiety (DD-PG) was
synthesized (Figure S8). DD-PG displayed properties similar to those of
L-PG such as hydrodynamic diameter (71 + 40 nm) and -potential (-1

+ 5 mV). The results showed that the water-soluble DD-PG also formed
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a film on glass similar to L-PG, with a similar thickness and surface
morphology (Figure S9). These findings underline the importance of the
amphiphilic characteristic of modified PG for the successful formation of
coatings. Moreover, the disulfide moieties in L-PG offer an additional

advantage for further functionalization of the L-PG films.
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Fig. 3. Characterization of hybrid L-PG LbL assemblies with metal
nanoparticles. (a) UV-Vis spectra of glass substrates coated with one
bilayer of L-PG/AuNP, L-PG/AgNP and L-PG/PtNP (purple, yellow and
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grey lines, respectively) and three bilayers of sequentially assembled L-
PG/AuNP, L-PG/AgNP, and L-PG/PtNP (red line) and corresponding
photograph (inset) of glass substrates coated with various layers of L-
PG and metal nanopatrticles (Au, Ag, Pt, and Au-Ag—Pt). (b) QCM-D
frequency profile of an L-PG/AuNP LbL assembly on a gold chip
obtained by sequential deposition of L-PG (blue arrow) and AuNPs (red
arrow). (c) Dry-state AFM film thickness profile as a function of the L-
PG/AuNP bilayer number and corresponding AFM images of the first
and fourth bilayers (insets). (d) LSPR absorbance of glass substrates
with 1 bilayer of L-PG/AuNPs after incubation in various chemical
environments. (e) Photographs of L-PG/AuNP LbL assemblies on
various substrates (scale bar 1 cm).

5.1.3.3 Characterization of L-PG/metal nanoparticles
hybrid films

Herein, we demonstrate that glycogen—inorganic hybrid films with
controlled thickness can be fabricated by LbL assembly of L-PG and
metal nanoparticles, including AuNPs, AgNPs, and platinum
nanoparticles (PtNPs) (Figure 3a). The assembly of the L-PG/AuNP film
was monitored by measuring the (linear) increase in the intensity of the
localized surface plasmon resonance (LSPR) band of the AuNPs at
~545 nm. (Figure S10). Notably, the narrow LSPR peak indicates the
relatively large interparticle distance between neighboring AuNPs,
suggesting that the AuNPs do not form clusters when embedded in the
film and L-PG nanoparticles act as a spacer. Similar trends in relation to
the increase in absorbance intensity were observed in the multilayered
hybrid films containing AgNPs (LSPR at 415 nm) or PtNPs (a broad
absorbance profile spanning the UV-vis region without a characteristic
peak) (Figure S11). A multicomponent hybrid film with three bilayers
obtained by sequential deposition of L-PG/AuNP, L-PG/AgNP, and L-
PG/PINP is also demonstrated. The resulting UV-vis spectrum
exhibited a combined absorption profile comprising the typical
absorbance of each metal nanoparticle assembly (Figure 3a, red line).

To demonstrate the importance of disulfide moieties in coordinating the
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metal NPs for the successful assembly of the hybrid films, control
experiments were performed using DD-PG/AuNP, unmodified
PG/AuNP, and AuNPs. The deposition of these control systems on a
glass slide resulted in very weak LSPR bands, indicating poor
adsorption on the glass surface (Figure S12). These results highlight
the importance of disulfide bonds on L-PG for the successful loading of
AuNPs.

QCM-D was used to monitor the kinetics of the hybrid film assembly
process by depositing sequential layers of L-PG and AuNPs. L-PG first
directly adhered to the gold substrate acting as a primer layer, followed
by the deposition of AuNPs on the L-PG layer to form a hybrid bilayer
structure, stabilized by disulfide—gold interactions (Figure 3b).

Both L-PG and AuNP deposition reached equilibrium within 30 min of
incubation. The dissipation factor increased when an L-PG layer was
deposited, indicating that the L-PG layer was distorted during crystal
oscillations and therefore displayed characteristics of a soft film (Figure
S13). In contrast, the dissipation factor remained constant upon
deposition of AuNPs, showing that the rigid AuNPs followed the
oscillation of the crystal without being deformed. These results
demonstrated the hybrid nature of the coating.

The film growth was also monitored by AFM measurements of the
average dry thickness and roughness of the films. After the deposition
of each bilayer, the dry thickness and roughness increased by 6.3 £ 0.6
and 2.4 + 0.1 nm, respectively, indicating that the films were compact
and homogeneous with a high surface coverage (Figure 3c and Figures
S14, 15). Importantly, the L-PG/AuNP hybrid coatings on glass
displayed excellent chemical stability up to 60 min in several harsh
chemical environments such as 10 mM PBS (pH 7.4), 1 M HCI, 1 M
HNO3, 10 mM NaBH,4, 1 M H,O,, n-hexane, EtOH, 17 mM SDS, and 10
mM GSH (Figure 3d). Notably, the stability of the multilayered film was
significantly higher than that of the single-layer L-PG film. This can be
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ascribed to the shielding effect of the AuNP layer,*® which prevents the
detachment and degradation of L-PG.

Remarkably, the L-PG/AuNP hybrid film formed on various materials
such as rigid (PS, PMMA, PP, polyether ether ketone) and flexible
(PTFE, PET, Parafiim, Viton, polyurethane) polymeric, oxide (cover
glass), and metal (Ni foam) substrates (Figure 3e and Figure S16). The
deposition is indicated by the change in color of the substrates upon
adsorption of AuNPs mediated by interactions with the primer L-PG

layer. The coating formed on the different substrates remained stable at

room temperature (25 °C) for up to 6 months in dried state.

T

Bare
PS particles

L-PG-coated
PS particles

L-PG/AuNP-coated
PS particles

Fig. 4. PS microparticles coated with L-PG and L-PG/AuNP LbL
assemblies. (a, f, k) Differential interference contrast (DIC) microscopy,
(b, g, 1) TEM, and (c, h, m) SEM images, and (d, i, n) C and (e, j, o) Au
EDX mapping of bare PS microparticles (a—e), L-PG-coated PS
micropatrticles (—j), and 3-bilayer L-PG/AuNP-coated PS microparticles
(k—0). Scale bars: DIC (10 um), TEM (2 um) and inset (100 nm), and
SEM and EDX (3 um).

To further extend the possible use of the L-PG/AuNP hybrid film to
microscale objects, PS particles (3.2 um) were successfully coated with
three bilayers of L-PG/AuNP (Figure 4). Disperse bare PS
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microparticles (Figure 4a) displayed, a smooth particle edge (Figure 4b
and inset) and a homogeneous distribution of carbon only (Figure 4c—
e). The PS microparticles coated with one layer of the L-PG film did not
show any aggregation (Figure 4f). Similarly to the bare PS
microparticles, the L-PG-coated PS microparticles displayed a smooth
particle edge (Figure 4g and inset) and a uniform distribution of carbon
only (Figure 4h—j). The PS microparticles coated with three bilayers of
L-PG/AuNP LbL assemblies did not show evidence of aggregation
(Figure 4k). However, TEM images showed an increased contrast and
roughness in the edge of the particles, compared with those of the bare
PS and L-PG-coated PS microparticles, which was attributed to the
presence of the dense AuNPs (Figure 4l and inset). Furthermore, the
SEM images and EDX mapping showed the homogeneous presence of
both carbon and gold in the coating (Figure 4m—o0). These results further
confirmed the presence of AuNPs and therefore the successful

preparation of L-PG/AuNP LbL assemblies onto PS microparticles.

5.1.3.4 Catalytic and SERS properties of hybrid LbL

assemblies

To demonstrate the applications of the tunable hybrid coatings, a
chemical reactor was designed by coating the inner wall of PP tubes
with L-PG/AuNP bilayers for catalysis. The catalytic activities of the
hybrid films were evaluated through the NaBH,-mediated reduction of
methylene blue (MB) to leucomethylene blue (LMB) in the presence of
metal catalysts. The reaction kinetics was monitored via UV-vis
spectroscopy in real time, wherein changes in the absorption peak at
664 nm, corresponding to MB, were monitored as MB was converted to
colorless LMB. When an MB solution containing NaBH, was incubated
in an L-PG/AuNP-coated PP tube, the blue solution turned transparent

over time, indicating the successful reduction reaction (Figure 5a). In
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contrast, the bare and L-PG-coated PP tubes showed no reduction of
MB (Figure S17). Our results show that the catalytic efficacy of the
system relies on the layers of the AuNPs coating, and faster reduction
kinetics were obtained in reactors with a higher number of L-PG/AuNP
bilayers (Figure 5b). Specifically, MB reduction in the reactors followed
a second-order reaction with rate constants of 6.0 £ 0.8, 11.0 + 0.8, and
20 + 2 mM "' min”" for 1, 3, and 5 L-PG/AuNPs bilayers, respectively.
This improvement was due to the increasing overall amount of AUNPs
and easy access of small molecules into the L-PG matrix. Notably, the
catalysts in the film showed high stability because of the negligible
amount of AuNPs leached into the solution during the reaction (Figure
5c). The robust assembly of these hybrid films will allow defining
functional coatings on various materials for catalytic purposes.

SERS can be used to detect vibrational fingerprints of chemicals with
high sensitivity, wherein the Raman signals of targets are significantly
augmented when located near plasmonic nanostructures (e.g., AgNPs)
owing to the enhanced electromagnetic field arising from the excitation
of LSPR bands. Thus, by integrating AgNPs into the coatings, we can
generate a SERS-active surface on glass slides that can be used to
monitor the concentration of chemical species in the surrounding. Using
CV as a model, we found that the hybrid coating of three L-PG/AgNP
bilayers displayed SERS activity toward the substrate (Figure 5d). The
signal of CV at 1615 cm™ increased with increasing CV concentration
ranging from 500 nM to 10 uM (Figure S18). A limit of detection of 60
nM (signal-to-noise ratio of 3) was achieved. The facile preparation of
the present hybrid coatings is expected to enable the design of “smart”

SERS-active coatings on diverse substrates for sensing applications.
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Fig. 5. Catalysis and sensing applications of L-PG/metal nanoparticles
LbL assemblies. (a) UV-Vis spectra of MB recorded during its
degradation via NaBH, in a 3-bilayer L-PG/AuNP-coated PP tube and
photograph (inset) of the functionalized tube. (b) NaBH,-mediated MB
degradation kinetics in 1-, 3-, and 5-bilayer L-PG/AuNP-coated PP
tubes. (c) Comparison of the amount of AuNPs leached from a 3-bilayer
L-PG/AuNP-coated PP tube and the total amount of AuNPs originally
deposited in the same tube. (d) SERS spectra of a 3-bilayer L-
PG/AgNP-coated glass as a function of different concentrations of CV.

514 Conclusions

In the present work, adhesive glycogen nanoparticles were used as
building blocks to prepare hybrid multifunctional films on various
substrates, including organic and inorganic materials, in an aqueous
environment. The adhesive and functional properties of L-PG are
ascribed to the hydrophilic—-hydrophobic interactions between the

amphiphilic L-PG and the substrate. These polysaccharide-derived

5-164



nano building blocks displayed negligible cytotoxicity, and the L-PG-
based films were stable in harsh chemical environments but
biodegradable. Furthermore, the presence of disulfide moieties onto L-
PG allowed the integration of diverse metal nanoparticles to prepare
multilayered films. As proof of concept, hybrid functional coatings were
developed and applied for the catalysis and SERS-based detection of
analytes. The PG-based coatings and multilayered films provide a
versatile platform for engineering interfaces with modular functionalities
and potential uses in nanomedicine, material science, catalysis, and

sensing.
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5.2 Supplementary Information

Nanoengineering Multifunctional Hybrid Interfaces Using

Adhesive Glycogen Nanoparticles

Pietro Pacchin Tomanin, Jiajing Zhou, Alessia Amodio, Rita Cimino,

Agata Glab, Francesca Cavalieri, Frank Caruso
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Figure S1: PG functionalization reaction with lipoic acid to obtain L-PG
via Steglich esterification.
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Figure S2: H-NMR spectra of L-PG and PG. The thin red line is a
magnification of the lipoate peaks from 3.4 to 0.5 ppm.

Table S1: Chemical modification reactions of PG into L-PG

Type Targeted
of degree
glycogen functionalization

(LA/glucose

Actual degree Solubility

of of

functionalization

(LA/glucose

mol/mol) mol/mol)

PG 30 Not measured Non-soluble in water,
EtOH, DMSO, or n-
hexane

PG 20 Not measured Non-soluble in water,
EtOH/water (50:50), or
DMSO

PG 10 2% on total Water soluble, up to

glucose, 10.6% 20 mgmL™"
on H4 terminal

PG 3 Below H-NMR Water

limit of detection

PG 1 Below H-NMR Water

limit of detection

PG, phytoglycogen; EtOH, ethanol; DMSO, dimethyl sulfoxide.
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Figure S3: UV-vis spectra of L-PG and PG.

RN
o

&)

Intensity (%)

o

10° 10" 10° 10°
Hydrodynamic diameter (nm)

Figure S4: DLS hydrodynamic diameter populations of L-PG and PG.
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Figure S5: Photographs of water droplets on bare, PG-, and L-PG-
coated substrates; the contact angle values are given in Figure 2c.
Scale bar: 2 um.
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Figure S6: Cytotoxicity studies of PG and L-PG.
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Figure S8: (a) PG functionalization reaction with dodecanoic acid to
obtain DD-PG via Steglich esterification and (b) H-NMR spectra of DD-
PG with magnification of the peaks corresponding to the dodecane
moiety from 2.5 to 0.5 ppm.
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Figure S9: Dry-state AFM image and corresponding height profile of
DD-PG-coated glass substrates (scale bar = 2 um).
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Figure S10: (a) UV-Vis spectra of glass substrates coated with
increasing number of L-PG/AuNP bilayers. (b) Localized surface
plasmon resonance absorbance profile at 545 nm as a function of the
bilayer number.
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Figure S11: UV-Vis spectra of glasses coated with increasing number
of (a) L-PG/AgNP and (c) L-PG/PtNP bilayers with corresponding
absorbances at (b) 415 nm and (d) 600 nm as a function of the bilayer
number.
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Figure S12: (a) UV-Vis spectra of glass substrates coated with L-

PG/AuNP, DD-PG/AuNP, PG/AuNP assemblies or AuNPs alone and (b)

corresponding absorbances at 545 nm.
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Figure S13: QCM-D dissipation profile of an L-PG/AuNP LbL assembly
on gold chip obtained upon sequential deposition of L-PG (blue arrow)
and AuNPs (red arrow); the corresponding QCM-D frequency profile is
shown in Figure 3b.
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Figure S14: Root mean square (RMS) roughness of dry films as a
function of the L-PG/AuNP bilayer number.

Figure S15: HIM images of L-PG/AuNP LbL assembly on glass with the
final layer as L-PG (left) and AuNP (right).
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Figure S16: Photographs of L-PG/AuNP assembly on (a) polyether
ether ketone and (b) Viton.
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Figure S17: Degradation kinetics of MB via NaBH, on a bare PP tube
and L-PG-coated PP tube. Both reaction systems do not contain
AuNPs.
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Figure S18: SERS signal intensity at 1615 cm™ as a function of the
concentration of the crystal violet (CV) solution; the corresponding
SERS intensity profiles are shown in Figure 5d.
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Chapter 6

Conclusions and Future Prospects
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In summary, this research work new hybrid materials composed of
organic and inorganic building blocks can be used to prepare
nanostructured functional materials for sensing applications. The
different synthetic strategies to prepare the studied hybrid materials,
including blending, co-crystallization, and bottom-up self-assembly of
nano-building blocks, allow the manipulation and tailoring of the organic
and inorganic interactions to design hybrid structures with controlled
chemical and physical properties. The engineering of these hybrid
materials led to the development of various nanostructures with diverse
electrocatalytic, catalytic, optical, functional, and adhesive properties.
The newly developed hybrid materials were employed as sensors for
the detection of analytes. The new results presented in this thesis can
be useful for further development of advanced hybrid nanostructured
materials for sensing applications, as well as for applications in drug
delivery, catalysis and environmental remediation. A summary and
prospects of this PhD work is provided below

In Chapter 3, the synthesis of electro-catalytically cobalt phosphate
structures was reported via a simple crystallization strategy in mild
conditions. A hybrid electrode, prepared with a ink composed of the
inorganic structures together with an organic fluorinated binding
polymer, displayed electrocatalytic activity toward the non-enzymatic
direct oxidation of glucose, allowing the sensing of glucose in a relevant
biological environment as PBS electrolyte at physiological pH of 7.4.
Glucose was detected in physiological relevant concentrations from 1 to
30 mM in PBS, with a sensitivity of 7.9 nA/mM cm2, and a limit of
detection (LOD) of 0.3 mM. The system showed to be stable and
specific toward the oxidation of glucose in both PBS and diluted
solutions of human serum. The detection of glucose, up to 35 mM, was
achieved in diluted solutions of human serum in PBS. Moreover, density
functional theory experiments suggested that the optimal binding of

glucose occurred at under-coordinated cobalt atoms. These findings
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highlight the potentials of cobalt phosphate-modified hybrid electrodes
for glucose sensing in relevant biological conditions.

In Chapter 4, dextran sulfate-copper phosphate hybrid nanoflowers
(D-NF) were reported. Optimization of crystallization parameters allows
the preparation of monodisperse and hierarchically structured particles
with a high volume-to-surface ratio. Furthermore, a coating process of
D-NF was reported for the preparation of catalytic microreactors. The D-
NF displayed non-enzymatic peroxidase-like catalytic activity that, in the
presence of hydrogen peroxide (H,O,), promotes a chromogenic
reaction, allowing the detection of H,O,. The sensor achieved an H,0O,
linear detection range from 0 to 0.4 mM in PBS with a sensitivity of
28.3+0.6 kcps/mM and a LOD of 35 uyM (S/N=3), and a non-linear
detection up to 7 mM. Further, a glucose sensor was developed based
on a hybrid enzymatic/non-enzymatic cascade reaction involving
glucose oxidase (GOx) and D-NF. This system showed a linear glucose
detection range from 0 to 1 mM in PBS with a sensitivity of 1180+70
cps/mM and a LOD of 35 yM, and a non-linear detection up to 6 mM.
These results underline the possibility to engineer sensing platforms
utilizing the catalytic properties of D-NF.

In Chapter 5, natural nanoparticles, i.e. phytoglycogen, were
engineered, to impart adhesive and functional properties, and used as
nano-building blocks to prepare hybrid multifunctional films. When lipoic
acid moieties were conjugated to phytoglycogen (L-PG), these
functionalized hyperbranched polysaccharidic nanoparticles could form
coatings on various substrates, regardless of substrates chemical
composition. It was found that the L-PG amphiphilic properties, which
induced the hydrophilic-hydrophobic interactions between the
nanoparticles and the substrates, were the driving force promoting the
adhesion of L-PG and its self-assembly into coatings. L-PG-based
coatings were stable in harsh chemical environments and yet maintain

biodegradability. Moreover, these nano building blocks showed low
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cytotoxicity. Furthermore, the disulfide functional groups of lipoate in L-
PG promoted the affinity of these structures to metal nanoparticles,
allowing the preparation of multi-layered hybrid films. The properties of
these hybrid nanostructures, like chemical composition, thickness,
roughness, and functionality were controlled by the assembly procedure
employing different metal nanoparticles and substrates. As proof of
concept, hybrid functional films were prepared with gold and silver
nanoparticles and applied for the catalysis and SERS-based detection
of analytes, respectively. These coatings and hybrid films provide a
versatile platform for engineering interfaces with modular functionalities
and potential applications in nanomedicine, material science, catalysis,
and sensing.

Overall, the studies performed in this thesis enabled the design of
novel hybrid materials.

The studies on cobalt-based hybrid electrodes present insights into
the materials preparation and its electrocatalytic properties, which will
be useful to pave the way for case-specific designs of electroactive
materials. In particular, non-toxic yet electroactive metals such as
manganese, iron, and zinc, could be promising candidates for further
developments of nanoflowers-based electrochemical biosensors.

The research work on hybrid dextran sulfate-copper phosphate
nanoflowers cast light on the materials synthesis and its non-enzymatic
catalytic properties. Possible future developments will involve the use of
other organic and inorganic building blocks to prepare and discover
unexplored kind of nanoflowers for sensing and environmental
applications. For instance, hybrid nanoflowers with different
morphologies could be prepared using dextran polysaccharides having
different moieties that show affinity toward transition metals, like
carboxyl, phosphate, amine, imine, isocyanates, thiol, and catechol
functional groups. Whereas, hybrid nanoflowers with novel chemical

catalytic activities could be synthesized using other inorganic
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phosphates based on different transition metals, such as iron,
manganese, nickel, zinc, and titanium.

The studies on functionalized phytoglycogen provided knowledge into
the material chemical modification and its adhesive and functional
properties. Prospective research work will include the conjugation of
glycogen with other hydrophobic and functional moieties, the
conjugation of lipoic acid on other polysaccharides or polymers, and the
coating of additional substrates. These investigations will expand the
possibilities for the design of organic coatings with advanced properties.
Moreover, the combination of L-PG with other inorganic nano-objects,
as clays, quantum dots, as well as silica, superparamagnetic, and metal
nanoparticles can be a scientific area to explore for the preparation of
new glycogen-based hybrid materials. Notwithstanding a few examples
of promising applications of L-PG-based hybrid assemblies were
proposed in this thesis, diverse other directions can be studied more in
details. For instances, the capability of L-PG to coat intricate geometries
as the inside of tubes can be used, utilizing gold and silver
nanoparticles respectively, to prepare catalytic microfluidic reactors or

antibacterial catheter.
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systems typically involve energy-intensive syntheses and are applicable to a limited range
of metals. Herein, a sorbent system derived from physically cross-linked polyphenolic
networks using tannic acid and Zr" ions has been explored for high-affinity, broad-
spectrum metal sequestration. The network formation step (gelation) of the sorbent is
complete within 3 min and requires no special apparatus. The key to this system design is
the formation of a highly stable coordination network with an optimized metal—ligand
ratio (1.2:1), affording access to a major fraction of the chelating sites in tannic acid for
capturing diverse metal ions. This system is stable over a pH range of 1—9, thermally
stable up to ~200 °C, and exhibits a negative surface charge (at pH 5). The sorbent
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H INTRODUCTION

Water pollution by heavy metals from various industrial
effluents is a growing concern worldwide."”” Human exposure
to such environments can lead to a range of medical conditions
including carcinogenesis, anemia, kidney damage, and
cognitive impairment.”~> Additionally, the increasing con-
sumption of precious metals, such as gold, palladium, or
ruthenium, in industries, such as electronics and catalysis, is
leading to resource depletion, thus emphasizing the impor-
tance of reducing, reusing, and recycling these resources.””
Therefore, there is a current demand for the development of
advanced technologies for the efficient removal and recycling
of metals from industrial waste and contaminated water bodies.

Among the diverse processes in use for metal sequestration
(such as chemical precipitation and ion exchange), adsorption
is promising owing to its simplicity, ease of operation, and
economic feasibility.” The ideal sorbent system for high-
performance metal sequestration must meet a number of
criteria. For instance, it needs to be inexpensive, nonhazardous,
easily prepared and scalable, resistant to postcapture leaching,
and stable in harsh conditions and needs to exhibit high metal
capture efficiency for a broad-spectrum of metal ions.®
However, fulfilling these criteria for a sorbent system remains
challenging. Some recent materials have demonstrated
excellent performance,”™'” but trade-offs between low cost,
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simple production, and efficient broad-spectrum metal capture
remain key limitations for these materials. For example, metal—
organic framework (MOF)-based sorbents demonstrate
excellent metal capture performance but often require multiday
synthesis at high temperature and postsynthetic modification."’

In nature, plants respond to heavy metal toxicity via different
mechanisms that include immobilization and chelation of
metal ions. Plants produce chelators, such as metallothioneins
and phytochelatins,'>'* that perform these tasks highly
effectively. Inspired by this biological approach, herein, we
present a sorbent system based on another class of plant-
derived chelators, that is, polyphenols, for metal sequestration.
This simple and high-performance sorbent system is based on
our recently introduced metal—phenolic gels using tannic acid
(TA) and Zr" ions."> These materials are prepared through
coordination-driven assembly and leverage the versatile
chemistry of TA (including reduction and chelation
interactions)'® to achieve a highly efficient metal—phenolic
sorbent (MPS) system. The present MPS system displays a
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Figure 1. (a—c) Schematic illustration of the preparation of the MPS and subsequent application for metal sequestration. (d) Molecular view of the
MPS network and metal sorption via interaction with free catechol and/or gallol groups of TA in the sorbent. (e) Molecular structure and
schematic representation of TA. (f) Scanning electron microscopy image and photograph (inset) of the MPS powder. (g) Core-level X-ray

photoelectron spectroscopy pattern of Zr" in the MPS.

combination of attributes: (i) it can sequester 28 metals both
in single- and multielement model wastes (a more diverse set
than that of previously reported sorbents); (ii) its performance
is on par or exceeds current high-performance systems
(including capture efficiencies exceeding 99%, distribution
coefficients (K;) exceeding 4 X 10° mL g™', and maximum
sorption capacities ranging from 400 to >1000 mg g~" for key
metals such as Au, Pb, and Hg); and (iii) it can be assembled
quickly (<3 min), easily (no special apparatus needed), and
inexpensively (using low-cost, off-the-shelf components). In
addition to this set of attributes, the MPS system can be
engineered into membrane coatings, thin films, or wet gels to
further facilitate its application in diverse areas. Finally, the
MPS system (and the captured metals) can be easily
regenerated or directly used as composite catalysts for the
decomposition of organic pollutants.

M RESULTS AND DISCUSSION

Synthesis and Characterization. The fabrication of the
MPS is based on a rapid sol—gel process that does not require
intensive energy input or any special apparatus. Both
constituents of the sorbent system are inexpensive, highly
biocompatible, and abundant: TA is a ubiquitous plant
polyphenol (Figure le),'® and the concentration of Zr'V in
the Earth’s crust is ~0.02%."” The preparation of the MPS
system is schematically presented in Figure la,b. After mixing
the ligand (TA) and metal solutions, the TA/Zr" sol turned
into a transparent gel within 3 min at 85 °C (at room
temperature (25 °C), the gelation time was observed to be
~10 min). The MPS sorbent powders obtained (Figure 1f)
from the dried TA/Zr" gels were subsequently examined for
metal sequestration (Figure lc,d). In contrast to our previous
work on the gelation behavior of a TA/Zr" system at a molar
ratio of 1:5," the present MPS system was optimized with a
TA/Z:"Y molar ratio of 1:1.2, which allowed a major fraction

3747

(~80%) of the binding sites (i.e., catechol and gallol groups,
Figure le) in TA to be available (i.e., non-cross-linked by Zr")
for the capture of incoming metals in the sorbent network
(Figure 1d).

The gelation of the MPS system was confirmed by the vial
inversion test (Figure 1b) and rheological measurements
(Figure S1). The in situ gelation (at room temperature, ~25
°C) was monitored by dynamic oscillatory rheology experi-
ments—both the storage modulus (G’) and loss modulus (G”)
profiles displayed an increase with time and overlapped (Figure
S1). The sol—gel transition occurred when G’ > G” after the
G'/G" crossover point. After the drying and washing steps, the
resulting MPS powder was subjected to further character-
ization. The Fourier transform infrared spectra of pure TA and
the MPS (Figure S2) revealed notable differences. For
example, the characteristic vibrational peaks of TA, that is
phenolic C=0 stretching at 1703.78 cm™', phenolic C—O
stretching at 1533.40, 1444.63, 1310.05, and 1082.40 cm™,
and phenolic O—H in-plane bending at 1179.76 cm™"'*"? were
shifted to 1696.62, 1504.77, 1441.77, 1314.34, 1186.92, and
1060.92 cm™!, respectively, in the MPS, indicating the
coordination interactions involving Zr'V and the catechol
and/or gallol groups of TA in the sorbent network. The survey
X-ray photoelectron spectroscopy (XPS) pattern revealed the
presence of C 1s, O 1s, and Zr 3p and 3d peaks (Figure S3),
which are consistent with the sorbent constituents. The Zr 3d
peaks at binding energies (BEs) of 183.2 (3ds/,) and 185.6
(3d3/,) eV were detected in the core-level XPS pattern (Figure
1g) with a spin—orbit separation of 2.4 eV. Relative to the
characteristic Zr 3d peaks for ZrO, at 182.3 (3ds/,) and 184.7
(3ds,,) eV,>?! the shift to the higher binding energies (~1.1
eV) in the MPS suggested the presence of catechol— and/or
gallol-Zr" coordination bonding in the network; it is known
that the BE of a central atom increases with increasing
electronegativity of the attached atoms or groups.”>** Similar
BE shifts for Zr-based coordination compounds, such as 7/
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Figure 2. (a—d) Efficiency of the MPS system for the removal of different classes of metals from a single-element model waste. (e) Example of
nonselective removal of rare earth metal ions from a multielement rare earth metal mixture by the MPS. Conditions: single-element study, MPS =
0.010 g; concentration of each metal ion = 10 ppm; volume = 10 mL; pH 7 for Cu", Ni", and Zn", and pristine pH (4.8—5.8) for the remaining
metal ions; multielement study, MPS = 0.11 g; concentration of each metal ion = 10 ppm; volume = 10 mL; pristine pH of the mixture was ~5.1.

phytic acid complexes, have been reported.”* From analysis of
the scanning electron microscopy image shown in Figure 1f,
the particle size of the MPS ranged from 0.3 to 1.2 mm, and
the particles exhibited no macro- and/or microporous
structures, suggesting that the sorbents are nanoporous in
nature. {-Potential measurements performed on the sorbents
suggest a negative surface charge for the MPS at pH S (—33.1
+ 1.5 mV) as expected, whereas the point of zero charge
(determined from {-potentials recorded over the pH range of
2—6) was estimated to be pH ~2, which is in agreement with a
previous report.”® Thermogravimetric analyses suggested the
thermal stability of the sorbents to be around 200 °C (Figure
S4). The MPS system was stable in the pH range of 1-9, as
evident from the flat spectral lines observed in the UV—visible
absorption spectra (Figure SS) of the supernatant after 24 h,
suggesting that there is no leaching of TA from the MPS
(characteristic absorbance peaks of TA are found in the range
of 220—400 nm>®). Leaching of Zr'V was also absent
(simultaneously determined from the supernatant as above),
as confirmed by inductively coupled plasma mass spectrometry
(ICP-MS) analyses (data not shown). The high stability of the
TA/Zr" bulk network over the wide pH range (1—9) can be
attributed to the strong catechol— and/or gallol-Zr" cross-
links stemming from the high Lewis acidity and oxidation state
of Zr.'">*” This is also consistent with the higher stability
observed for Zr'V/ gallic acid MOFs when compared with the
conventional Zr"/carboxylate MOFs.'%*’ High stability of a
sorbent system, particularly in acidic conditions, is important:
(i) as metal-contaminated wastewater is typically acidic in
nature;*® (i) to prevent secondary pollution via leaching;® and
(iii) as it offers the possibility to regenerate the sorbent via pH
regulation10 (see also Regeneration and Catalysis).

Single- and Multielement Metal Capture Efficiency.
To investigate the capture efficiency of the MPS system, the
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sorption experiments involved a library of metal ions that can
be classified into four general categories: precious, toxic, rare
earth, and common transition metals (Table S1). The metal
ion concentrations before and after sorption tests were
determined using ICP-MS. As shown in Figure 2a—d and
Table S2, the MPS sequestered all 28 metal ions studied—
precious metals (Au™, Ag', Pd", In", Ru", and Os™), toxic
metals (Pb", Hg", and Cd"), common transition metals (Ti",
Ni'l, Fe'', Cu, ZrV, Mn", Zn", and Ga'), and rare earth
metals (Ce, THI, Gd", Eu, L', Ho™, Tm™, b, N
Dym, and Er')—in single-element model wastes, with removal
efficiencies exceeding 99%. Note that the sorption experiments
for all metal ions were performed at their pristine solution pH
(4.8—5.8) except for Cu, Ni", and Zn" Initial sorption
experiments with Cu", Ni', and Zn" at their pristine pH
(~4.5—4.8) resulted in removal efficiencies of 80—85%, which
improved to >99% at pH 7. The higher removal efficiency is
likely due to the higher deprotonated state of TA at the higher
pH, which facilitates coordination interactions (see Sorption
Mechanism for more details).'®*° Thus, the results obtained at
pH 7 for these three metals are reported in Figure 2c.

For metal sequestration, the affinity of a sorbent for a target
metal ion can be expressed by Ky defined as follows:**

G-Ccv

K, =
d Cf

m

where C; and C; are the initial and final equilibrium metal ion
concentrations, respectively, V is the volume of the treated
solution (mL), and m is the mass of the sorbent (g). Sorbent
materials possessing K values of 1 X 10* mL g™ are
considered “very good”, and values exceeding 1 X 10° mL g™*
are considered “excellent”**** The K values determined for
the MPS system for the 28 metal ions studied were within the
range of 4 X 10° to 1 X 10° mL g™". To our knowledge, such

https://dx.doi.org/10.1021/acsami.9b19097
ACS Appl. Mater. Interfaces 2020, 12, 3746—3754

7-188



ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a Au'" sorption kinetics b Pb" sorption kinetics c Tb" sorption kinetics
100 {@e 100 | ge 1004 ¢
1 150 g 150 4 14 150
g 75 —g, 1204 S 75 —? 120 S 759 ) :'g 120
K 1 = 1 3 1 & 3 17 E
50| £ g0 50| £ g0 50| £ 6]
g E® g E® g £
(] 1 & 304 ] T & 304 Q T & 304
o S ['4 > ['4 =
1 0" T T T T T %1 0" 21 0-1
1 0 300 600 900 1200 1500 7 0 300 500 900 1200 1500 1 o 300 500 900 1200 1500
04 Time (min) 04 Time (min) o-e Time (mm)
— T ——T— ——T—T —— - ———
0 300 600 900 1200 1500 0 300 600 900 1200 1500 0 a0 600 900 1200 1500
Time (min) Time (min) Time (min)
d In" sorption isotherm e Hg'" sorption isotherm f Gd" sorption isotherm
o o "o 4007
9150 (=) j=
g £ g
° © o 300+
o o o
£100] g g
3 3 3 200
5 & 5
50-
3 - 3 3 100
'g 0 300 600 900 'g 0 300 600 S00 1200 'g 0 300 600 900 1200
N Ce(mgL) 8 Co (mgL) 8 Ce (mg L)
< T T T T < 01 T T T T T < 1 T T T T T
0 300 600 900 0 300 600 900 1200 0 300 600 900 1200

Equilibrium concentration, C, (mg L")

Equilibrium concentration, C, (mg L")

Equilibrium concentration, C, (mg L™")

g h Multi-element (mixed all categories)
—~ 1500 + 100
“.m i §
D 4 4 <
g 200 > 751
1 <

>
£ 900 .8 < |t |z fo S 5o fo | E
§ - S 50
O 600 - K
c
S 1 2
B 300 5 %
S 4
3 J

0- 0-

A" In" Pb" Hg" Tb" Gd" Cu' Ni'

Precious

Toxic

Common transition Rare earth
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pH =~ §).

values (above excellent in classification) for a diverse set of
metals as reported herein have not been reported for other
sorbent systems.

In addition to achieving high removal efliciency, it is
important to consider the residual concentration of highly
toxic metals in the treated water. According to the U.S.
Environmental Protection Agency, the acceptable limit of Pb"
and Hg" in drinking water is <2 ppb.'”***" After treatment
with the MPS, the concentrations of Pb" and Hg" in the model
waste were reduced from S ppm (typical median concentration
found in industrial effluents and wastewater)'®*! to 0.4
(removal efficiency of ~99.99%) and 1.4 ppb (removal
efficiency of ~99.97%), respectively, indicating the potential
of the MPS system.

Similar removal efficiency levels (>99%) were also achieved
in the multielement sorption tests performed with the rare
earth and precious metals (Figures 2e and S6), highlighting the
broad-spectrum metal ion-capturing ability of the MPS system,
which can be attributed to the abundant catechol and gallol
groups in the system that can form metal chelate/redox
complexes (see Sorption Mechanism for more details).
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Sorption Kinetics and Isotherm. Sorption kinetics and
maximum sorption capacity are metrics that are also used to
assess the performance of a sorbent. For convenience, Au'! and
In'Y, Pb" and HgH, Tb™ and Gd", and Cu" and Ni" were
selected as representatives of precious, toxic, rare earth, and
common transition metals, respectively. Regardless of the
metal category studied, the MPS showed fast sorption kinetics
(Figures 3a—c and S7—S11), where the removal efficiency
exceeded 90% within ~15 min and 99% after equilibrium at
2—4 h. The experimental data were fitted with the pseudo-
second-order kinetic model** (Experimental Section) with
high correlation coefficients of >0.99 (Table S3). The fast
sorption kinetics (e.g., activated carbon typically requires 72 h
to reach equilibrium)*® of the MPS further suggests that the
rate-determining step for the sorption of metal ions onto the
sorbent is mainly chemical in nature (see Sorption Mechanism
for more details).

The sorption isotherms for the above representative metals
were also measured, and the experimental data were fitted with
the Langmuir adsorption model®* (Figures 3d—f and S12—
S16; Table S3). The maximum sorption capacities (Figure 3g)
determined from the sorption model for these metal ions were

https://dx.doi.org/10.1021/acsami.9b19097
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approximately 1350, 180, 424, 446, 404, 406, 135, and 149 mg
g for Aul In" P Hg!, Tb", Gd" Cu', and Ni,
respectively. These values are higher than those achieved by
many other sorbents and competitive with some of the highest-
performing sorbents in the field (Table S4). Also note that,
unlike the MPS, the high sorption capacities displayed by most
sorbents in the literature are generally applicable to specific
metal ions (rather than a range of metal ions).

Contaminated water bodies are typically multifarious in
nature, that is, they contain multiple metal pollutants. Based on
the applicability of the MPS to a wide range of metals (Figure
2e), the simultaneous removal efficiency of the MPS was
studied for all four categories of metal ions. A mixture
containing a total of 26 metal ions was used. Ag' and Os"™ were
omitted because of the observed precipitation in the mixture
(see Experimental Section for details). As shown in Figure 3h,
the MPS system simultaneously captured 23 of the 26 metal
ions studied with efficiencies above 99%. The removal
efficiencies for Ni', Cu", and Zn" were lower (~80%), as
expected (and mentioned above), as the pristine pH of the
mixture was ~S.

Sorption Mechanism. XPS was used to probe the
chemical interactions occurring during the sorption of various
metal ions onto the MPS. The analyses provided two broad
scenarios for the different metal categories studied. In the
precious metal category, two distinct types of interactions were
observed. The core-level Au 4f XPS spectra, as shown in Figure
4a (survey spectra are provided in Figure S17), revealed the
BEs of Au 4f;, and Au 4f;;, peaks at 84.3 and 88.1 eV,
respectively, with a spin—orbit separation of 3.8 eV, which can
be assigned to elemental Au®.>**® Minor contributions from
the ionic forms of Au' (BE at 85.5 eV)*” and Au (BE at
87.5)>” were also observed, where the former is possibly
caused by the incomplete reduction of some Au'! ions and the
latter originates from the direct coordination with catechol
and/or gallol binding sites. The redox interactions of TA with
precious metals (e.g, Au™ and Ag') are well documented in
the literature and are generally attributed to the redox potential

3750

matching of TA with these metals, leading to the reduction of
the metal ions with the concomitant oxidation of gallol and/or
catechol groups to quinones (Figure 4d).** In contrast, in the
same category, In"! was captured within the MPS network via
coordination to the catechol and/or gallol binding sites
(Figures 4b and S17), as confirmed by the appearance of BE
peaks at 445.7 (3ds/,) and 453.3 (3d;),) eV (cf. In° at 443.8
(3ds),) and In" in In,0; at 444.7 (3ds),) eVv). 300 Similarly,
BE peaks of Hg 4f at 101.7 (4f,/,) and 105.7 (4f;/,) €V, with a
spin—orbit separation of 4 eV (Figure 4c), can be attributed to
Hg" species (as referenced to Hg® at 99.9 and Hg" in HgO at
100.5 eV)*"* coordinated to catechol/gallol groups from TA
in the MPS. For the other metal categories, coordination
interactions were observed to be dominant (Figures S18—
S28). For example, the BEs for Pb'; Tb™ and Gd™; and Cu"
and Ni! from the toxic, rare earth, and common transition-
metal categories, respectively, as detected from their XPS core-
level spectra confirmed that their oxidation states could be
assigned to their corresponding coordination complexes with
the catechol and/or gallol binding sites in the MPS (see
relevant discussions in Figures S18—S28).

Additionally, considering the TA/Zr molar composition
(1:1.2) of the MPS system, the total amount of binding sites
(catechol and/or gallol groups) available for metal capture in 1
g of the MPS is about 4 mmol. For metals captured via
coordination, if the mono-type coordination mode (i.e., each
metal ion is attached to one catechol or gallol group, Figure
4e) dominates, the maximum sorption capacity values are
expected to be approximately 459 (In"), 829 (Pb"), 802
(Hg"), 636 (Tb™), 629 (Gd™), 254 (Cu™), and 235 (Ni") mg
g~". However, the maximum sorption capacities determined
experimentally were roughly half of these values (Figure 3g and
Table S4), suggesting that these metals were captured into the
MPS via the bis-type coordination mode (bis complex),
wherein each metal ion is attached to two catechol or gallol
groups, as shown in Figure 4e.

Processing Flexibility. Processing flexibility is another
important aspect to consider in realizing the full potential of a

https://dx.doi.org/10.1021/acsami.9b19097
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sorbent system, as the metal sequestration medium may be
required in different forms, such as thin films on solid surfaces
or support membranes, depending on the application. Most of
the current sorbent systems are intrinsically limited in this
criterion and require additional materials (e.g, polymers) to
process as thin films. Examples include MOFs, zeolites, and
ion-exchange resins that are typically synthesized as solid
particles'®™>** and as such are difficult to be processed as thin
films without polymer excipients and additional processing
steps. In contrast, the preparation of the present MPS system is
based on a sol—gel route, possessing intrinsic solution
processability, that enables the system to be processed as
thin films on solid surfaces. Sorption experiments performed
on the MPS-coated commercial filter membranes or glass
substrates (film thickness of ~200 nm as measured by atomic
force spectroscopy; Figure S29) with Ti', Fe', and Au™ as
representative examples are shown in Figure 5. The color
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Figure 5. (a, b) Photographs illustrating the processing flexibility of
the MPS system engineered into the MPS-coated commercial filter
membranes or glass substrates and their subsequent use for metal
sequestration. CTL, control. (c) Photograph showing the sequestra-
tion of Fe" by the MPS gel. Scale bars are 5 mm. (d) Energy-
dispersive X-ray spectroscopy pattern showing the presence of Zr'¥ in
the MPS-coated filter. (e) Characteristic absorbance spectrum after
sorption of Fe onto the MPS-coated glass substrate.

changes detected upon metal sorption were due to the
characteristic ligand-to-metal charge transfer (LMCT) bands
of Ti"— and Fe—catechol/ gallol complexes15’45’46 and the
surface plasmon resonance of Au® nanoparticles.*®

Furthermore, there has been recent interest in using
supramolecular gels for environmental remediation owing to
their highly solvated structure, which can provide high surface
area and intimate contact with liquid phases containing
pollutants and their rapid diffusion into the gel matrix.>”
Taking this into account, we demonstrate the use of the wet
MPS gel (the pristine gel was subjected to a solvent-exchange
step with water) for metal ion removal. During the capture of
Fe'' jons into the gel matrix (Figure Sc), the gel turned blue-
black owing to the characteristic LMCT band originating from
the Fe''—catechol/gallol complex formation.

Regeneration and Catalysis. Regeneration of sorbent
materials is essential for durability and cyclic use. When the
MPS sorption mechanism proceeds via coordination, the MPS

3751

sorbent system can be easily regenerated by washing in 0.1 M
HCI. This leads to desorption of the adsorbed metal ions
through destabilization of their coordination interactions with
the MPS matrix, without perturbation of the TA—Zr" cross-
links. However, for sorption occurring via redox interactions, a
different desorption solution was necessary, that is, thiourea 1
M in 0.1 M HCI solution.”*® The MPS sorbent could
undergo a series of sorption—desorption cycles without loss in
efficiency. For example, In'™ and Tb™ (sorption via
coordination) captured by the MPS were regenerated in four
consecutive cycles (Figure 6a,b) without any detectable loss in
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Figure 6. Regeneration of the MPS system, as investigated by the
sorption—desorption cycles of (a) In"" and (b) Tb"™ at different initial
metal ion concentrations. UV—visible absorbance spectra (c) of the
catalytic degradation of methylene blue in the presence of MPS—Au’

().

efficiency when the sorption experiments were performed at a
low metal concentration of 10 ppm. At a higher metal ion
concentration (700 ppm; to reach the maximum sorption
capacity of the MPS for each metal ion), the sorption capacity
of the MPS could be retained, with minimal loss in efficiency
(<2%), in four consecutive sorption—desorption cycles.
However, for precious metals, such as Au™ captured via
redox interactions, the MPS system showed a slightly lower
regeneration efficiency—the removal efficiency of the MPS
decreased from ~95 to ~88% after three consecutive
sorption—desorption cycles (Figure S30). This reduced
efficiency can be attributed to some irreversible structural
changes in TA within the MPS via the formation of quinones
and their intermediates during the redox interactions.

We hypothesized that the capture of precious metals from
water via redox-mediated formation of metallic species (as
observed for some precious metals, e.g., Au’ species after Au™
sorption in the MPS) could endow the sorbents with catalytic
properties. Such properties may be useful for different and
complementary applications including the decontamination of
toxic organic pollutants. To test this hypothesis, the catalytic
activity of the sorbents (MPS—Au” and MPS—Ag°) toward the
degradation of methylene blue (MB) and 4-nitrophenol (4-
NP), respectively, was assessed after confirming the capture of
precious metals and formation of the corresponding nano-
particles within the MPS network. MPS—Au’ degraded MB

https://dx.doi.org/10.1021/acsami.9b19097
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(Figure 6c,d) and catalyzed the conversion of 4-NP into 4-
aminophenol (4-AP) (Figure S31).

B CONCLUSIONS

A robust sorbent system using tannic acid and Zr" with high
sequestration performance was reported. The MPS sorbent
system displayed distribution coefficients exceeding 4 X 10°
mL g™ with removal efficiencies of >99% for 28 metal ions
studied. Considering the multifarious nature of polluted water
streams, the simultaneous removal of 23 metals in multiele-
ment model waste with high efficiency was also demonstrated.
The sorbent system, of which the preparation is simple, rapid,
and involves naturally abundant and inexpensive starting
components, features high stability, high sorption capacity,
fast sorption kinetics, and easy regeneration, making it
potentially suitable for environmental remediation and pre-
cious metal recovery. Moreover, following the capture of
precious metals, the resulting sorbent was demonstrated to
perform as composite catalysts for the degradation of organic
pollutants. We are currently investigating the use of the MPS
system for the sequestration of metalloid (such as arsenic)
pollutants.

B EXPERIMENTAL SECTION

Synthesis of the MPS. In a typical synthesis, aliquots of TA
solution (300 uL, 60% w/v in ethanol, 600 mg mL™'),
tetrahydrofuran (THF) (120 uL), and Zr" precursor solution (180
uL, 0.735 M in 1:1 v/v of water/THF mixture) were mixed in a tube
under vortex to achieve a TA/Zr"Y molar ratio of 1:1.2. The mixture
was immediately placed in a preheated oven at 85 °C, and gelation
occurred within 3 min as confirmed from the vial inversion test (at
room temperature, 25 °C, the gelation time was ~10 min). The
obtained gel samples were dried in a fume hood for 6 h and ground
(~3 g sample) in a commercial micronizer (XRD-Mill McCrone,
MEP Instruments) set at S0 W for S min. The ground powder
samples were washed three times in water and freeze-dried to obtain
the final sorbent samples.

Stability Tests for the MPS. The MPS (0.005 g) samples were
added to 1.5 mL tubes containing aqueous solutions (1 mL) of
different pHs ranging from 1 to 9, and the tubes were kept on a
rotating wheel (~40 rpm) for 24 h. The dispersions were filtered
through 0.22 ym membrane filters, and the filtrates were analyzed by
UV-—visible spectroscopy and ICP-MS to assess the leaching of TA
and Zr" ions, respectively.

Metal Sorption from Single-Element Model Waste Systems.
For the metal sorption experiments in single-element model waste
systems, stock solutions of the metal ions were first prepared by
dissolving the relevant metal salts (Table S1) in Milli-Q water. Then,
in a typical sorption experiment, the MPS (0.010 g) was added into a
15 mL tube containing stock solution (10 mL) of the metal ion (10
ppm) and the tube was kept on a rotating wheel (~40 rpm) for 24 h.
After the adsorption process, the mixture was filtered through a 0.22
pm membrane filter to separate the MPS from the metal ion solution,
and the filtrate was analyzed by ICP-MS to determine the metal
concentration in the supernatant. The adsorption experiments were
conducted at the intrinsic pH of the metal ion solution (10 ppm)—
precious metals, 4.8—5.2; toxic metals, 5.5—5.8; rare earth metals,
5.2—5.5; and common transition metals, 4.5—5.1—except for the
experiments involving Cu', Ni', and Zn", which were conducted at
pH 7. The removal efficiency for each metal ion studied was
calculated using the following equation:

removal efficiency (%) = (C, — C;)/C; X 100

where C; is the initial metal ion concentration and C; is the final
equilibrium metal ion concentration after adsorption onto the MPS.

Conducting sorption experiments with Cu", Ni', and Zn" at their
pristine pH (~4.5—4.8, 10 ppm) resulted in removal efficiencies of
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80—85%, which improved to >99% at pH 7 (bis—tris buffer, 10 mM).
Thus, only the results obtained from sorption experiments performed
at pH 7 are reported.

Metal Sorption from Multielement Model Waste Systems.
For the metal sorption experiments in multielement model waste
systems, stock solutions of the metal ions were prepared by dissolving
the relevant metal salts (Table S1) in Milli-Q water. For each metal
ion category studied, the metal stock solutions were mixed to obtain a
final stock of 10 ppm for each metal ion. Then, for a given category,
the MPS (0.11 g for rare earth and 0.04 g for precious metal
categories) was added into a 15 mL tube containing stock solution
(10 mL) of the mixed metal ions and the tube was kept on a rotating
wheel (~40 rpm) for 24 h. Note that data for the precious metal
category, Os™ and Ag' (due to the presence of metal chloride-based
salts that lead to the formation of AgCl, which is insoluble in water)
were omitted because of the occurrence of precipitation in the
mixture. Subsequently, the mixture was filtered through a 0.22 ym
membrane filter to separate the MPS from the metal ion solution, and
the filtrate was analyzed by ICP-MS to determine the metal ion
concentration.

Experiments involving all metal ion categories (a total of 26 metals,
as Ag' and Os™ were omitted as mentioned above) were also
performed (MPS 0.13 g) as above with mixed metal ions at a
concentration of 5 ppm for each.”

Sorption Kinetics Measurements. The MPS (0.010 g) was
added into a 15 mL tube containing a solution (10 mL) of the metal
ion (10 ppm). The mixture was kept on a rotating wheel (~40 rpm)
at room temperature (~25 °C) for 24 h. During the sorption period,
aliquots of the suspension (300 uL) were filtered at specific time
intervals through a 0.22 ym membrane filter, and the filtrates were
analyzed by ICP-MS to determine the remaining metal content. The
experimental data thus obtained were fitted with the pseudo-second-
order kinetic model according to the following equation:*’

t/q, = 1/kq} +t/q,

where g, (mg g™') and g, (mg g™") are sorption amounts of the metal
ions at time ¢ (min) and at equilibrium, respectively, and k (g mg™"
min™") is the rate constant for the pseudo-second-order equation.
Sorption Isotherm Tests. The MPS (0.010 g) was added into a
15 mL tube containing a solution (10 mL) of the metal ion with
varying concentrations from 10 to 2000 ppm. The mixture was kept
on a rotating wheel (~40 rpm) at room temperature (~25°C) for 24
h. Subsequently, the mixture was filtered through a 022 um
membrane filter to separate the MPS from the metal ion solution,
and the filtrate was analyzed by ICP-MS to determine the remaining
metal concentration. The experimental data were fitted with the
Langmuir isotherm model described by the following equation: '’

o/q, = 1/Kq +c/q,

where g, (mg g™') is the amount of metal ions adsorbed onto the
sorbent at equilibrium, ¢, (mg L™") is the metal ion concentration at
equilibrium, g, (mg g™') is the maximum sorption capacity at
monolayer coverage, and Kj is the Langmuir constant.

Preparation of the MPS Films. To obtain the MPS films coated
on a glass substrate, aliquots of TA solution (300 uL, 60% w/v in
ethanol, 600 mg mL™"), THF (120 L), and Zr" precursor solution
(180 uL, 0.735 M in 1:1 v/v water/THF mixture) were mixed in a
tube under vortex for 15 s to achieve a TA/Zr" molar ratio of 1:1.2.
The mixture was immediately diluted (2-fold) under vortex by
ethanol, and an aliquot of this mixture (SO L) was spread onto a
standard microscope glass slide using a cell scrapper and allowed to
dry. For the MPS membrane preparation, cellulose filter papers were
dipped into the above mixture for 2 min and allowed to dry.

Before the sorption experiments, the MPS-coated membranes or
glass substrates were washed twice in Milli-Q water. Sorption
experiments were performed using S0 ppm of the desired metal salt
solutions (10 mL, pH 3.5—4.5) and dipping the substrates into the
metal solutions for 6 h.

https://dx.doi.org/10.1021/acsami.9b19097
ACS Appl. Mater. Interfaces 2020, 12, 3746—3754
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Regeneration of the MPS. The MPS (0.010 g) was added into a
15 mL tube containing a solution (10 mL) of the metal ion (In",
Tb", or Au™). The mixture was kept on a rotating wheel (~40 rpm)
at room temperature (~25 °C) for 24 h. Subsequently, the mixture
was filtered through a 0.22 ym membrane filter to separate the MPS
from metal ion solutions, and the filtrate was analyzed by ICP-MS to
determine the remaining metal concentration. The In"- and Tb"-
captured MPS samples were then treated with 0.1 M HCI (S mL) for
6 h (desorption step) and washed three times with water before the
next sorption step. This process was repeated for four cycles
(sorption—desorption) for the metal ion studied. For the sorption
steps, two sets of experiments with different concentrations for In'
(10 and 700 ppm) and Tb™ (10 and 1000 ppm) were performed. For
Au', the concentration used for Au'™ was 1000 ppm, and after each
desorption step (thiourea 1 M in 0.1 M HCI solution, S mL), the
MPS samples were treated with 1 mM of NaBH,, (S mL, for S min) to
reduce the quinones back to gallol and catechol groups. The
sorption—desorption cycle was repeated three times.

Catalysis Experiments. The Au"- and Ag'-captured MPS
samples (MPS—Au’ and MPS—Ag’, respectively) obtained from the
sorption experiments with 10 ppm metal concentrations (0.01 g
MPS) were washed with water several times, and their catalytic
activity toward the degradation/reduction of MB was evaluated.

An MB solution (2 mL, 100 M) containing freshly prepared
NaBH, (20 uM) (reducing agent) was added to the washed pellets of
MPS—Au’, and the absorbance of the MB solution at ~665 nm was
measured over time. The MB solution turned colorless within § min.
A 4-NP solution (2 mL, 0.4 mM) containing freshly prepared NaBH,
(40 mM) (reducing agent) was added to the washed pellets of MPS—
Ago, and the absorbance of the 4-NP solution at ~400 nm was
measured over time. Along with the decrease in the peak intensity at
~400 nm, a peak at ~300 nm appeared over time, suggesting the
formation of 4-AP. For the control experiments, which were
conducted in the absence of the MPS-based samples, no change in
absorbance (that correlates to the catalytic activity) was observed.
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Materials

Tannic acid (TA), zirconium(IV) oxychloride octahydrate (ZrOCly'8H20), thiourea, sodium
borohydride (NaBH4), bis-tris, 4-nitrophenol (4-NP), and methylene blue were purchased from
Sigma-Aldrich and used as received. Ethanol and tetrahydrofuran were purchased from Chem-
Supply. High-purity (Milli-Q) H2O with a resistivity of 18.2 MQ c¢m was obtained from an inline
Millipore RiOs/Origin H>O purification system. The metal salts used for the metal sorption

experiments are listed in Table S1 with their respective sources.

Table S1. Metal salts used for the metal sorption experiments

No Metal  Salt used Formula Source
ion
Precious metals
1 Au'! Gold(I1I) chloride trihydrate HAuCly 3H,0 Sigma-Aldrich
2 Ag! Silver(I) nitrate AgNO; Sigma-Aldrich
3 Pd" Sodium tetrachloropalladate(1I) Na,PdCly Sigma-Aldrich
4 Ru" Hexaammineruthenium(IIT) chloride [Ru(NH3)6]Cls Sigma-Aldrich
5 In™ Indium(1II) nitrate hydrate InNO;-xH,O Sigma-Aldrich
6 Os'! Osmium(III) chloride hydrate OsCls H,O Fisher Scientific
Toxic metals
7 Pb! Lead(1I) nitrate Pb(NO3), Sigma-Aldrich
8 Hg" Mercury(II) chloride HgCl, Sigma-Aldrich
9 Cd" Cadmium(IT) chloride CdCl, Sigma-Aldrich
Rare earth metals
10 Ce'v Cerium(IV) ammonium nitrate (NH4)2Ce(NO:s)s Sigma-Aldrich
11 Tb™ Terbium(III) chloride hexahydrate TbCl;-6H,0 Sigma-Aldrich
12 Gdm Gadolinium(III) chloride hexahydrate ~ GdCls-6H,O Sigma-Aldrich
13 Eu' Europium(III) chloride hexahydrate EuCls 6H,0 Sigma-Aldrich
14 La'! Lanthanum(TIT) chloride heptahydrate ~ LaCls- 7H,O Sigma-Aldrich
15 Ho™ Holmium(III) chloride hexahydrate HoCls- 6H,O Alfa Aesar
16 Tm™  Thulium(III) chloride hexahydrate TmCl3-6H,0 Sigma-Aldrich
17 Dy™ Dysprosium(III) chloride hexahydrate =~ DyCls-6H,0 Alfa Aesar
18 Nd™ Neodymium(III) chloride hexahydrate ~ NdCls-6H,O Alfa Aesar
19 Yb'! Ytterbium(III) chloride hexahydrate YbCl;-6H,0 Alfa Aesar
20 Er™M Erbium(IIT) chloride hexahydrate ErCls: 6H,0 Sigma-Aldrich
Common transition metals
21 Till Titanium(IIT) chloride in HCI (>12% TiCls Sigma-Aldrich
TiCls basis)
22 Ni! Ni(II) chloride NiCl, Sigma-Aldrich
23 Cu" Copper(Il) chloride dihydrate CuCl,-2H,0 Sigma-Aldrich
24 Zn" Zinc(II) nitrate hexahydrate Zn(NO;),: 6H,O Sigma-Aldrich
25 Zrv Zirconium(IV) oxychloride octahydrate ZrOCl,- 8H,O Sigma-Aldrich
26 Mn!! Manganese(II) chloride tetrahydrate MnCl,-4H,0 Sigma-Aldrich
27 Fe!l Ammonium iron(III) citrate CeHsO7 xFe**-yNH; Sigma-Aldrich
28 Gall Gallium(III) nitrate hydrate Ga(NO3);-H,O Sigma-Aldrich
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Characterization

Fourier transform infrared (FTIR) spectra were collected using a TENSOR 1I (Bruker) attenuated
total reflectance FTIR spectrometer. UV-Visible absorption spectra were recorded on a Specord 250
plus UV-Vis spectrophotometer. Rheological experiments were performed at 25 °C on a twin drive
rheometer MCR 702 (Anton Paar) with a cone and plate geometry. Initially, the linear viscoelastic
region (LVR) of the gels was determined by frequency sweep (0.1-100 Hz) and strain sweep (1—
1000%) tests. Storage moduli and loss moduli of the metal-phenolic sorbent (MPS) gel were
determined at a frequency of 1 Hz and 1% strain (within the predetermined LVR). {-Potential
measurements were performed on a Zetasizer Nano-ZS (Malvern Instruments, UK).
Thermogravimetric analysis (TGA) was carried out on a TG 209F1 Libra (NETZSCH) from 35 to
700 °C with a heating rate of 2 K min~!. Atomic force microscopy (AFM) experiments were carried
out with a JPK NanoWizard II BioAFM instrument. Typical scans were recorded in tapping mode
with MikroMasch silicon cantilevers (HQ:NSC15/CR-AU BS). The MPS film sample on a glass slide
was scratched with a razor blade and the scratched area was imaged to obtain the height profile.
Scanning electron microscopy (SEM) images were obtained on a Hitachi FlexSEM 1000. Energy-
dispersive X-ray spectroscopy (EDX) was performed at 15 kV using a Bruker Quantax 80 EDX unit
attached to the SEM instrument. The metal ion concentrations were measured by inductively coupled
plasma mass spectrometry (ICP-MS; NexION 2000 ICP Mass Spectrometer, Perkin Elmer). X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo Scientific Nexsa spectrometer
equipped with a hemispherical analyzer. The incident radiation was monochromatic Al Ko X-rays
(1486.6 eV) at 72 W (6 mA and 12 kV, 400 x 800 um? spot). Survey (wide) and high-resolution
(narrow) scans were recorded at analyzer pass energies of 200 and 50 eV, respectively. Survey scans
were performed with a step size of 1.0 eV and a dwell time of 10 ms. High-resolution scans were
obtained within a 20-eV binding energy range with a step size of 0.1 eV and dwell time of 50 ms.
The base pressure in the analysis chamber was less than 5.0 x 10~ mbar. A low-energy dual-beam
(ion and electron) flood gun was used to compensate for surface charging. All data were processed
using CasaXPS software (version 2.3.19) and the energy calibration was referenced to the low binding

energy component of the C 1s peak in TA at 284.7 eV.
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Supplementary Figures S1-S31 and Tables S1-S4
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Figure S1. Rheological measurements showing the gelation behavior of the MPS system.
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Figure S2. FTIR spectra of TA and the MPS system.
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Figure S3. XPS survey spectrum showing the elemental composition of the MPS system.
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Figure S4. TGA analysis of the MPS sorbents. The mass loss up to 120 °C is due to the water content
in the sample, which is close to 10% of the initial total mass. From 200 to 400 °C, there is a steep
decrease in mass due to the decomposition of tannic acid.!'] After 400 °C, the mass reaches a plateau,

possibly due to the formation of ZrQ,.!
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Figure S5. UV-Visible absorbance of the filtrates obtained from the MPS dispersions in aqueous
solutions of pH 1-9. Flat spectral lines suggest that there is no leaching of TA from the MPS
(absorbance of TA is generally found in the range of 220-400 nm).*! Photographs (inset) demonstrate
the stability of the MPS in the corresponding aqueous solutions with different pH values. In addition,

the absence of Zr'Y in the filtrate was confirmed by ICP-MS.
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Figure S6. Multi-element sorption test conducted within the precious metal category. The removal

efficiency of these metals in the mix was >99%.
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In"™ sorption kinetics
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Figure S7. Sorption kinetics of In" ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.99) of the data fitted with the pseudo-second-order-kinetic model.

Hg" sorption kinetics
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Figure S8. Sorption kinetics of Hg" ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.99) of the data fitted with the pseudo-second-order kinetic model.
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Gd"" sorption kinetics
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Figure S9. Sorption kinetics of Gd" ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.99) of the data fitted with the pseudo-second-order kinetic model.

Cu'" sorption kinetics
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Figure S10. Sorption kinetics of Cu'' ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.99) of the data fitted with the pseudo-second-order kinetic model.
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Ni" sorption kinetics
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Figure S11. Sorption kinetics of Ni'' ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.99) of the data fitted with the pseudo-second-order kinetic model.
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Figure S12. Sorption isotherm of Au' ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.99) of the data fitted with the Langmuir adsorption model.
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Figure S13. Sorption isotherm of Pb' ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.99) of the data fitted with the Langmuir adsorption model.
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Figure S14. Sorption isotherm of Tb'™ ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.98) of the data fitted with the Langmuir adsorption model.
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Figure S15. Sorption isotherm of Cu'" ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.97) of the data fitted with the Langmuir adsorption model.
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Figure S16. Sorption isotherm of Ni'l ions onto the MPS. Inset shows the linearity (correlation

coefficient >0.99) of the data fitted with the Langmuir adsorption model.
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Figure S17. XPS survey spectrum of the Au"- and In'-captured MPS system showing the presence

of Au™ and In". The metals were simultaneously captured from a mixed metal ion solution.
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Figure S18. XPS survey spectrum of the Pb"-captured MPS system showing the presence of Pb'l.
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Figure S19. Core-level XPS spectra (Pb 4f) of the Pb-captured MPS system. Two Pb 4f peaks were
detected at 139.6 (4f72) and 144.5 (4f512) eV, with a spin-orbit separation of 4.9 eV. This implied that
Pb in the MPS existed in a divalent state. The peak shifts to higher binding energies (BEs) for Pb 4f7»
in the MPS (relative to Pb? at 136.8 eV (4f72) and Pb" in PbO at 137.8 eV (4£72))** can be attributed

to the coordination of Pb" species to the catechol and/or gallol groups in the MPS.
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Figure S20. XPS survey spectrum of the Hg'-captured MPS system showing the presence of Hg'.
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Figure S21. XPS survey spectrum of the Tb'!'-captured MPS system showing the presence of Tb'!.
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Figure S22. Core-level XPS spectrum (Tb 3d) of the Tb'!!-captured MPS system. The photoelectron
emission peaks of Tb 3d were detected at 1243.4 (3ds») and 1277.8 (3d32) eV, with a spin-orbit
separation of 34.4 eV. The peak shifts to higher BEs for Tb 3d in the MPS, relative to Tb'! in Tb,05
at 1240.1 (3dsp) and 1275.1 (3d312) eV,1%7) can be attributed to the coordination of Tb" species to the

catechol and/or gallol groups in the MPS.
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Figure S23. XPS survey spectrum of the Gd'!-captured MPS system showing the presence of Gd'!’.
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Figure S24. Core-level XPS spectrum (Gd 4d) of the Gd"-captured MPS system. The photoelectron
emission peaks of Gd 4d were detected at 143.6 (4ds2) and 149.5 (4d3») eV, with a spin-orbit
separation of 5.9 eV. The peak shifts to higher BEs for Gd 4d in the MPS, relative to metallic Gd at
141.4 (4dsp) eV, and Gd" in Gd20;5 at 142.5 (4dsp) and 148.1 (4d3) eV, can be attributed to the
coordination of Gd" to the catechol and/or gallol groups in the MPS.
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Figure S25. XPS survey spectrum of the Cu'-captured MPS system showing the presence of Cu'’.
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Figure S26. Core-level XPS spectra (Cu 2p) of the Cu-captured MPS system. The photoelectron
emission peaks of Cu 2p were detected at 955.1 (2p12) and 935.4 (2ps12) eV, respectively, with a spin-
orbit separation of 19.7 eV. The peak positions along with the appearance of satellite peaks imply
that the dominant Cu species in the MPS is in divalent state.'”) Furthermore, the peak shifts to higher
BEs for Cu 2p in the MPS, relative to metallic Cu at 952.6 (2p12) eV and Cu'' in CuO at 953.7 (2p112)
eV,['12] can be attributed to the coordination of Gd'! to the catechol and/or gallol groups in the MPS.
However, a small contribution of Cu! (peak position at BE 933.0 eV) species in the fitted spectra was

also noted that suggests the occurrence of redox interactions to a small extent in the MPS.
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Figure S27. XPS survey spectrum of the Ni'-captured MPS system showing the presence of Ni''.
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Figure S28. Core-level XPS spectrum (Ni 2p) of the Ni'l-captured MPS system. The photoelectron
emission peaks of Ni 2p were detected at 873.9 (2pi12) and 856.3 (2p3p2) eV, with a spin-orbit
separation of 17.6 eV. The peak positions along with the appearance of satellite peaks imply that the

[13.14] Furthermore, the peak shifts to higher

dominant Ni species in the sorbent is in divalent state.
BEs for Ni 2p in the MPS, relative to metallic Ni at 870 (2p12) €V, and Ni" in NiO at 871.9 (2pi,2)
and 854.1 (2p32) eV,!* 18 can be attributed to the coordination of Ni' to the catechol and/or gallol

groups in the MPS.
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Figure S29. (a) AFM image showing the thickness of an MPS film coated on a glass substrate and
(b) the corresponding height profile.
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Figure S30. Removal efficiency of Au" by the MPS as a function of sorption—desorption cycle

number.
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Figure S31. Degradation of 4-NP to 4-AP by MPS-Ag’ catalyst as monitored by UV-visible

absorption spectroscopy.
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Table S2. Removal efficiency of the MPS sorbents for different metals in single- and multi-element

model wastes?

No Metal Removal Removal
ion efficiency (%) efficiency (%)
(Single-element)  (Multi-element)”
Precious metals

1 Ayt 100.00 99.98
2 Ag 99.67 NA
3 Pd" 99.95 99.45
4 Ru! 99.92 99.61
5 In™ 99.93 99.38
6 Os!! 99.77 NA
Toxic metals
7 Pb" 100.00 99.85
8 Hg" 99.45 99.81
9 Cdt 99.78 99.53
Rare earth metals
10 Ce 99.46 99.46
11 Tb 99.87 99.47
12 Gd™ 99.80 99.00
13 Eu! 99.67 99.45
14 La't 98.96 99.62
15 Ho™ 99.95 99.02
16 Tm!" 99.96 99.16
17 Dy 99.92 99.11
18 Nd™ 99.99 99.24
19 Yb! 99.97 99.58
20 Er'! 99.94 99.22
Common transition metals
21 Till 99.84 99.34
22 Ni! 99.01 85.02
23 Cu" 99.77 99.09
24 Zn" 99.98 86.23
25 ZrV 99.85 99.34
26 Mn" 99.90 99.11
27 Fe!l! 99.96 84.86
28 Ga'l 99.52 99.17

“The values reported represent the average of triplicates. From an analysis of the standard
deviations of the triplicates, the errors in the values are <1%

®Mixed all categories — refers to Figure 3h
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Table S3. Parameters of the pseudo-second order kinetic and Langmuir adsorption isotherm models

for the MPS
Metal ion Kinetic model (pseudo second order) Sorption model (Langmuir)
k qe R Gm Ko R
(g mg™' min”') (mgg™ (mgg™) (Lmg™
Au'l! 5.00 10.0 0.99 1350 0.255 0.99
In™ 0.04 10.0 0.99 180 0.018 0.99
Pb! 1.58 10.0 0.99 424 0.013 0.98
Hg" 0.17 10.0 0.99 446 0.013 0.99
Tb™ 0.19 10.0 0.99 404 0.005 0.98
Gdm 0.06 10.0 0.99 406 0.026 0.99
Cu" 0.93 10.0 0.99 135 0.008 0.97
Nill 0.06 9.9 0.99 149 0.041 0.99

Table S4. Comparison of the sorption capacity of the MPS and sorbents reported in the literature

Maximum sorption capacity (mg g™!)

Sorbent Aul In™ Pb! Hg" Tb™ Gd™ Cull Nil! Ret
Activated 493019 NA 14720 30004 30022 NA 18122 401231 19-23
carbon
Zeolites NA NA 120024 123 6.1026) 6.51%7) 130241 6124 2427
MOFs* ~60012%! NA 3131 ~200B% NA NA 1551 15521 28-30
Tannin 642-120081 NA 13981 2108132 NA NA 44133 NA 31-33
resin
PDA® NA NA 166834 467 NA NA 11383 NA 34,35
Chitosan 7813¢] NA 3507 37508 NA NA 222061 1591 36-39
MPS 1350 180 424 446 404 406 135 149 This
work

“MOFs, metal-organic frameworks; PDA, Polydopamine.
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