Downloaded viaNOTTINGHAM TRENT UNIV on November 26, 2018 at 08:46:29 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

ACS AuthorChoice
R E V I E WS @ Cite This: Chem. Rev. XXXX, XXX, XXX—XXX pubs.acs.org/CR

Interactions between Metal Oxides and Biomolecules: from
Fundamental Understanding to Applications

Marion J. Limoé,”’_{-’;t Anna Sola-Rabada, |'|’T Estefania Boix,”’_}_’§ Veeranjaneyulu Thota,” Zayd C. Westcott,
Valeria Puddu,” and Carole C. Perry™"

This is an open access article published under a Creative Commons Attribution (CC-BY) @

TInterdisciplinary Biomedical Research Centre, School of Science and Technology, Nottingham Trent University, Clifton Lane,
Nottingham NG11 8NS, United Kingdom

*Interface and Surface Analysis Centre, School of Pharmacy, University of Nottingham, University Park, Nottingham NG7 2RD,
United Kingdom

§Department of Bioproducts and Biosystems, Aalto University, P.O. Box 16100, FI-00076 Aalto, Finland

ABSTRACT: Metallo-oxide (MO)-based bioinorganic nanocomposites promise Applications

unique structures, physicochemical properties, and novel biochemical functionalities, oo aa,

and within the past decade, investment in research on materials such as ZnO, TiO,, o iomolecule ‘7'7c%

SiO,, and GeO, has significantly increased. Besides traditional approaches, the o stesning; € %
synthesis, shaping, structural patterning, and postprocessing chemical functionalization < 6%,% < >
of the materials surface is inspired by strategies which mimic processes in nature. ’ A
Would such materials deliver new technologies? Answering this question requires the 00 -

merging of historical knowledge and current research from different fields of science. | ... + other MOx s
Practically, we need an effective defragmentation of the research area. From our s AswEs G W il
perspective, the superficial accounting of material properties, chemistry of the surfaces, \Ei raton @5 Tz::::”::"
and the behavior of biomolecules next to such surfaces is a problem. This is particularly 'pf[,",letZAM:xM:ERS,TERS o AL L

of concern when we wish to bridge between technologies in vitro and biotechnologies oty i
in vivo. Further, besides the potential practical technological efficiency and advantages - -
such materials might exhibit, we have to consider the wider long-term implications of
material stability and toxicity. In this contribution, we present a critical review of recent advances in the chemistry and
engineering of MO-based biocomposites, highlighting the role of interactions at the interface and the techniques by which these
can be studied. At the end of the article, we outline the challenges which hamper progress in research and extrapolate to
developing and promising directions including additive manufacturing and synthetic biology that could benefit from molecular
level understanding of interactions occurring between inanimate (abiotic) and living (biotic) materials.
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1. INTRODUCTION

Metal/metalloid oxides hereafter referred to as MOs are
important materials that have the potential for programmable
structures to be engineered with integrated properties. They
display a wide range of structures and have exceptional optical,
electrical, and magnetic properties, making them useful for a
large variety of applications.” They can act as semiconductors
through to insulators, and much research effort is focused
toward advancements for technological use in catalysis,
optoelectronics, ceramics, sensing, transparent conductive
films, biomedical devices, and environmental remediation, as
examples. Their unique properties are associated with
variations in bonding, electronic structure, and the presence
of ordered or extended defects.” For instance, many MOs have
good chemical and thermal stability attributed to their
completely filled s-shells.”* However, a number of commer-
cially important MOs also have incomplete d shells, giving
them properties such as wide band gaps, reactive electronic
transitions, and high dielectric constants, coupled with good
optical, electrical, and electrochromic characteristics.”® The
properties of bulk materials differ from nanoparticle (NP)
counterparts of the same chemical composition. For example,
the chemical and thermal stability of NPs may be reduced in
comparison to bulk materials, but NPs exhibit unique features
such as size, shape, composition, interparticle distance-
dependent quantum effects, and a large surface area to volume
ratio. The high levels of surface active atoms can additionally
be functionalized with ligands exhibiting a wide range of
chemical functionality for a wide range of applications.”™”

The application of MOs depends on control over their
physicochemical properties, including composition, chemical
structure (including the surface), and morphology, all of which
are directly influenced by the synthesis process. Material
synthesis strategies can largely be classified into two
approaches, the top-down and the bottom-up approach.””'*
The top-down rationale involves miniaturization processes
using physical or chemical means for printing and patterning
predesigned forms at a micro and nanoscale (microlithography
and nanolithography)."” Top-down methods are costly and
limited to molecular level precision, currently unable to mass
procllélcle5 identical nanostructures especially below 100

m.

These limitations are overcome in the bottom-up approach
whereby functional materials are assembled from chemically
synthesized nanoscale building blocks. Bottom-up strategies
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employ solution phase methods in aqueous or nonhydrolytic
media. Hydrothermal methods are particularly attractive for
their simplicity and low cost sustainable green chemistry
approach.'®'” Additionally, solution synthesis methods allow
for control over nano/microparticle nucleation, growth, and
aging mechanisms, thereby controlling the material’s proper-
ties. This is achieved by controlling the growth conditions (i.e.,
solution composition such as precursors and solvents used,
reaction temperature, pressure, and pH), thereby tuning the
relative surface energy of the different growth facets,
manipulating the rate and direction of crystal growth."*"”

Using hydrothermal synthesis routes, a wide range of MO
materials having amorphous/crystalline structure and different
morphologies have been generated.””~** Further structural
modification has been achieved using structure directing agents
(SDAs) such as citrate ions,”’ amines,”* > polymers,” '
biomolecules,”**™*° and the use of mixed solvent systems,
including microemulsions and different acids.”"** Though
more complex and costly to work with, biomolecules,
particularly proteins, have great potential to assist in
controlling the synthesis, structure, and/or function of
materials, including MOQs.B™%

The association between biomolecules and MOs is observed
in nature. Through the process of biomineralization, complex
hierarchical and functional inorganic structures, including
MOs, are produced in certain species. For example, magneto-
some crystals consisting of the magnetic iron oxide, magnetite,
are found in magnetotactic bacteria,*® and detailed silica
structures are manufactured by diatoms, marine sponges, and
higher plants.*’ =’ The reproducible formation of intricate
biominerals by nature is unequaled and remains unattainable
using artificial synthesis processes. To emulate nature’s
biomaterials synthesis tools, the conventional approach taken
in biomimetic studies has been to extract, isolate, fully
characterize, and understand the role of biomolecules involved
in biomineralization.”™>* In fact, there is evidence of
successful in vitro mineralization activity utilizing these
proteins and their shorter sequences (peptides) not just in
the synthesis of biominerals produced by the organism from
which they were obtained but also in controlling the synthesis
of other materials of interest.”*

However, this approach has challenges that include
difficulties in obtaining and culturing biomineralizing species.
Those avaliable present a limited repertoire of identified
biomineralizing molecules (including proteins) that can
control the synthesis of a broader spectrum of commercially
relevant inorganic materials, such as semiconductors and
metals not routinely formed through biomineralization
processes.’>”” Improvements have been made in biomolecule
extraction techniques, and quantities can be synthesized using
recombinant DNA protocols for the expression and
purification of proteins.”***** Even so, few biomineralizing
proteins have been sequenced.s“‘sg’éO In addition, there are
serious deficiencies with respect to the level of understanding
as to how such biomolecules either interact with and/or
influence mineral formation, due to the difficulties in
understanding the behavior of the biomolecules in aqueous
media or in the local environment in which they are found. For
example, no crystal structure (and hence detailed molecular
understanding) of any of the purported molecules involved in
the silicification of diatoms or sponges (e.g., silicateins or
silaffins) is known.

Different approaches are needed. One recognized strategy is
the use of combinatorial techniques [i.e., cell-surface display
(CSD), ribosome display (RD), and phage display (PD)] to
identify peptide sequences that can bind specifically to a given
target material***"*> The identified peptides have practical
applications in inorganic synthesis, surface functionalization,
and immobilization of other molecules or NPs onto an
inorganic surface.””®' " Further, the prospect of creating
novel hybrid materials using biological linkers to combine
more than one material in order to incorporate different
electronic, magnetic, and mechanical properties, for example,
to generate unique combinations of properties is becoming
feasible.”"%*

To date, the principles governing and driving MO—
biomolecule interfacial interactions are poorly understood.
This includes the influence of biomolecules on composite
functionality as well as matters such as stability and toxicity.
For a given set of biomolecules and MOs, interactions seem to
occur in a unique manner currently necessitating analysis to be
carried out on an individual basis.”®

1.1. Approaches Used in the Study of MO-Biomolecule
Interactions

Numerous experimental techniques and computational tools
are being used to investigate and characterize MO-biomolecule
interactions, probing binding selectivity, elucidation of
biomolecule conformation when unbound/free and surface
bound, surface coverage, kinetic and thermodynamic changes
during interaction, and the stability of interactions. Exper-
imental techniques include atomic force microscopy (AFM),
single molecule force spectroscopy (SMFS), quartz crystal
microbalance with dissipation monitoring (QCM-D), iso-
thermal titration calorimetry (ITC), ellipsometry, optical
waveguide lightmode spectroscopy (OWLS), surface plasmon
resonance (SPR) spectroscopy, sum-frequency generation
(SFG) spectroscopy, fluorescence spectroscopy, ultraviolet—
visible (UV/vis) spectroscopy, circular dichroism (CD)
spectroscopy, Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, dynamic light scattering (DLS), zeta
potential measurements, X-ray photoelectron spectroscopy
(XPS), X-ray absorption near edge spectroscopy (XANES),
and high-resolution powder X-ray diffraction (HR-XRD).

These techniques have different working principles/meas-
urement modes, advantages and disadvantages, and thus there
are differences in the information that can be obtained when
each is used. At the end of this article, a summary of key
information on experimental techniques that have significantly
contributed toward enhancing our understanding of MO-
biomolecule interactions is given. The table draws together the
experience of researchers in this field and serves as a guide to
enable other researchers to select appropriate tools for their
studies. It should be noted that, in many cases, the application
of multiple techniques will be necessary to fully characterize
the materials and interface. The use of these techniques will be
discussed in this article with examples.

Approaches used by the community include the use of
bioinformatics and computational tools including molecular
dynamics (MD) simulations.

For experimentalists, the principles behind computational
modeling as applied to the material biomolecule interface
might be less clear than many of the methods encountered in
the laboratory, so a short introduction to the principles
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underlying the approach is given here. This is so that terms
such as computer model, force field, parameter set, and
conformational sampling will be understood when they appear
in the rest of the review.

Why should we want to make use of simulations in our study
of the biomolecule—material interface? Such interactions when
studied by experimental approaches are limited in their ability
to provide detail at the atomistic level and are seldom able to
provide information on biomolecule orientation and con-
formation at a particular surface. There are some exceptions as
we will discuss later in this review article. Application of
computer simulations to study the complex environment at the
center of a biomolecule-material construct can yield
information at a level currently unobtainable by experiment.
Laboratory-based experiments, on the whole, yield data for
ensembles of molecules interacting with materials. With
computer simulation, it is possible to obtain information for
a specific molecule interacting with a specific predefined
surface. This is generally limited to a single molecule at this
time, at least for oxides, although studies on multiple peptides,
proteins, and polymers on surfaces have all been reported.®®”

The size of the computational problem, including the
numbers of atoms required to represent a molecule (even a
small peptide) interacting with a surface is considerable and on
the order of tens of thousands of atoms. This means that at
present a full quantum level description of the events occurring
during adsorption or desorption of a biomolecule on a surface
is not possible. For quantum chemistry approaches, the current
limit is on the order of a few hundered atoms, though as
computer power and access increases this will no doubt
increase considerably.

A more feasible approach is to use empirical force field-
based molecular modeling which is able to predict molecular
interactions at the atomistic level for systems up to several
100000 atoms, though numbers ~10 times higher than this can
be explored at the expense of accuracy or time scale/sampling.
For this approach, a physical model has to be described by
equations (a force field), using a series of parameters to
describe (as accurately as possible) ALL of the interactions
between the atoms contained in the molecular system in
question. Further, in order to obtain a statistically valid
representation of the system’s behavior, it is important to
“sample” the configurational space (sampling of all con-
formations possible for a molecule/system being explored).

If we consider the interaction of a small biomolecule (e.g,
peptide) with a surface in aqueous media, we further need to
use a model and parameter set that is able to handle the
mineral, biomolecule, and interface between the two. It is usual
that a compromise has to be made which may be to limit the
description of the charge of a surface, to simplify the model
used to describe water at the interface or to limit the
conformational space explored during the simulation. A
recently published review by Walsh in 2017 clearly describes
the current challenges in the field which include the
development of structural models, issues to do with force
field development and conformational sampling, albeit that the
examples used to illustrate progress to date relate mainly to
noble face centered cubic (fcc) metals such as gold and silver,
graphitic substrates, and to a lesser extent the oxide, titania.%®

1.2. Choice of Metal (Metalloid) Oxide Systems

The study of MO-biomolecule interactions is being pursued by
researchers worldwide. Some of the MOs which have been

studied using a biomimetic approach and/or for which
applications are being developed that make use of MO-—
biomolecule interfacial interactions include silica (SiO,),*"~"*
zinc oxide (ZnO),33’44’76_82 titania (TiOz)y37’83_87 germania
(GeO,),> 58777 §allium oxide (Ga,0,),”%"? iron oxide
(Fe;0,),"7¢19910 cobalt oxide (Co;0,),"">'" and manga-
nese oxide (Mn;0,).'”* Newly developing technologies that
exploit MO—biomolecule interfaces have applications that
span from materials chemistry through to biotechnology and
biomedical engineering.'"'**~'*® However, to fully realize the
potential of this field, further detailed, comprehensive, and
innovative studies of the interface will be required. Figure 1
illustrates the link between a fundamental understanding of the
interface and development of applications.

Applications

o\o?;‘ca\ A d"an

& iomolecule Cs%,,
B\ S %
,{‘i gnderstanding & e
0‘6\ L4 o,r’é
3y & o, N
: %

S Tio, %

Zn0 GeO,

Other Metal oxides

Figure 1. Schematic depicting the importance of a fundamental
understanding of interactions at the metal oxide—biomolecule
interface for the advancement of applications.

In exploring these interactions, it is important that a
distinction is made between biomolecules that can recognize a
metal oxide surface (i.e., surfaces that already exist-as in phage
display) and biomolecules that can be used in the biomimetic
growth of (nano)particles from solution. Note that depending
on the strength of binding or specific interaction pattern,
biomolecules can also be used to change morphology by
limiting growth in particular directions as well as change the
phase or even chemical composition of the material that forms.
Examples of all these types of behavior are showcased in the
studies of MO, biomolecule interactions described in sections
2—7 below. We note that a recent review by Walsh and
Knecht'” provides similar information for other classes of
materials, including semiconductors, catalysts, and quantum
dot materials.

Studies within our research group have focused toward
understanding the specificity, interaction mechanisms, and
identifying/developing functionality of inorganic binding
biomolecules including peptides. The MOs that we have
studied extensively, gained a wealth of knowledge on, and
report on here are ZnO, TiO,, SiO,, and GeO,, selected for
their exceptional properties which will be discussed in detail
below. For these particular MOs, a précis of key contributions
reported in the literature, highlighting developing applications
and discussion of techniques and methods that have
significantly contributed toward enhancing our understanding
of MO-biomolecule interactions will be provided. Using these
MOs as exemplars, the objective is to showcase important
findings, point out problems, and put forward steps that can be
taken toward advancing the wider field of research on MO-
biomolecule interactions.
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Figure 2. (A) Images were drawn using VESTA'®

and lattice parameters imported from Crystallography Open Database:"** alpha-quartz (COD

1011097), beta-quartz (COD 1011200), alpha-tridymite (COD-9013393), beta-tridymite (COD 5910147), alpha-cristobalite (COD 1010938),
and beta-cristobalite (COD 1010944). Note that alpha-tridymite is a cut section of the unit cell. (B) Two-dimensional representation of silica units
distributed in a gel (top) and a precipitate (bottom). (C) The silanol chemistry of silica particles: isolated, geminal, vicinal, and internal. Illustration
adapted with permission from ref 140. Copyright 2000 Elsevier. (D) Main quartz planes during crystal growth. Adapted with permission from ref

141. Copyright 2012 IOP Publishing.

In particular, we emphasize the need to understand the
materials being worked with whether these be commercially
sourced (i.e, particulates, surfaces, sensors, and biomolecules)
or prepared in the laboratory. Interactions between molecules
and materials occur at the interface between the two, and
therefore, we need to understand the surfaces of the materials
and the environment in which any interactions take place. Full
reporting of these facts will enable the field to move forward in
a more timely manner than present. For studies using
computational simulations, we provide pointers as to what to
look out for to determine whether the information obtained
from such studies is reasonable as well as pointing out
limitations and issues with the approach taken.

Although nanotechnology promises to have great benefits
for society, there is increasing concern that human and
environmental exposure to engineered nanomaterials may

result in harm to those exposed to such materials,"'”""" and

thus, we also present brief summaries of what is known
concerning the nanotoxicology of the chosen materials
together with comments concerning the likely effect of
surface-associated biomolecules on their toxicity. Again, as
responsible scientists, it is imperative that we fully describe the
nature of the materials we study/generate so that the hazards
associated with such materials can be fully appreciated as they
will no doubt impinge on potential applications of the same. At
the end of the review, we highlight some newly developing
areas in both the engineering and bioscience communities
where increased understanding of biomolecule-mineral inter-
actions may enhance progress in areas such as additive
manufacturing and synthetic biology. We conclude with some
“take home messages” for those both new to and already
working in the field.
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2. SiO,

2.1. Introduction to SiO, as a Material

SiO, is a common material in nature and is the second most
common biogenic mineral after carbonates.''” Silica can be
found in nature either in amorphous or crystalline forms (i.e.,
quartz, cristobalite, trydimite), Figure 2A. Crystalline silica,
commonly a-quartz, is a basic compound of soil, sands, and
rocks, whereas amorphous silica is commonly deposited in
living organisms, including land plants (i.e., rice, cucumber,
mares tail), single cellular organisms such as diatoms, and
multicellular organisms like sponges.’”'"*~"'> Amorphous
silica can also be found in its hydrated form (SiO,-nH,0),
forming part of minerals such as limonite, sandstone, rhyolite,
marl, and basalt and the semiprecious gem, opal. The
biosilicification process to make biogenic or natural hydrated
silica involves a range of inorganic polymerization reactions in
the presence of organic species such as proteins and
proteoglycans, which are considered possible control mole-
cules during the biomineralization process."'® The role of the
organic matrix in silica formation and the overall biosilicifica-
tion process has been widely studied as a way to design new
materials inspired by nature.””''*~"'® Silica, in all its different
forms, is currently one of the most studied compounds in the
fields of chemistry, physics, engineering, and (bio)medicine,
and its popularity is still on the rise.

Synthetic silica nanoparticles (SiNPs), especially amorphous
silica, have received much attention in recent years for a variety
of technological and biomedical applications due to their
tunable high surface area and permeability across membranes,
resulting in high interaction with cellular systems;''’
unfortunately some forms of crystalline silica show toxic
effects when interacting with biological systems.'*” The
cytotoxicity of SINPs on cells is dependent on the amount of
material used, time of exposure to the cells, and size of the
nanoparticles; where smaller particles (<20 nm) show higher
toxicity.''” Amorphous silicas in particular can be readily
reabsorbed from aqueous media and together with their
biocompatibility and easy chemical functionalization makes
them ideal candidates for biomedical applications. Parameters
such as size, shape, chemical composition, surface properties,
and crystallinity determine the viability of using SiNPs, for
example as drug delivery supports. Larger, micron-sized silica
particles have been extensively used as inorganic supports (i.e.,
chromatography columns) for applications including isolation
of polypeptides, proteins, nucleic acids, or DNA fragments.'
In the last decades, the use of chromatography columns made
with either nonporous or porous silica has also been
investigated.'”""'*” These materials can have pore diameters
that vary from micropores (<2 nm) to mesopores (<50 nm)
and macropores (>S50 nm) that can be tuned by choice of
method of synthesis. As examples, microporous (or non-
porous) stationary phases have shown outstanding speed of
separation of macromolecules due to excellent mass transfer
characteristics.">' Further, porous silica-based materials have
attracted great interest for enzyme immobilization since
biomolecules can be hosted within the pores of mesoporous
supports, allowing expensive biological catalysts to be used
repeatedly for as long as they remain active.'*”'** Mesoporous
silica nanoparticles (MSNs) have also gained considerable
interest as the surface area, pore size, and the shape of the
MSNs can be tuned in such a way that a range of materials
(e.g, dyes, drugs, and metal oxides) can selectively be

encapsulated."””'?” As MSNs possess high biological
compatibility, from molecules through to cell, blood, and
tissue,'>’~'?" they have emerged as ideal candidates for
controlled drug delivery, biosensors, imaging, and cellular
uptake processes.'>”"**~'%° Note that in this review, we mainly
focus on amorphous (noncrystalline) silica and biomolecule
interactions for their widespread application in biomaterials
science; however, some examples of studies on quartz SiO,-
binding peptide interactions are also given as extensive
research has been performed in this area.

2.2. Silica Structure and Synthesis Methods

To understand the nature of the material we use to investigate
biomolecule-mineral interactions, we need to know something
about the material itself. The method of synthesis, its
crystallinity or amorphous state, its surface chemistry, and
the behavior of the material in the reaction environment
chosen for binding studies are all important. What follows is a
brief introduction to these aspects together with illustrative
examples, chosen, wherever possible, from within the field of
biomolecule-mineral interaction studies.

We first consider the various polymorphic crystalline
structures of silica: quartz, cristobalite, trydimite (Figure 2A),
as well as alpha quartz, which is the only stable form under
normal conditions. Among facets of alpha-quartz, the (0001)
surface is the most stable (Figure 2D). Tridymite can occur in
several crystalline forms, but the most common at standard
pressure are a and B. The transformation from low to high
temperature modifications between and within polymorphs ™’
are as follows.

870" 1470~
a -B-Quartz (573 °C) 4—: a-B-Tridymite (110-180°C) <—>c a-B-Cristobalite (218+ 2°C)

Now we turn our attention to monodisperse silica particles
(at the nano- and microscale) that have been widely
synthesized using the sol—gel method, which consists of the
hydrolysis of a silica precursor followed by condensation into
oligomers and then formation of silica particles."**'*’ The
addition of an acid (i.e., HCI) or a base (i.e,, NH;), due to the
increase of either hydronium or hydroxide ions, can increase
the rate of hydrolysis and condensation in the system. In 1968,
Stober and Fink reported an effective route for the synthesis of
silica particles in basic conditions where the particle size, from
10 nm to 2 ym, was controlled by changing the concentrations
of the reactants."** Early in the 1990s, Osseo-Asare and
Arriagada developed a microemulsion method (also in basic
conditions) for the synthesis of SiNPs by controlling the
hydrolysis of the silica precursor in an inverse microemulsion
system.'*> The growth of silica microparticles has also been
investigated under acidic conditions using acetic acid,"*¢
tartaric acid,'*” or nitric acid.'*® Karmakar and co-workers
developed a method to synthesize highly dense microspheres,
with densities between 2.10 and 2.16 g cm™>,'*® being also
named glasslike silica spheres.149 In general, at low pH,
structures with low porosity are obtained, and consequently,
these are more dense particles, whereas for materials made
under alkaline conditions, mesoporous spheres (from 2 to 50
nm) are typically achieved. More recently, SiNPs have been
prepared through microwave-assisted acid catalysis using
HCL"™ SiNPs have also been commercially produced by
chemical vapor condensation (CVC), a process which involves
the decomposition of metal—organic precursors, or SiCl,,
under flame treatment at high temperature.'>’ With depend-
ence on the reaction conditions, the silica units can
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interconnect to give chains eventually forming a gel or stay
separated to form a sol or powder (Figure 2B). Generally, at
acidic pH the particles are less negatively charged, there is a
minimum repulsion, and they can aggregate into gel net-
works.'"® At basic pH, where silica carries a negative charge,
there is repulsion among particles which results in the
formation of discrete units (particles). Nonetheless, the
presence of salts (and these do not exclusively have to be
simple metal cation anion pairs such as NaCl or KCl) above
0.2—0.3 M can neutralize the negative charge of the silica
particles allowing gelation to occur.'"?

Although we describe above routes to silica particles that
appear straightforward, the difficulty in reproducing syntheses
is often ignored by those working in the community. In part,
this is due to a lack of knowledge about the fundamental
chemical reactions occurring during synthesis and further
ignorance concerning what nucleation and growth mean for an
amorphous material. This understanding, although incomplete
is much better advanced for crystalline materials such as
gold">* and is an area of investigation where there is certainly
still room for improvement. In the context of this review, the
precise synthesis/fabrication conditions materially affect the
surface chemistry of the materials (particles or surfaces) which
taken together affects their interaction with other materials
including biomolecules.

2.3. Silica Surface Chemistry

The mineral, as for all other oxides discussed in this review,
comprises both a bulk or internal structure and also, very
importantly, a surface, the latter being exposed to the medium
in which the material is found, and through which any
interactions with biomolecules will occur. In order to
understand interactions at the molecular scale, it is imperative
that we understand the nature of the material we are working
with, its surface chemistry, and the effect of the environment,
including any time-dependent changes as this will affect the
nature of any potential interactions.

2.3.1. Surface Speciation and Associated Properties.
We now consider the chemical nature of the material, both
bulk and surface, under discussion. In bulk silica, silicon atoms
are mostly bound to four bridging oxygen atoms forming
[SiO,] tetrahedra. Synthesized silica particles are mainly
composed of siloxanes (Si—O—Si), silanols (Si—OH), and
ionic siloxide (Si—O~) and/or the presence of water molecules
adsorbed on the surface by hydrogen bonding, Figure 2C. The
Si—O bond character and basicity of Si—O—Si bridging groups
strongly depends on the local siloxane angle as shown by both
experimental and computational studies.">* At smaller Si—O—
Si angles (near the tetrahedral angle), the Si—O bond units
become more covalent and the siloxane linkages increase in
basicity and can act as hydrogen bond acceptors.'> Silanol
groups can be found in different forms: isolated, geminal,
vicinal, and internal (Figure 2C). In general, an increase of
surface ionization with particle size is believed to be due to the
presence of a higher population of isolated silanol groups (Si—
OH), leading to a higher surface acidity.">* The silanol density
in fully hydroxylated silica (at 500 K) has been reported to be
from 4.5 to 5.8 OH nm 240155156 Knowing the silanol
density is important both to directly study biomolecule—
surface interactions but also in the modification of surfaces by
chemical functionalization. However, these values (given for
the bulk material) include all of the different silanol groups
(isolated, geminal, vicinal, and internal) that can be present on

a silica particle or fabricated surface (for instance in
commercial sensors). The size of particles affects the
proportion of internal versus external silanol groups; for larger
particles, a higher fraction of internal silanol groups has been
reported compared with smaller particles.">> The level but not
the chemical identity of silanol groups on amorphous silica
particles can be determined by thermal methods."*" With
dependence on the extent of these species on the silica surface,
a more hydrophilic (silanol) or hydrophobic (siloxane)
character of the particles can be achieved, which on interaction
with biomolecules may at the extreme scale of interaction
cause protein folding/unfolding'>’~"*” or membrane rup-
ture.'

In general, silica is usually hydrophilic; however, the
hydrophobic sites (siloxanes) present on the silica surface
may provide sites for possible hydrophobic interactions with
certain biomolecules. For example, DNA is negatively charged
(at pH values above its isoelectronic point near pH 3), and it is
suggested that this molecule interacts with silica via DNA
phosphate and surface silanol groups, though hydrophobic
bonding between DNA bases and silica hydrophobic regions
has been recently documented as a principal mechanism for
binding DNA to silica.'®" Surface water as well as affecting the
surface chemistry of silica also plays a key role in biomolecule
adsorption as will be discussed later in this review.'®> As might
be anticipated, the different kinds of silanols (vicinal, geminal,
or interacting) and OH densities depend on the polymorph,
the crystallographic plane, and the treatment that the material
has received.'®” It is important to note that any fractured
crystalline surface will be hydrophilic as reaction of newly
created surfaces with water in the environment leads to the
creation of silanol groups. Details on the material-dependent
networks of silanol groupings and the different surface
hydrogen bonded networks that form are provided by Rimola
et al.'”> Although we note that quartz is reported as being
stable, in the context of this article, we have to remember that
in this instance, stable refers to a constancy of structure in an
aqueous medium, in the presence of ions and organic
molecules.

A further indicator of likely activity of different silica phases
is surface energy, which can be calculated from experimental
measures of surface area and enthalpy of solution. For
amorphous silica of zero water content (i.e.,, the energy of
the pure siloxane surface, assuming that all silanol groups had
been condensed) at 23 °C was found to be 259 + 3 mJ/m?2,'**
whereas the surface energy for a completely hydrated surface
(or the energy of pure silanol surface) at the same temperature
(23 °C) was calculated to be 129 + 8 mJ/m?%'®® The surface
energies for quartz ranged from 510 to 2300 mJ/m? showing a
great diversity in behavior'® which will be manifest in
considerations of how biomolecules will interact with the
various materials. It should be noted that cristobalite and
tridymite have been very little studied.

Hydrophilic and hydrophobic properties of a crystalline
silica surface can be modified, for example, by simply heating
the crystalline silica. For example, thermal treatment of
cristobalite (up to 1300 °C) has shown the loss of cytotoxicity
due to removal of surface radicals and conversion of silanols to
siloxane bridges.'®>'®* Alternatively, grinding crystalline silicas
(i.e., cristobalite and quartz) may produce surface radicals,
which would increase surface hydrophilicity; however, this can
be suppressed by grinding in the presence of water.'®®
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An important factor affecting interaction of silica with
biomolecules is the charge that it carries by virtue of the
presence of siloxide groups on the surface of the material. A
typical approach to measure this is to make zeta-potential
measurements. This method can be used for both free-flowing
particles and surfaces, suspended in a liquid medium. The
extent of charge depends on the nature of the silica particles or
the synthesis methodology followed."”*'*'” For example,
SiNPs synthesized by the Stober method, with size from 28 to
500 nm, have shown an increase in negative surface charge as
the particle size increased, being from —27 to —43 mV (¢ pH
7.4), respectively.'®® In brief, the measurement of zeta
potential depends on temperature, pH, conductivity (ionic
strength), and solvent (viscosity).169 As recently documented
by Smith and co-workers,'’" any small change in these
parameters can have a significant effect on the zeta potential
values; hence, for comparing and studying biomolecule—
surface interactions, it is imperative to use the same solution
conditions as the ones used at the time of zeta potential
measurement of the mineral alone. Unless such information is
given in a publication, zeta potential values are not meaningful
and make comparison between data sets impossible.'”’
Further, it has been proven that the wettability of silica can
be modified by simply varying the electrolyte concentration.'”'
Knowing this, one should fully characterize the surface being
explored under the precise conditions chosen for any binding
studies in order to understand how biomolecules might
interact with the mineral phase. It is also important that the
experimentalist (and theorist) understands the effect of ions
present in the reaction medium on the behavior of the mineral
being studied; we will return to this matter many more times
throughout this article. Although in this section of the review
we are talking specifically about silica, the principles of the
approach apply equally to all other materials.

Silica and its interface with water is a material that has been
extensively studied by computational approaches. Butenuth et
al, in 2012, and Emami et al,, in 2014, provide comparisons of
a number of force fields for silica developed from the mid
1980s onward, and a review of Mishra et al,, in 2017, compares
force fields for cementitious materials including those related
to silica.'””~""* What is important here is that the approaches
used to validate the various force fields are given, although they
do vary from one force field to another. Early force fields often
assumed overly ionic Si—O bonds, and surface models
containing functional groups such as silanol (SiOH) and
siloxide (SiO~) were not feasible.'” Subsequent models
introduced covalent bonds and more broadly applicable energy
expressions, as described in the contributions including those
of Butenuth et al,, in 2012, and Emami et al,, in 2014."">'7
However, issues with poor representation of stoichiometry,
including correct valencies, maintenance of structure through-
out a simulation, and the matching of computed surface
properties to experimentally derived values, occur. Issues to do
with unrealistic atom charges, bond rigidity, defining surface
chemical features, and the choice of water model to use (in
terms of complexity of terms used to account for bonding and
structure) are all common. As understanding of the material
and computational approaches further develop, these problems
will cease to be issues, but at present a cautious approach to
the reading of the literature is suggested, particularly for
experimentalists who are generally not aware of the problems
and limitations of the theoretical approaches.

2.3.2. Issue of Surface Contamination. Although
siloxanes, silanol, or hydrogen groups and water molecules
are the main constituents of a silica surface, traces of
ubiquitous carbon contamination, the so-called “adventitious
carbon”, detectable by X-ray photoelectron spectroscopy
(XPS), are present even on the cleanest and purest of
samples.'”” Tt is extremely difficult to ensure removal of this,
but ozone has been used to remove adventitious carbon and
other ions from a thin (nm thick) layer of silica atop an
oxidized silicon wafer.'” Interestingly, this study had a
practical outcome in that removal of unwanted ions from the
surface enhanced oil recovery from sandstone reservoirs via
interactions between the cleaned surface and the oil present.
Further, traces of other elements (ie., precursors on the
surface) could interfere with the measurement of biomolecular
interfacial interactions. As an example, Puddu and Perry
(2012)'7° using XPS detected traces of nitrogen on silica
surfaces which probably arose from the ammonia used in the
synthesis process (Stober method). This level of information
on the material being used for biomolecular interaction studies
is not always provided, and one can end up making wrong
estimates of surface loadings leading to unreasonable models of
surface/biomolecule interactions.

An example of experimental techniques used to study
(bio)molecular surface interactions, where the issue of surface
reproducibility/contamination might be particularly important,
is in the use of quartz crystal microbalance (QCM) and surface
plasmon resonance (SPR) approaches where commercial
sensors are routinely used as delivered. Binding experiments
will totally hinge on the surface chemistry of the sensor
available/purchased, but manufacturer’s details on the
characterization of the surfaces vary from vague to nonexistent.
How often is it that a researcher is asked to simply try a
different sensor when results do not seem to be lining up? Is it
that the variation between sensors of the surfaces has more of
an effect on binding than the generally expected binding
characteristics of the molecule and the material under study? Is
this due to differences in molecular level chemistry (i.e.,
chemical functionality), or is it due to differences in physical
structure, perhaps roughness that leads to observable differ-
ences in wettability/hydrophilicity, etc? Another important
question to consider is, does my material change with time?
And if so how? In order to answer these important questions, it
is necessary to characterize one’s substrate but this will pay
dividends in being sure that the experimentally measured data
can both be used to propose molecular level mechanisms of
interaction and to provide sensible starting points for high level
computer simulations. A vast array of surface characterization
techniques are available for the scientific community. Later in
this article, we compare some of the many characterization
techniques that can do just this. The information is
summarized in Table 1. Note, this table of methods applies
to all materials listed in this review.

2.4. Modifying the Functionality of Silicas

The abundant number of hydroxyl groups on the silica surface
allows them to be used for further functionalization, includin%
moieties such as carboxyl,177 amine,'”%!'5° rr1ethyl,179’18
phenyl,"®" or thiol*® groups leading to functionalized silicas.
Experimental techniques that allow the observation/character-
ization of silica surface properties have been summarized
recently by Rimola et al."®> These functional groups can be
used to change the particles affinity for specific surfaces or
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Figure 3. (A) Mineralized living organisms containing biogenic silica skeleton: diatoms, sponges, and land plants reprinted with permission from
ref 211. Copyright 2006 Materials Research Society. Reprinted with permission from ref 212. Copyright 2016 MDPI. (B) Synthesized silica
structures using a biomimetic approach: All SEM images reprinted with permission from ref 213. Copyright 2011 Elsevier. Granular core—plain
shell particles reprinted with permission from ref 212. Copyright 2016 MDPI. Cylindrical tubes reprinted with permission from ref 72. Copyright
2007 Elsevier. Hexagonal plates reprinted with permission from ref 118. Copyright 2005 Royal Society of Chemistry. Hollow particles reprinted
with permission from ref 206. Copyright 2008 PNAS. Spherical structures reprinted with permission from ref 203. Copyright 2000 PNAS. Fibrous
silica structures reprinted from ref 214. Copyright 2005 American Chemical Society. Hexagonal platelets reprinted from ref 215. Copyright 2006
American Chemical Society. Nanotubes reprinted with permission from ref 216. Copyright 2004 Wiley-VCH. Nanofibers reprinted from ref 217.
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(bio)molecules by, for example, covalent bonding, electrostatic
interaction, and/or hydrogen bonding.lég’180 Metals such as
Cr, Mo, and Pd can also be easily attached to a silica support
through silanol groups (Si—O—M) with the materials routinely
being used as catalysts."**~'** For the fabrication of surface-
modified silica particles, two methods have been generally
applied: (i) post modification (or grafting) and (ii) in situ
modification (or co-condensation), with the latter route mainly
used for aminopropylsilanes since their bifunctional nature
quickly induces hydrolysis and condensation of tetraethyl
orthosilicate (TEOS) in solution due to the presence of the
aminopropyl and alkoxysilane groups. A factor that is not often
considered is the extent of coverage possible and/or attained
with the assumption often being that addition of excess of a
surface functionalizing agent will lead to complete coverage.
This is not the case as recent results by Sola-Rabada et al.'*
have shown. The researchers used two different sizes of silica
particle (28 and 210 nm diameter) and different concen-
trations of two functionalizing agents [methyltriethoxysilane
and aminopropyltriethoxysilane (both at 10 mM and 500
mM)]. They were able to show that for the smallest particles, a
higher level of 3-aminopropyl functionality was possible, while
a higher degree of methyl group functionality was found on the

larger particles. In both cases, coverage, as measured by XPS,
was far from a monolayer.

Considerable interest in amine-functionalized silica surfaces
has developed as their nucleophilic nature make them good
candidates for solid base catalysts or to act as linkers between
silica and biomolecules (i.e., DNA, enzymes, polypeptides)
and/or metals. Although we discuss the applications of silica/
biomolecule interactions in the section below, the huge effect
that functionalization has on the potential for moderating
interaction/new applications is considered separately here. As
examples of applications, amino-functionalized silica surfaces
have been used to immobilize catalytically active transition
metals in applications such as wastewater treatment'*> and in
gene delivery,’zg’”m_188 among others. In more detail, Bharali
et al. demonstrated by in vivo studies that the presence of
positively charged amino groups on the silica surface
(ORMOSIL NPs) improved binding with plasmid DNA
(negatively charged), thereby, facilitating its delivery inside
neuronal-like cells without damaging brain tissue.'*® For drug-
release applications, functionalization of mesoporous silica
nanoparticles (MSNs) with amine groups generates good
carriers for controlled release.'®”"** Through particle function-
alization with alkyl groups protruding from the surface, the
hydrophobic character of a particle’s surface can be
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increased.'”” Biosilica such as that extractable from Mexican
giant horsetail can also provide an effective support for enzyme
immobilization.' "

Methyl-functionalized silica surfaces are attractive for
industrial applications due to their abrasion resistance'® and
antisticking or self-cleaning properties."”” The hydrophobic/
hydrophilic character of silica materials is also of high
importance for application in wastewater treatment.'®> The
functionalization of tissue culture polystyrene (TCP) with
silica has also been studied for biomedical applications. For
example, generating a silica surface upon TCP and applying it
as a platform for subsequent functionalization using a
fluorinated alkoxysilane has been shown to produce a material
with a differential adsorption profile of serum factors derived
from cell culture media, producing better control of cancer cell
(i, human mammary epithelial) aggregation-disaggregation
events in vitro,"”" a reaction platform that has enormous
potential as a replacement to 3d-culture methods and the use
of animal models to study cancer metastasis. Similarly, studies
using an amino-propyl functionalized silica material showed
that an appropriate surface chemistry (i.e., hydrophilic or
superhydrophobic silica film) could facilitate the loss of a
mesenchymal cell subpopulation from a mixed mesenchymal/
epithelial cancer cell population which could be used to isolate
specific cancer cell types for further experimentation to
improve understanding of the disease and study possible
cures without the need for animal studies.'”” In the area of in
vivo assays, SINPs have also been functionalized with dye
molecules to generate, for example, fluorescent silica NPs in
order to study biological processes and conduct cell imaging
assays.'”*~'?* A study carried out by Ha et al. showed that
fluorescent SiNPs can increase thermal, photochemical, and
pH stabilities as well as its biocompatibility for in vivo
assays.'’® Other types of doped-silica particles include
magnetic SINPs that can be employed for drug/gene delivery
systems,'”” ' biolabeled for magnetic resonance imaging
(MRI),"”*7*% and bioseparation.”"

In almost all cases described, little attention is paid to
understanding the extent of functionalization and its influence
on the properties of the materials generated. Moving forward,
provision of such information would greatly benefit the whole
community and could lead to additional high value
applications for silica.

2.5. SiO,-Biomolecule Interactions and Applications

This section deals with silica formed in nature, silica formed in
the presence of biomolecules, studies of silica biomolecule
interactions and applications that make use of silica-
biomolecule interactions.

2.5.1. Silica Formed in Nature. The supreme example of
silica-biomolecule interactions leading to functional objects,
silicification, occurs in unicellular organisms, including
diatoms, radiolaria, and synurophytes as well as multicellular
sponges and higher plants."'>""">29*!1 Eor many of these
organisms, the silica structures serve as the organism’s skeleton
which accounts for the majority of their body mass.”"”
Diatoms, for example, exhibit intricate cell wall patterns in
the nano- to micrometer range composed of hydrated,
amorphous silica mass”®> (Figure 3A). Evidence for genetic
influence over the production of diatom silica cell walls
(termed frustules) came from observations that the patterning
of these structures is species-specific and is precisely replicated
in diatom progeny.”*” Since this discovery, biosilica producers

have become extensively studied in order to understand
biosilicification processes since this could provide the
principles of controlled nanostructure fabrication under
conditions that are much milder than those used in traditional
material-processing techniques. Important insights into diatom
biosilicification have been made by isolating and characterizing
specific biomolecules entrapped within the amorphous silica of
the frustule [ie, long-chain polyamines (LCPAs)**® and
cationic polypeptides termed silaffins].”** Both silica-associ-
ated biomolecules have been demonstrated to accelerate silica
formation from a silicic acid solution in vitro, though the path
by which they do this is not understood.”***** Silaffins contain
a large number of phosphorylated serine residues and post-
translationally modified lysines, which carry oligo-propylene-
amine-functionalized side chains.””> Sumper and Kroger in
2004 proposed a mechanism by which cationic molecules and
hydrogen-bonding polymers (hydroxyl amino acids: serine and
tyrosine) can interact with anionic silica and neutral silanol
groups, respectively, thereby inducing silica condensation.”””
Later studies showed that the silica precipitation process is
affected by either the polyamine structure and/or amino acid
composition.”*° 7% Highly acidic phosphopeptides, termed
silacidins, have also been identified from the diatom shell of
Thalassoria pseudonana, and their role in silica precipitation
demonstrated in in vitro studies, though again,zo9 little is really
known about when and where the molecules associated with
the mineral act. Additional insight into the mineralization
process has been gained from another silicifying organism, the
sponge Tethya aurantia, where proteins termed silicateins,
present in silicified spicules have been shown to catalyze silica
formation from tetraethoxysilane in vitro,”'® though clearly this
is not the reaction environment found in nature. Inspired by
nature, studies on the effect of biomolecules such as amino
acids, polypeptides, oligo-peptides, and polyamines on mineral
formation have arisen in materials science and have also served
for the fabrication of silica materials with intricate structures
(Figure 3B).

2.5.2. Mimetic Studies to Understand Biosilicifica-
tion. The biomolecules isolated from silicifying organisms are
very large and complicated, and scientists have identified
smaller components of these molecules that might be used in
model studies to generate further understanding of both the
role of these biomolecules in regulating silica formation and in
their direct pattern of interaction with the surface of the
mineral phase.

Extensive studies have been performed on a 19-mer peptide
identified as part of silaffin Sil-1A;, termed RS (SSKKSGSYS-
GSKGSKRRIL) in part due to its ability to precipitate silica in
the laboratory at neutral pH;*** and remarkably, the RRIL
motif was shown to be essential for silica precipitation in
vitro.”' These early studies, although not stated as such,
actually study the effect of RS on the coagulation process as the
amount of silica harvestable after a certain reaction time was
used as a proxy for catalysis of the process. There have been
considerable advances in the sophistication of both exper-
imental and computational studies of RS- silica interaction
studies as well as its use in developing new composite
materials. As examples, recent studies coupling specific *C and
5N labeling of individual amino acids with NMR analysis have
suggested the involvement of the lysine at the N terminus in
silica binding, and a vibrational spectroscopy approach coupled
with molecular dynamics simulations suggests that all of the
peptide interacts with the forming silica phase.”'”*** Clearly
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Figure 4. (A) Mechanism proposed for alkoxysilane catalytic hydrolysis by silicatein active sites (serine and histidine) reprinted with permission
from ref 235. Copyright 1999 Wiley-VCH. (B) Competitive protein exchange occurring upon the fluoro-silica during cell culture in serum
supplemented medium reprinted with permission from ref 191. Copyright 2014 Royal Society of Chemistry. (C) Type of interactions occurring at
the silica—peptide interface of phage displayed peptides reprinted from refs 154 and 176. Copyright 2012 American Chemical Society.

the analytical approach used leads to models of peptide-
mineral interaction that currently appear incompatible.

Researchers have explored the role of post-translational
modification including the role of serine phosphorylation, as
well as trimethylation and alkylamine addition to lysine for
synthetic constructs of the RS peptide,”*' though rationale for
the choice of position for the point mutations was not given
and will most likely have affected the behavior of the molecule
in its ability to precipitate/interact with silica. The
experimentalists’ choice of position for serine phosphorylation
has further influenced molecular dynamics studies of silica
silaffin interactions as will be described in section 2.6.2 below.
The series of modified silaffins were further modified by
incorporation of a cysteine residue at the N-terminus to allow
further fundamental study by techniques such as SPR as well as
application in the nanotechnology field. The additional of the
cysteine residue at the N-terminus would allow ready
interaction of the peptide with a range of surface materials,
including gold though it should be realized that it too could
play a role in determmln% the conformation of the peptide and
its surface recognition.

The RS peptide has shown potential for use in regenerative
medicine in the form of chimeric silk silica compo-
sites.”'¥?*?7?*® By varying the presence and location of the
RS peptide cross-linked to the silk protein, it was shown that

the free N-terminus of the RS domain induced controlled
deposition of silica particles as well as causing cellular
differentiation via activation of specific integrins leading to
expression of the transcription factor Runx2, which is
responsible for osteoblast differention genes.””” Here, a
combination of materials chemistry approaches and molecular
biology studies guided by molecular modeling were able to
propose a molecular mechanism to explain the observed
behavior.

In studies of smaller fragments of the RS peptide, researchers
have shown that variations in the isolated KXXK domains
could influence the amount of precipitatable silica (used as a
proxy for interaction) but also significantly change the
morphology of the silica precipitated.””® Specifically, silica
formation in the presence of the KASK peptide motif lead to
the formation of silica spheres of hundreds of nanometres
together with what was described in the publication as “grainy”
silica structures.”” In reality, what this means is that the
surface of the “grainy” silica appeared rough to the eye when
viewed in the electron microscope. In contrast, synthesis in the
presence of the KAAK peptide led to silica spheres (~100 nm)
being mainly formed.

If we now consider a further decrease in complexity of the
biomolecule structure, here a single amino acid, lysine, or
polymers of the same, polylysine (PLL), we find evidence that
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even the amino acid alone can catalyze silica formation and
growth at near-neutral pH, and remarkably, silica morphology
modification, from spheres to hexagonal plates, occurred by
increasing the degree of polymerization (DP) of PLL.”****
According to Coradin and Livage, the presence of amino acids
such as serine, lysine, proline, and aspartic acid or polypeptides
of these amino acids favors silicic acid condensation via
hydrogen bonding and electrostatic interactions, with poly-
peptides showing a stronger catalytic effect.””’ In general,
positively charged peptides are strongly attracted to anionic
silica surfaces, and further, polar groups in peptides can attach
to silanol or siloxide groups by hydrogen bonding, ion-dipole,
dipole-dipole and van-der-Waals interactions. ~" Interaction of
silica with peptides not having cationic groups is driven by
nonelectrostatic interactions and, commonly, requires a higher
threshold concentration for adsorption. Adsorption studies
have shown that the binding event is also governed by the bulk
pH of the solution.'**'7**** For example, a study carried by
Meng and co-workers demonstrated that glycine can be
adsorbed onto silica surfaces at a wide pH range (from 2 to 10)
not only due to simple surface charge compensation but local
interactions.””> The authors pointed out that although
electrostatic interactions were more likely to happen between
pH 4 and 9, these interactions would be practically nonexistent
at pH 2 due to the glycinium cation being in contact with an
almost neutral silica surface. Further, adsorption of glycine
reached its maximum at pH 6 where hydrogen bonding was
suggested due to shifts in —NH;" vibration bands as observed
by vibrational spectroscopy.”>> Perry and co-workers showed
that small changes on the silica surface (i.e., low degree of
functional groups) can significantly modulate binding inter-
actions at the silica—peptide interface.””'>*!**'7® Further, the
level of functionalization can induce a change in the adsorption
mechanisms involved.'®’ Although the adsorption process
highly depends on the nature/chemistry of the solid surface,
other factors such as binding/kinetic energies and/or
orientation/conformation of the peptide also play an important
role in peptide adsorption.'*>*'***¥*3* 1t should be realized,
however, that in many of the published studies, full
information on extent of binding, surface characteristics, and
conformational attributes of both phases are usually not
reported on or are unknown.

2.5.3. Interaction of Biomolecules with Silica. The
growing applications of silica with chemically attached peptides
or biomolecules in nanomedicine has driven researchers to
focus on increasing their understanding of how peptides or
biomolecules bind to silica, the type of interactions, and the
mechanisms involved. In Figure 4 are shown a range of
proposed interaction mechanisms involved at the silica—
biomolecule interface. Note that, example A shows interactions
of a biomolecule during mineralization, and hence, how this
biomolecule can be used to grow silica from solution, whereas,
examples B and C show how the silica surface is recognized by
biomolecules. For example, Zhou et al. proposed a mechanism
by which silicatein-a (70% of the silicatein filament obtained
from sponges) catalyzes the hydrolysis of alkoxysilanes at
neutral pH via an acid/base reaction through the activity of the
serine and histidine side chains, specifically, between the
hydroxyl group of serine-26 and the imidazole side group of
histidine-165 (Figure 4A).”>> Due to the high structural
homology of silicatein-c to the hydrolytic enzyme, cathepsin L;
this reaction was based on the mechanism of peptide bond
hydrolysis by the analogous well-known protease cathepsin-

L.>* It should be noted that at the time of writing this article,
there was still no crystal structure available of a native
silicatein, so the precise nature of the active site is still
hypothesized rather than a direct reality. Nicklin and co-
workers studied the absorption of serum proteins to specific
fluorinated silica surfaces.”' They demonstrated that fluori-
nated silica surfaces (FS) provide the necessary environment
to selectively adsorb serum proteins from the medium, which,
were further able to disrupt cellular adhesion and promote
cellular aggregation (Figure 4B). Moreover, the capacity of the
FS surface to support cellular adherence was seen to increase
with culture time. The properties of the functionalized surface
facilitate the study of cancer cell (mammary cell line)
aggregation and disaggregation as a single dynamic process
in vitro, as the cells biological response toward the material
changes in tandem with the surface properties.

In a different approach to identifying biomolecules that
might interact with/moderate the behavior of silicas, phage
display has identified a number of peptides that bind to silica.
It should be noted that a majority of studies provide very little
information on the material being studied either in the patent
literature or the scientific literature. Thus, it is often very
difficult to know the precise nature of the material panned
against. In a study where the properties of the silica substrate
were very well-characterized and reported (aqueous synthesis
route, size, surface area, porosity, surface OH concentration,
surface charge), the effect of peptides of different charge at
neutral pH (in phosphate buffered saline) have been studied at
the aqueous silica interface (Figure 4C)."**'7® These peptides,
KLPGWSG (positively charged), AFILPTG (neutral), and
LDHSLHS (negatively charged), showcase electrostatic/
hydrophobic interactions and hydrogen bonding at the
aqueous silica interface. The researchers were able to follow
the binding in detail and demonstrated that there is a
competition between peptide-peptide interactions and peptide-
surface interactions, particularly at low concentrations of
peptide, where peptide self-assembly is more favored than
silica-peptide interaction.**'’® Further investigations with
these peptides and fully characterized silica particles have
shown a switch in peptide adsorption behavior depending on
the level of amine group functionalization."*’

In contrast, other studies, for example the excellent NMR
study of a Ti-binding peptide and mutants on silica (and
titania), do not provide much information on the substrate
used.” In this particular study, fumed silica was used as target
material, but apart from particle size and surface area, no
information on the surface properties of the material was
provided. It is likely that the unexpected binding of the peptide
to silica involving a number of hydrophobic amino acids came
about due to the inherent hydrophobic character of the silica
particles.

To date, many studies concerning silica-biomolecule
adsorption mechanisms have been reported and are
summarized in reviews such as Slocik and Naik (peptide
binding mechanisms on nanoparticle surfaces),” Tamerler and
Sarikaya (molecular biomimetics using genetically engineered
peptides),”*” Dickerson et al. (protein- and peptide-directed
inorganic material synthesis),”® Lambert et al. (amino acid
adsorption on mineral surfaces),”*® Rimola et al. (computa-
tional modeling of silica-biomolecule interactions),'®> Heinz
and Ramezani (simulation studies and recognition mechanisms
of biomolecules),”** and Costa et al. (fundamental theoretical
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Figure S. Schematic representation of Silica-biomolecule/cell interactions and their applications.

and experimental approaches to understand biomolecule-
biomaterial interactions).”*°

2.5.4. Applications of Silica-Biomolecule Interactions.
To date, a wide range of SiNPs has been generated and their
physical, chemical, and functional properties tuned either by
directing silica nanoparticle formation directly or by modifying
them with inorganic or organic molecules. The molecules
reported to bind with silica NPs include proteins (silica BPs,
antibodies or antibody fragments, enzymes, and streptavidin or
avidin BPs),"’%**'7** nucleic acids (DNA or RNA),****
other targeting molecules (ligands and peptide motifs),”****’
as well as cells (bacterial or viral).>**~*>* Continued research
efforts by scientists have led to silica being a key material in the
design of novel bionanostructures, further broadening its
application from nanotechnology to biomedical and further
industrial fields as shown schematically in Figure 5. A review of
applications and latest patents of solid material BPs have been
recently reported by Thota and Perry.”"’

To illustrate the wide diversity of applications, four examples
are highlighted below and images associated with materials and
their particular application shown in Figure 6. These examples
were chosen to show the potential of silica to be used as (i) a
drug delivery system (Figure 6A), (ii) biotemplate (Figure
6B), and (iii) solid support for biomolecule immobilization
(Figure 6, panels C and D). The use of silica in combination
with RS-silk protein constructs for bone and dental repair has
already been mentioned above in section 2.5.2.

Tang et al, Figure 6A, reported the therapeutic use of
mesoporous SiNPs as a potential drug delivering agent
involving a variety of pharmaceutical drugs (ibuprofen,
doxorubicin, and docetaxel), therapeutic genes (plasmid
DNA, antisense oligonucleotides, and siRNA), and therapeutic

protein cytochrome C.**° Altintoprak et al, Figure 6B,
reported a controlled silica biomineralization process involving
selective exposure of lysine amino groups on genetically
engineered tobacco mosaic virus templates, chemically
conjugating the synthetic peptides and the subsequent final
coating with silica.”>” Jin and co-workers (Figure 6C)
synthesized a DNA-silica complex able to (i) condense DNA
through the positively charged quaternary ammonium group of
N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride
(TMAPS) and (ii) stabilize silica mineralization by co-
condensing with the silica source, in this case TEOS. Further,
the formation of various DNA liquid crystals was achieved by
varying DNA concentration and the TMAPS/DNA molar
ratio, which allowed control of the DNA interaxial separa-
tion.”*” Luckarift et al,, in Figure 6D, reported a method for
preparation of a solid support for immobilization of the
enzyme butyrylcholinesterase. For this, a prepacked column
with agarose beads was charged with cobalt(II) ions for the
attachment of the His-tag RS peptide. Afterward, TMOS
solution together with the enzyme were added to the system
and silica nanospheres precipitated onto the peptide bound to
the column, subsequently, immobilizing the enzyme. These
silica-immobilized enzyme reactor columns were used as a
model liquid chromatography system to effectively screen
cholinesterase inhibitors.”*

Although there has been a steady rise in applications of silica
equipped with different biomolecules, the understanding of
how these biomolecules interact with silica NPs in vitro, in
vivo, and in silico is still unclear. Further, the silica used is
mainly amorphous, and there are not many techniques that
provide atomic resolution or accurate structural information on

such systems, especially when interacting with biomolecules."**

DOI: 10.1021/acs.chemrev.7b00660
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.7b00660

Chemical Reviews

Figure 6. Examples of specific applications of silica-biomolecule attachment: (A) mesoporous SiNPs acting as delivery vehicles carrying potential
drugs, peptides and proteins reprinted with permission from ref 253. Copyright 2012 Wiley-VCH. (B) controlled silica biomineralisation process
using peptide equipped TMV (tobacco mosaic virus) as templates reprinted with permission from ref 252. Copyright 2015 Beilstein-Institut. (C)
Silica mineralization induced by DNA liquid crystals reprinted with permission from ref 247. Copyright 2009 Wiley-VCH. (D) Enzyme
immobilization in silica nanospheres via attaching to cobalt-coated resin by affinity binding where agarose beads (empty oval), Co®* coated agarose
beads (white oval with red dots), his-tagged peptide (blue kite with string shape), enzyme (blue kite shape), and silica nanospheres (gray sphere

array). Reprinted with permission from ref 254. Copyright 2006 Elsevier.

2.6. Techniques Directly Probing SiO,-Biomolecules
Interactions

A SiO,-biomolecule interactions have been investigated by a
wide range of experimental and theoretical techniques. In this
section, some of the most recent (and innovative) studies are
discussed together with the techniques that have contributed
to our understanding of these interactions; however, as silica is
one of the most studied metal oxides worldwide, readers
should be aware that many other excellent studies in this field
showing the potential of a specific technique or in combination
with others have been reported. For example, a summary of
significant experimental studies involving interactions between
small biomolecules and silica with the corresponding
techniques used can be found in Rimola et al in 2013.'%
Again we remind our readers of the importance of under-
standing the behavior of their material under the same
conditions used for binding studies.

2.6.1. Experimental Techniques for the Study of
Silica-Biomolecule Interactions. To study interactions of
peptide-peptide/protein-peptide, phage-inorganic materials,
the combinatorial phage display technique has been widely
used to identify silica-binding peptides, epitopes, and small
antibodies from large pools of binders, ®°"0%15%176,295,256
Further, several groups have applied these phage displayed
peptides as molecular linkers to link nanoparticle and
biomolecules (i.e., peptides, proteins, enzymes, antigens,
antibodies, etc.)”’ > as well as to direct the synthesis and
construction of complex nanoshaped materials.'**>%' 7%

Despite the fact that the popularity for using combinatorial
display techniques for recognizing unique peptides having high
affinity for target materials including silica have grown rapidly,
the precision of molecular recognition for inorganic materials is
still challenging due to their binding to nonspecific targets or
limited understanding of the properties and changes occurring

during silica-peptide interfacial studies. This gap in knowledge
has forced the scientific community to look for better analytical
techniques to understand silica interactions with biomolecules
in both solution and the solid state. As an example of the
approach, Sarikaya and co-workers reported a peptide-enabled
coassembly strategy for developing hierarchical multimaterial
nanosurfaces such as quantum dot arrays (QD) and further
monitored their specific binding mechanism/affinities using
SPR, QCM, and AFM.>65%67=271 Eyrther, in a simultaneous
assembly of material BPs to a gold-silica substrate, a quartz
silica binding QBP1 (PPPWLPYMPPWS) and a gold binding
AuBP2 (WALRRSIRRQSY) peptide showed high affinity to
their specific material surfaces as measured by SPR (i.e., SBPs-
silica and AuBPs—gold).272 Moreover QCM was used to
measure the thickness of the very thin silica film coating (~$
nm) onto the Au substrate, and AFM showed specific
morphologies of the final material depending on the peptides
used. This study further showed that the combination of both
materials permitted the design of biologically viable probe
specific materials and provided a detailed description of the
materials formed.”””

Other groups have reported the ability of the SPR technique
to detect silica or silver-coated plasmonic nanostructures
tagged with immunoglobulin G (IgG), which further helped in
recognizing early cancer stages and associated biomolecules
even at low analyte concentrations.””” It should be noted that
thermodynamic studies of peptide adsorption on silica is little
explored compared to studies on gold”’* or silver surfaces
using SPR.*”* Part of the problem is in the generation of
sensors whose surface chemistry remains stable for long
enough during measurement. QCM is another technique that
has been used to investigate binding kinetics, including energy
dissipation and affinity interactions present between silica
(sensor chip) and biomolecules passing over the sensor. The
biomolecules reported on so far include amino acids,””> small
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penta or hexa peptides,”>>*’**”” longer peptides,”’* human
IgG, and hexameric peptide ligand (HWRGWV). In the study
using HWRGWW, the short peptide ligand was immobilized
on the surface of silica-coated QCM sensors using poly-
ethylene glycol as a solvent with a surface density of ~0.8
chains nm™ reported to result in an increased surface
accessibility and allowing a proper orientation of the peptide
to IgG.279

In a different type of study, Xu et al. have reported on the
adsorption behavior of poly(diallyldimethylammonium chlor-
ide) (PDADMAC) at the water interface for Laponite
(synthetic-layered silicate manufactured from naturally occur-
ring inorganic mineral sources) and Ludox (colloidal silica).”®”
This very detailed study revealed the effect of SiNPs shape on
absorption: in fact the Laponite material consisting of disklike-
shaped nanoparticles (1 nm thick and ~25 nm diameter)
showed stronger absorption than the Ludox sample which
comprises spheres (20 nm diameter). It was proposed that the
shape of Laponite NPs allowed arrangement into a more
favorable orientation during the adsorption process, forming a
more dense and rigid film/adsorbed layer. It is important to
mention that Laponite NPs are not only composed of silica but
also other ions with empirical formula
[Nay,SisMg; sLig30,0(OH),], thus, the two suspensions will
present different ionic strength which has been shown to
highly affect the conformation of PDADMAC and the type of
interactions that can take place.281 Further, the fact that
Laponite comes from a natural source, a hierarchical structure
is expected and with it different porosity and surface area
values.”® Of interest, Karpovich et al. showed a NMR
relaxometry approach that could be used to measure the
surface area of materials directly in suspension.”*’

Often studies employing combinations of techniques are
particularly valuable. For example, in a study using a
combination of atomic force microscopy (AFM), transmission
electron microscopy (TEM), and dynamic light scattering
(DLS), Ozaki and co-workers developed a site-specific process
for precipitating silica using silica BPs combined with peptide
nucleic acids (PNAs) in which the PNA sequence could act as
a binding module for a complementary DNA sequence.**’
Here, AFM showed the formation of long chains and unique
dumbbell-shaped silica nanospheres as a result of site-specific
silica biomineralisation on DNA sites. In addition, transmission
electron microscope (TEM) and dynamic light scattering
(DLS) analysis revealed that the control of nanoparticles
depended on the number of silica bindinﬁ peptide-PNA
conjugates attached to the DNA molecule.”* Furthermore,
Thyparambil et al. functionalized an AFM tip with an
oligopeptide and obtained thermodynamic data arising from
peptide adsorption on quartz and fused glass.”**

In a particularly nice study by Bharti and co-workers, they
reported the use of cryo-transmission electron microscopy
(Cryo-TEM) and small-angle X-ray scattering (SAXS) were
used as tools to study the structural properties of bridged silica
aggregates directed by the electrostatic adsorption of the
globular protein lysozyme as a function of pH ranging from 3
to 11.”%° What is important is that by using cryo methods, the
authors could closely approximate to the “real” experimental
conditions, and additionally, a theoretical/mathematical model
was also used to explain the experimental findings of the
interacting particles. Tomczak and co-workers using circular
dichroism (CD) demonstrated that modification of silica
morphology from spheres to hexagonal plates in the presence

of PLL (polylysine) was due the a-helical secondary structure
adopted by PLL at DP > 100, as opposed to random coil for
PLL with DP < 100.>*’ In another study, ultraviolet circular
dichroism (UV-CD) and dynamic light scattering (DLS) have
been used as tools to study the effect of surface properties of
two different types of SiNPs synthesized either by pyrolytic or
colloidal processes in water and in PBS at pH 7.4,
respectively.”®® In this study, the surface hydrophobicity/
hydrophilicity was found to affect the amount of BSA adsorbed
onto the silica NPs and also gave evidence for the formation of
a protein hard corona (monolayered or multilayered) when
bovine serum albumin was adsorbed.”*°

For studies of peptide silica interaction, fluorescence-based
assays using fluorophores and dyes have been used to quantify
peptide concentrations in solution. The method (by measure-
ment of the difference in the amount of material remaining in
solution) is commonly employed to quantify the amount of
peptide adsorbed on a_morgphous silica NPs of different size
and/or functionalities."**'**'”° By using fluorescamine assays,
researchers have shown that simply by changing the silica
surface properties and solution pH, the peptide adsorption
mechanism can be modified.'*®'’® In a particular series of
studies, the adsorption isotherms of peptides KLPGWSG
(positively charged), AFILPTG (neutral), and LDHSLHS
(negatively charged) were used to show the role of
electrostatic/hydrophobic interactions and hydrogen bonding
at the aqueous silica interface (Figure 4C). Further, the role of
hydrophobic interactions in peptide binding at pH 7.4 was
provided by a combination of desorption studies and thermal
methods, ie, ITC, to specifically measure the strength of
interaction.'®

Fluorescence-based assays have also been used to study the
biosilicification process using the fluorescent dye, 2-(4-
pyridyl)-5-((4-(2-dimethylaminoethylaminocarbamoyl)
methyl)phenyl) oxazole (PDMPQ).”*”*** The response of the
“silicaphilic” fluorescence to different environments such as
solvent and pH has been recently probed using fluorescence
spectroscopy as well as UV—vis, further supported by
computational data, dynamic light scattering, and zeta potential
measurements to understand the PDMPO-silica interaction.
The data show that pH affects charged states of the molecule,
particularly in the presence of silica, and modified the mode of
attachment, with both single-point (low anisotropy) or
multipoint modes (high anisotropy) modes of attachment
being possible.”*

NMR, used to analyze samples both in solution and in the
solid state is a technique which is finding application in the
study of silica-biomolecule interactions both to understand the
fundamentals of biosilicification and in the development of
biomedically relevant materials. A few examples to illustrate the
information obtainable are described. Solid state NMR has
been used to show how a collagen-like peptide (H—(Gly-Pro-
Hyp);—OH) was directly immobilized onto carboxylated
mesoporous silica particles (COOH/ SBA-15).”°° Note, these
experiments were carried out under anhydrous conditions
which may well have modified any water/biomolecule/surface
interactions. With this in mind when considering the results
obtained, the '*N spectral signal was found to be shifted to a
higher resonant frequency (70—9S ppm) when the Eeptide was
covalently attached to the bioactive silica material.””" Shifts of
magnetic resonance frequencies have also been associated with
possible intermolecular interactions (i.e., hydrogen bonding)
as reported by Lopes et al. in 2009.””" In this study, the
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chemical shift (5) of the bulk zwitterionic forms of glycine and
its polymorphs (a-, f-, and y-glycine) was of the same order;
hence, glycine was suggested to be hydrogen-bonded to the
silica surface instead of covalently bonded as this would have
given rise to much larger chemical shifts.””" Making further use
of the NMR technique, Geiger and co-workers studied the
formation of biosilica in vitro directed by the PLI12
(KAAKLFKPKASK) peptide in the presence of a phosphate
buffer.””> Here, they used solution NMR (for free PLI12
peptide) and two-dimensional (2D) dynamic nuclear polar-
ization enhanced solid state NMR (silica-bound PL12 peptide)
to understand the secondary structure and conformational
changes of the peptide. The free PL12 peptide showed random
coil conformation in solution at the eighth position (proline),
while it gets adapted to a somewhat extended (6th position
Phe) and compact helical structure (11th position Ser) when
embedded inside silica, showing more or less variability in
interaction of its hydroxyl groups with the surface of silica.””*
Should these latter studies have been performed in the
presence of an aqueous phase, which would better reflect in
vivo biosilicification conditions, it is possible that different
results in terms of binding pattern would have been observed.
Nonetheless, they give helpful hints as to the most likely
functional groups interacting with the mineral phase and
provide a strong steer in the design of further experiments,
using both experimental and computational strategies.

With the advance of sophisticated pulse technqiues in solid
state NMR and specific *C and "N labeling of the lysine
closest to the N terminus in RS (SSKKSGSYSGSKGSKRRIL)
REDOR ssNMR which is able to measure internuclear
distances has been used to investigate the role of an N-
terminus lysine in RS silica recognition at the atomic level.*'”
The use of labeling helped in recognition of the importance of
this specific lysine in binding of the peptide to silica, but given
that the polypeptide in nature is described as being heavily
post-translationally modified with polyamine units, then the
specifics of binding measured only relate to the peptide and
not to the biomolecule as would be found in vivo.”” As the
authors themselves point out, it is also possible that additional
labeling of other lysine residues might identify further silica
interaction points within the polypeptide. It should be noted
that the use of interface-specific vibrational spectroscopy in
combination with molecular dynamics simulations came to a
different conclusion,”** with the whole sequence proposed to
interact with silica leading to a fully intercalated peptide.

Researchers are also starting to use solid-state NMR
measurements coupled with computational (MD) studies.””*
The use of heavily *Si labeled materials is improving the
sensitivity of such measurements, and provided the nature of
the silica generated in the presence of a particular biomolecule
(or used for binding) is understood, then good agreement
between experiment and theory can be obtained. This
approach is one which will see greater adoption in the future
provided researchers can access labeled materials.

Raman-based spectroscopic tools (i.e, Raman, SERS,
TERS) have attracted much attention in the past decade for
the characterization of biomolecules (i.e., peptides, proteins,
DNA) and metal-based compounds such as silica and
gold.””*™*"7 What is important to note is that this technique
can be used to study samples in aqueous media unlike in
infrared spectroscopy where the signals from water vibrations
minimally interfere with signals from the biomolecule or
mineral. Moreover, these techniques have been extended from

probing inorganic material—_})eptide/protein interactions™” to
9

study catalytic reactions””’ and chemical imaging of live
cells.>”® Note that, since SERS enhancement is based on the
oscillation frequency of the electron plasma, only plasmonic
nanostructures (i.e., VO, Mo, Ay, etc.) are suitable. Therefore,
Raman-based SERS spectroscopic techniques have not been
yet considered as potential tools to study biomolecule
interactions on a silica surface itself but can be used on a
metallic surface such as Au with a thin silica coating layer.””

X-ray diffraction (XRD) has been used for the identification
and characterization of adsorbed amino acid crystals on the
silica surface, as is the case of glycine/SiO, surface””*”" and
glutamic acid/SiO, surface.?”® Although, bulk amino acid
crystals can nowadays be identified by using single-crystal
XRD, not many studies involving aa-silica interactions have
considered the use of XRD techniques due, in principle, to
amorphous silica being the surface of study in many cases. Of
interest is the fact that it was only several years ago when the
last amino acid structure (L-lysine) has been determined using
XRD by Williams et al., thereby completing the set of 20 amino
acid crystal structures 75 years on since the first amino acid
structure was determined.”””

2.6.2. Computational Techniques for the Study of
Silica-Biomolecule Interactions. Although many in vitro
tools have been employed to study silica—biomolecule
interfaces, understanding specific molecular recognition and
mineral assembly is still challenging using current technologies.
Therefore, computational studies have been used to support
the engineering of silica-based materials as they are able to
provide atomic level information including computed binding
free energies, NMR chemical shifts, vibrational frequencies,
and electrostatic potentials maps.’’” The caveats provided in
the section on studies of silica surfaces are particularly
important to consider when reading literature in this area as
it is only relatively recently that differences in speciation of the
silica surface have been overtly acknowledged.'”*****" We
now give a few examples of typical studies presented in the
literature with other studies on silica and the silica—water
interface being described in section 2.3.

Molecular dynamics simulation studies have been used to
great effect to understand the likely structure of the chemically
unmodified diatom silaffin peptide RS in the presence of silica
and to explore the role of phosphorylation on binding to silica
under both neutral and slightly acidic pH conditions.”***"!
Experimental validation of the observations made provide
further validation to the simulation approach.”*’

The study by Sprenger et al. in 2018°°" uses the best
available force fields for all of the components, defined surfaces
for the mineral phase, and advanced conformational sampling
and shows that both pH and the extent of post-translational
modification affect biomolecule conformation and mode of
interaction.'”**" Specifically, the results suggest that silica and
RS can interact through a number of amino acid side chain
residues in an extended conformation at pH ca. 7 with surface
sodium ions helping to bridge between the mineral and
biomolecule phases. At lower pH values (ca. 5) and in the
presence of phosphate group(s), the interaction is more
dependent on hydrogen bonding between the surface and the
biomolecule mediated by water. The authors used the (100)
face of crystalline quartz/>200 nm diameter silica particle as
their model of the surface, which carries different levels of
ionization at different pH values. It would be interesting to
explore if the pattern of ionization has an effect on binding.
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Additionally, for an amorphous silica as formed in nature, a
wider range of Si—O bond distances and bond angles (Si—O—
Si and O—Si—O) would be present than are found in quartz.
Would this have an effect on binding? This is as yet unknown.
An advantage of the computational approach is the ability to
explore many compositional variants of a peptide sequence
without having to worry about the difficulty in synthesis of
particular sequences. It will be interesting to see if the position
of the phosphate group which could be found attached to
serine residues at positions 1, 2, S, 7, 9, 11, and 14 (already
explored) can be used to tune the physicochemical properties
of the peptide and its mineral binding properties.

We now consider studies on peptides isolated by phage
display. Studies on quartz and quartz binding peptides by Oren
and co-workers showed that strong quartz SiO,-BPs always had
at least one of Pro, Leu, and Trp residues in direct surface
contact.””*® Further investigation on quartz SiO,-BPs
showed that the secondary structure characteristics of the
peptides was different between strong or weak binders and
suggested that the strong binders involve nonpolar, neutral
residues, whereas the weak binders contain polar and charged
residues.””” In this study, the use of advanced sampling
approaches such as replica-exchange molecular dynamics
(REMD) also revealed that interpeptide interactions are also
key in peptide-surface interactions.’”> Most recent studies on
quartz SiO,—BPs have employed replica exchange with solvent
tempering (REST) as an alternative approach to REMD-based
simulations due to a higher maximization of the conforma-
tional sampling of peptides adsorbed at the aqueous inter-
face.”

At the other extreme in terms of studies on individual amino
acids, Rimola et al. demonstrated by computed adsorption
energies that amino acids containing side chains with either
polar or large aliphatic groups have the most favorable
interaction energies toward hydroxylated amorphous silica
and suggested hydrogen bonds and London dispersive
interactions as the main driving force.”**

Recent computational studies using molecular dynamics
simulations with the CHARMM-INTERFACE force field
showed that adsorption of charged peptides (i.e., KLPGWSG
and LDHSLHS) is highly influenced by the working pH.*”""*
In contrast, no significant difference was observed for neutral
peptides (i.e., AFILPTG), which were more weakly attached
by hydrogen bonds and hydrophobic interactions.””'”?
Moreover, the amount of peptide adsorbed onto the silica
surface was shown to be influenced by the particle size, being
higher for 1ar§er particles due to the larger silica surface
ionization.””">* These quantitative predictions of peptide-silica
binding as a function of pH and particle size were comparable
and in accordance with experimental measurements (i.e.
fluorescamine assay).””'** The good agreement between
simulation and experimentation was largely due to a clear
understanding of the surface exposed to the biomolecules. In
the published study, a range of different surface chemistries
were simulated,'”® which could be related to the behavior of
the silica under different pH regimes. However, an issue that
was not addressed was the fact that the surfaces simulated were
still based on a regular or “crystalline” arrangement of silica,
which is not found experimentally for any amorphous silica.
Where there was not full agreement’” between simulation and
experimental binding data, this may suggest that surface
features, including defect structures, may play a role in

determining the binding of peptides to such surfaces. New
models are needed to progress the field.

Although great advances have been made in the mechanisms
concerning silica-biomolecule interactions, the control of
selective recognition of biomolecules is still unclear and is a
challenge for applications including the fabrication of drug
delivery systems and new catalysts, among others. Further-
more, much scientific attention is needed to increase our
limited fundamental understanding of silica-biomolecule
interactions as opposed to focusing on an application-oriented
advancement approach. A comprehensive understanding of the
solution behavior of biomolecules and silica in isolation and in
partnership is needed and will ultimately lead to the further
development of biomolecule-based silica materials with
improved biocompatibility, solubility, or functionality.

2.7. Toxicology of SiO,

Silica is, at ambient temperature and pH, slightly soluble in
water and an environmentally inert substance with no known
harmful degradation products. However, some important
studies on silica toxicology have been reported.''** 7" A
contribution of particular note is a recent review from the Hoet
laboratory where they provide a detailed update on the
toxicology of amorphous silica particles.’®® In particular, they
consider the differences in response between silicas generated
by thermal routes versus those generated by aqueous routes.
The cytotoxicity of SiNPs on cells is dependent on the amount
of material used, time of exposure to the cells, and size of the
nanoparticles, where smaller particles (<20 nm) show higher
toxicity.”””**” Note that surface area also plays an important
role in the toxicity of nanosized silica particles.”” Crystalline
silica such as quartz have shown toxicological effects when
interacting with biological systems,'*” and a higher pulmonary
toxic effect has been associated with surface activity rather than
particle size.”"’

Although NPs have been considered potential risk for health
with special reference to the respiratory system (i.e., lungs),""”
the dissolution rate of SiNPs have been shown to be more
rapid than the precipitation rate,>'! therefore, its dissolution
and elimination in biological systems (i.e., in lungs) can be
expected."" Further, due to the absence of lipophilic character
of the SiNPs and the ability of organisms to eliminate absorbed
SiO, constituents, bioaccumulation is not expected.''" Surface
modifications of nanoparticles, in general, can change
cytotoxicity of a material itself, modifying physicochemical
properties and, therefore, the way they may interact or travel
through biological systems. For example, addition of surface
functionalities such as amine groups onto SiNPs, give rise to
different surface charge values, which must be considered for
toxicity and tissue distribution profiles.''” It should be
remembered that the surface properties of a material and,
hence, its toxicity can be affected by its thermal and/or
environmental history. As an example of how to reduce
toxicity, heat treatment of cristobalite (up to 1300 °C) shows a
loss of cytotoxicity which is proposed to be due to removal of
surface radicals and conversion of silanols to siloxane
bridges."** An example of a treatment that might lead to
increased toxicity is the grinding of crystalline silicas (i.e.,
cristobalite and quartz) that may produce surface radicals,
which would increase surface hydrophilicity and potentially
toxicity; however, it is proposed that this can be suppressed by
grinding in the presence of water.'®
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The addition of biomolecules on the surface of nanoparticles
of silica, although studied in terms of interactions (see section
above) is a topic that has been little explored in terms of
moderation of toxicity. It is clear, however, that if biomolecules
reside on the surface for any significant period then they will
moderate the surface chemistry and solubility of particles and
further affect the ability of proteins, etc. occurring in the
natural environment to interact with the particles themselves
and thus moderate their biological fate. This is an area of
science that remains ripe for exploration.

3. TiO,

3.1. Overview of TiO,

Titanium oxide (TiO,) is a common oxide found in nature in
titanium-containing ores. The principal natural source of TiO,
is ilmenite (FeTiO;), a mineral containing 40—60% TiO,.
TiO, in pure form occurs naturally as rutile, anatase, brookite,
and the rare TiO,-B. Other forms exist at high pressures and
can be obtained via artificial synthetic methods [i.e., TiO, (H),
TiO, (R) etc.].’’*™*"7 Every year, at least 4.5 million tons of
TiO, are produced worldwide from mined sources.’’® The
main extraction methods are the chloride and sulfate
processes.”'® The chloride process produces only the rutile
form of TiO,. It is a cleaner, more cost-efficient approach
compared to the sulfate process and accounts for 60% of total
TiO, production.”"®

TiO, is a wide band gap semiconductor (3.2 eV for anatase,
3.0 eV for rutile) with attractive technological applications.
Due to its high refractive index and brightness, TiO, is the
most commonly used white pigment.”'” TiO, in coarse form
(grain size in the micrometer range) provides whiteness and
opacity to a variety of everyday products, from paint’*® to
plastics,”*" cosmetics,””* and food (where food grade TiO,
materials are labeled as E171).>*

The discovery of the photocatalytic splitting of water on a
TiO, electrode under ultraviolet (UV) light324 in 1972,
initiated an escalation in scientific research aimed at the
optimization of TiO, as a photoactive catalyst, which continues
to this day. As a photoactive material, TiO, is used in
environmental remediation, solar fuels, and photovoltaics, and
its photoinduced wettability properties are exploited in the
coatings industry.”>>"**" TiO, NPs are known to be more
effective as a photocatalyst compared to bulk powders,”** and
they exhibit higher photoactivity compared to macrocrystalline
semiconductor particles.329 In the biomedical field, it finds
application as an antibacterial and as a cancer treatment;”**"
however, the mechanism underpinning its photobiological
activity is not well-understood.

Advancement of the technologies listed above relies on the
development of purpose-built materials or synthetic strategies
that allow for specific functionalities such as high surface area.
A range of TiO, nanomaterials such as nanoparticles,
nanorods, and nanotubes, that can form complex three-
dimensional (3D) architectures, are accessible via a variety of
processes, including liquid-based routes,”**™**” solid state
routes,””***” metal—organic chemical vapor deposition,’*’
electrophoretic deposition,”*' radio frequency (RF) thermal
plasma,342 and laser ablation.>** However, the nanoscale
control of morphology/topology and the rational design of
complex architectures still represents a considerable challenge,
hence biomimetic approaches represent appealing and
promising alternatives to advance the field.

3.2. TiO, Properties and Traditional Synthetic Methods

Of the three main TiO, crystal structures: anatase, brookite,
and rutile, brookite is the least studied, due to the more
laborious synthesis required and the difficulty in obtaining it in
pure form.>** Rutile is the most thermodynamically stable
phase, while anatase is metastable at ambient pressure and
temperature. However, most sol—gel and aerosol syntheses
yield anatase as the main product. Anatase has been found to
be the thermodynamically favored phase for crystals up to 14
nm in size.”* Transition from anatase to rutile is dependent on
temperature, impurities, and reaction conditions. Anatase TiO,
nanocrystals with ultrahigh surface area can be produced using
a solvothermal synthesis method.*** Hence, depending on the
synthesis route used, different forms of TiO, can be produced.
Another stable form of TiO, is the monoclinic TiO,—B, which
is very rare in nature, though interestingly it has been reported
as one of the possible crystalline products in biomolecule-
assisted titania mineralization, as discussed later.

Liquid phase processing is favored for the chemical synthesis
of TiO, NPs as it generates homogeneous products, gives good
stoichiometry control, develops complex and varied shapes,
and can be used to prepare composite materials, all without the
requirement for expensive equipment.347 The most common
liquid-based routes to produce TiO, include sol—gel,**”
solvothermal,”*”*** and hydrothermal processes.””” >’
Liquid-based routes are based on the hydroxylation/
condensation reaction of a titanium precursor, usually TiCl,
or Ti tetra alkoxides such as titanium isopropoxide in the
presence of water. Variation in synthesis parameters such as
pH, temperature, solvent polarity, nature of the precursor, and
the presence of acidic or basic catalysts allows fine-tuning of
the final product’s properties.”**~**

As an example, for the sol—gel method, a very popular
process for preparing TiO,, nanomaterials in irregular
aggregate form or spheres can be obtained. The materials are
usually amorphous and are converted to a crystalline phase via
aging or calcination. This approach requires an extra
preparation step when material deposition to support materials
is needed. An important parameter in sol—gel synthesis is the
water-to-precursor ratio, which must be carefully controlled to
obtain products with defined homogeneous properties. For
example, an increased water to precursor molar ratio produces
smaller particles.”>’ A change in the reaction solution
temperature or pH is also capable of influencing final
nanoparticle size.”**”** While synthetic strategies and
conditions of reaction are commonly reported in detail in
the literature, authors often fail to comment on yields or the
efficiency of the synthetic procedures performed which has
resulted in a lack of knowledge regarding possible side
reactions or inhibitory processes occurring during synthesis.

In the hydrothermal approach, extreme pressures and
temperatures in solution enable direct synthesis of TiO, of
high crystallinity. This approach is also used to facilitate
transition of TiO, crystallinity from one phase to another (e.g.,
from a mixture to pure rutile).”>> Modulation of reaction time
gives access to nanotubes, nanoplates, and nanobelts.>>>3>*
The hydrothermal approach also allows for a direct deposition
method (e.g, in the growth of TiO, nanotubes on FTO
glass).”> Some disadvantages include lengthy reaction times,
costly reagents, and carbon impurities or the possible
formation of trititanate as a byproduct.”>***

In bioinspired approaches, where mineralization reactions
occur in water, or buffered aqueous solutions, the fast rate of
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Figure 7. (A) Crystal structures of TiO, polymorphs: (a) rutile, (b) anatase, (c) brookite, and (d) TiO,-B. Reprinted with permission from ref 361.
Copyright 2015 Royal Society of Chemistry. (B) Surface representation, surface atomic coordination, and calculated energy values for lowest
energy surfaces of TiO, polymorphs relevant to bioinorganic interfaces. Rutile surface adapted with permission from ref 362. Copyright 2016 IOP.
Anatase surface representation adapted from ref 357. Copyright 2014 American Chemical Society. TiO,-B-I surface adapted from ref 363.
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hydrolysis/condensation of traditional precursors does not
allow any control over the formation of the precipitate. We will
discuss later how this has limited the choice of precursor for
the synthesis of titania to an aqueous stable titanium complex
in the majority of biomimetic studies.

3.3. Surface Chemistry of TiO,

TiO, is the best-characterized metal oxide surface, and a wealth
of knowledge is available on its atomic surface structure, water
interface, and adsorption of small molecules from experimental
and theoretical studies. For comprehensive information on
titania bulk and surface chemistry, we refer the reader to the
reviews by Diebold and Bourikas.*****” Herein, we will focus
on the structures and properties relevant to the inorganic/
biomolecule interface.

3.3.1. Bulk and Surface Structures. In the four natural
crystalline forms of titania: anatase (tetragonal I4,/amd),
brookite (orthorhombic Pbca), rutile (tetragonal P4,/mnm),
and the rarer TiO,—B (monoclinic C2/m), the Ti*" atom is
surrounded by 6 O*” ions in a distorted octahedral geometry.
The four different bulk structures are given by the different
stacking of the octahedra and are reported in Figure 7.

Anatase, rutile, and monoclinic TiO,-B have been reported
by biomolecule-assisted synthesis.”***® Brookite to date has
been obtained only in traces in mixed phase precipitates.”’
Figure 7B shows the most stable crystal surfaces exposed in
each polymorph. Surface characterization has been performed
by XRD on a truncated mineral;**® however, most of the data
concerning exposed crystal surfaces derive from computational
studies. The most stable surface of all is the rutile (110), which
is also the best characterized due to large availability of pristine
mineral crystals.”*® The important role of the (110) surface
will be extensively discussed in section 3.6. The anatase (101)
surface has received extensive investigation in the past decade,
while information is very limited for TiO,-B.**” In the case of
anatase, it is worth mentioning that while the (101) facet is the
most exposed in naturally occurring minerals, the (001) facet is

the one most commonly expressed in synthetic samples and
has been associated with high catalytic activity.**’

All surfaces expose S-fold and 6-fold coordinated titanium
atoms, indicated by Tis, and Tig,, respectively, and 2-fold- and
3-fold-coordinated oxygen anions, indicated by O, . and O,
respectively. O, are often indicated as bridging oxygens and
O;. as terminal oxygens. In the TiO,-B (001)-I surface, the
most stable of the two possible surface terminations of TiO,-B
(001), there are two types of S-fold coordinated titanium
cations.

3.3.2. Surface Hydroxylation and Charge. Images in
Figure 7B refer to nonhydroxylated ideal surfaces, which
correspond to the bulk mineral structure cleaved at the
corresponding plane, populated by unprotonated bridging
oxygens O,. However, the surface of TiO, can react
immediately with water molecules in either aqueous solution
or moist air, and hydroxyl groups are formed. Surface
relaxation in contact with an aqueous solution at room
temperature leads to negligible spatial rearrangement, as
suggested by modeling studies and evidenced by XRD data.***

The surface hydroxyl group density of TiO, is considered to
play a significant role in photocatalytic processes and has a
fundamental role in biomolecule adsorption.**> On a macro-
scopic scale, TiO, is considered to be an amphoteric oxide,
reacting with strong bases to form titanate salts or strong acids
to form titanium(IV) salts. At an atomic level, this behavior
derives from the presence of basic terminal OH groups and
acidic bridged OH and terminal OH species. XRD analysis of a
perfect rutile (110) surface showed the presence of both
terminal and bridging oxygens above the surface plane of Ti
and O atoms and a layer of adsorbed water molecules above
the surface plane.”®® On nonideal samples (i.e., synthetic
nanoparticles), experimental methods used for determination
of the surface chemistry include thermogravimetric analysis,
Fourier-transform infrared spectroscopy, and X-ray photo-
electron spectroscopy. Surface hydroxylation varies from 0.3 to
10 OH/nm?, depending on the synthetic method. Hydroxyl-
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enriched particles with OH density of 12 OH/nm? have been
obtained by alkaline hydrogen peroxide treatment.**” A high
hydroxylation degree has been associated with good water
dispersibility,*” while DFT calculations suggest a change in
electronic structure in highly hydroxylated TiO, resulting in
improved photocatalytic activity.***

In the computational community, nonhydroxylated surfaces
are often associated with an associative water binding mode
(Figure 8A), while for the hydroxylated surface, the water

Figure 8. (A) Representation of local structure of water molecules
absorbed molecularly and through hydrogen bonds on anatase (101)
ideal surface. (B) Representation of (a) dissociative water adsorption
and (b) associative water adsorption on a rutile (110) ideal surface.
Modified from ref 357. Copyright 2014 American Chemical Society.

molecules in the terminal sites dissociate to form protonated
bridging oxygens and terminal hydroxyl surface species (Figure
8B).”’ The point of zero charge (pH,,.) of titania has been
found to be insensitive to crystallinity, with an average value of
5.9 at 25 °C,>* and thus a negative surface protonation-
induced charge develops at any pH above this point. Surface
charge is size-dependent, with a shift in IEP at higher pH for
TiO, with decreasing size (ie., pzc was pH 6.3 for 12 nm
particles, whereas it was 8.4 for 3.5 nm particles).””® This
behavior is similar to that observed for silica particles.'*®

At an atomic level, it is difficult to characterize empirically
the hydroxylation equilibrium and its pH dependency. Useful
insight comes from the application of models such as the
MUIti SIte Complexation Model (MUSIC).>”" This model
describes the hydroxylation equilibria of discrete reactions such
as the adsorption of hydroxyl groups at surface Ti atoms and
the protonation of bridging oxygen atoms. The application of
the MUSIC model extended by Koppen and Langel’”” for a
(100) rutile surface leads to a surface charge density of 0.25,
—0.18, and —0.35 C/m? pH values 4.0, 7.4, and 9.0,
respectively. This pH-dependent behavior is important to the
discussion of biomolecule interactions with the TiO, surface.

3.3.3. Water/Inorganic Interface. The water structure
and mode of binding (i.e., associative or dissociative) on titania
has been a matter of controversy for decades. The general
agreement is that, on ideal surfaces, water dissociation is not an
energetically favorable process except at the early stages of

water binding simulated by low water vapor pressure. If
spontaneous dissociation of water is to occur, oxygen vacancies
in the material are necessary. When considering biomolecule
interactions, up to four layers of water are proposed to be
involved in the binding dynamics.”®” The water interface on
both rutile (110) and anatase (101) consists of ordered water
molecules coordinating on Tisc and forming hydrogen bonds
to O,¢ in the first monolayer. In the second monolayer, water
molecules interact via H bonding with O,c, while a third
monolayer interacts with the first two layers via a network of H
bonds. X-ray measurements have not indicated the presence of
ordered water beyond the hydration layer located at 3.8 A7
and water recovers its bulk structure and properties at 15 A
from the rutile (110) surface.””® To the best of our knowledge,
studies on water multilayers on TiO,-B have not been
reported.

3.3.4. Outlook for Application at the Bioinorganic
Interface. In summary, the study of biomolecule/inorganic
interactions should be facilitated in the case of titania with
respect to its well-characterized aqueous interfaces, in
particular rutile (110) and to a lesser extent anatase (101).
Comparatively, there is much less information on brookite and
especially TiO,-B. However, we must note that in titania-
biomolecule interaction studies, there is a general lack of
characterization of the inorganic material. As an example of
what is typically reported in the literature, adsorption studies in
solution for noncovalently attached species, such as lysine,
onto TiO, was found to be similar for both amorphous and
crystalline titania films though the precise form of titania was
not described.”* It must be noted that TiO, films and
powders derived from bioinspired approaches commonly
include amorphous material or are polycrystalline. Further,
additional anatase terminations such as anatase (001) might be
important due to their higher reactivity coupled with lower
stability.”*® For these reasons, it is important that less common
crystal structures of titania are studied and their aqueous
interfaces characterized.

3.4. TiO,-Biomolecule Interactions and Applications

The study of interactions between TiO, and biomolecules,
such as peptides and proteins, at both the fundamental level
and in the generation of composite materials has become more
prominent in the past decade as researchers gain the
knowledge to develop new technological applications involving
the interface between titania and biomolecules. For example,
biomolecules can be aligned and placed on prefabricated
inorganic patterns via aptamers for use in bioelectronics,
biosensors, micrototal analysis systems (TAS), biochemistry,
drug delivery systems, and bioavailable implants.””> Also, the
introduction of biomolecules into TiO, synthesis is proving to
be an attractive step forward from traditional methods,
resulting in the modification of properties such as phase
distribution, size, shape, and surface roughness of TiOZ.‘7(”3’77
Use of biomolecules such as amino acids, peptides, and
proteins to assist with TiO, mineralization are reviewed in this
contribution, with emphasis on the role of the biomolecule and
the precise nature of its interaction with the growing mineral. A
review of the literature has highlighted an issue with the nature
of the commonly used titania precursor, especially in the
presence of salts in the reaction environment, which we try to
clarify.

3.4.1. Biomimetic Synthesis of TiO,: Role of the
Precursor and Reaction Environment. 3.4.1.1. Precursor.
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As with traditional synthesis approaches, modifications in
biomimetic reaction conditions can lead to dramatic changes in

the reaction mechanism
hydrolysis/condensation
pyrolytic decomposition

and resulting products. Traditional
of Ti precursors requires either
or alkali/acidic catalysis. Molecules

such as silicateins, when used in biomimetic synthesis require
roughly physiological conditions for the biomolecule to retain
activity; this means working in aqueous solution, at room
temperature, and circumneutral pH. An additional constraint is
that conditions have to be compatible with a titania precursor
that can condense under these experimental conditions. So
called traditional precursors, like alkoxides and TiCl,, hydro-
lyze too quickly in these conditions, so researchers have shifted
their attention toward pH neutral carboxylate Ti complexes, in
particular, the commercially available titanium(IV) bis-
(ammonium lactato)dihydroxide (TiBALDH).

The chemistry of oxo-carboxylate complexes, including
TiBALDH was reviewed by Kessler in 2013.”"® Kessler
provides detailed structural characterization of TiBALDH in
the solid and aqueous phase, reporting the actual molecular
structure as obtained by X-ray crystallography to be
(NH,)sTi,O,(lactate)s X 4H,0. This is rather more complex
than that reported by chemical suppliers and remarkably does
not contain any Ti—OH bonds, often used in mechanistic
explanations of the potential catalytic properties of biomole-
cules. More importantly, this work also evidences the following
coordination equilibrium in the aqueous phase, where
Ti(lactate);*” coexists with uniform lactate-capped TiO,
anatase nanoparticles around 3 nm in diameter. Evidence for
the presence of the particles comes from DLS, with lactate
capping confirmed by NMR NOESY experiments.””*

3[Ti,O, (lactate)]*~ + 8NH,*
« 8[Ti(lactate),]*~ + 4TiO, + 8NH, + 4H,0

Due to the particle size being below S nm, the particles are
too small for observation of the Tyndall effect, and their
dispersions look clear to the naked eye. Aggregation of such
particles can be achieved by addition of polyelectrolytes.
BSA*”® and smaller biomolecules,”’® and bioinspired mole-
cules including Polyamines,” peptide sequences isolated by
combinatorial methods,*® pegtide motifs from proteins,”* and
their sequence permutations”” were all claimed to catalyze the
hydrolysis/condensation reaction at neutral pH and at room
temperature to yield amorphous or crystalline TiO, from a
TiBALDH. In view of this relatively recent insight on
TiBALDH structure and nanoparticle equilibrium, it is
important that any study claiming hydrolytic properties of
biomolecules should be treated with caution, unless direct
evidence is clearly provided by experimental observations or
when another precursor is used as in the examples discussed in
the next section.

3.4.1.2. Reaction Environment. A spatially constrained
environment has been observed to influence the final TiO,
phase obtained. For example, biomineralization experiments
performed with peptide CHKKPSKSC in solution were found
to form amorphous TiO,; when expressed in protein cage
nanoarchitectures, pure rutile was formed.”®" Similarly, rutile
was obtained using the putative silica producing protein silaffin
rSilC;**® however, the use of the silaffin-derived peptide RS
leads to amorphous spherical agglomerates similar to those
obtained with natural polyamines and reported in Figure 9A.
Buffers are used to keep pH constant during reactions,
especially phosphate buffers. It is notable that many studies
that carry out mineral formation reactions in the presence of
buffer lead to the formation of Ti-phosphate materials, rather
than pure TiO,.”****° Phosphate ion incorporation in the final
precipitates has been evidenced by EDAX analysis with the
electron microscope.

3.4.2. Biomimetic Synthesis of TiO,: Role of the
Biomolecule. TiO, is considered a nonessential inorganic
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material for life, although recent publications discuss its
potential role in life in that some organisms can incorporate
titanium from their surrounding aqueous environment into
biomineralized structures. For example, diatoms cultured in the
presence of a water-soluble titanium precursor, led to
metabolic incorporation of titanium in their frustules.’**
Although no direct evidence of TiO, formation is reported,
photocatalytic antibacterial activity was observed for Ti-
enriched diatoms.

It is not surprising that the first attempts to biomimetically
produce TiO, involved the use of the putative silica-producing
proteins: silicatein® and silaffins.”>® In the attempt to
rationalize the role of the biomolecule in the mineralization
process, and thus tailor material properties, structurally simpler
biomolecules have been studied, including peptides and
individual amino acids. The use of these systems has led to
the preparation of a range of titania-based materials of different
morphologies. However, little progress has been made in the
fundamental understanding of the mineralization process, and
little or no insight is normally provided about the mechanistic
aspects responsible for mineral formation and/or crystal phase
control. When a mechanistic explanation is attempted, it is
described in terms of the ability of the biomolecule to catalyze
hydrolysis—condensation reactions and/or its templating
ability, especially when the biomolecule is capable of self-
assembly in the reaction environment. There also appears to be
little appreciation of the difference between catalysis of a
molecular process as opposed to coagulation leading to
material formation. Some relevant examples of TiO,
morphologies are shown in Figure 9 and are discussed
below. Little control over morphology was achieved when
either protein, polyamine, or peptides were used in biomimetic
conditions, leading to a range of amorphous particles in
agglomerate form, represented by the spermidine-assisted
precipitates shown in Figure 9A. An exception was the titania
binding peptide Til(QPYLFATDSLIK) which led to precip-
itation of monodisperse anatase and TiO,-B particles of 5 nm
diameter (Figure 9B). A remarkable result was the formation
of a hierarchical structure of crystalline rutile (Figure 9, panels
C and D) under ambient temperature and neutral pH using
the recombinant silaffin rSilC.*>*

Molecules with a high pI (i.e., a large net positive charge)
can induce and control mineralization of complex titania
structures. For example, polyamines were shown to produce
hollow spherical structures under biomimetic conditions
(Figure 9, panels E and F).” In this study, XPS was used to
investigate the effect of different polyamine protonation/
deprotonation states on both the crystalline phase and
morphology development over time. The polyamines were
claimed to self-assemble in solution, with droplets acting as
spherical templates for titania mineralization, in a similar
fashion to what has been observed in silica formation.**®
However, contrary to the silica study, no direct evidence was
provided for the formation of these droplets.

Individual amino acids have been used as additives in
traditional sol—gel or hydrothermal synthesis. In these studies,
the experimental conditions are not those expected for a
“biomimetic” synthesis as extreme pH and relatively high
temperatures are used. Nevertheless, these “bioinspired”
studies provide useful insights into the potential control that
surface recognition and direct adsorption of biomolecules can
have on crystal growth. As an example, hollow spheres were
obtained using Lys and Arg through a solvothermal reaction

(Figure 9, panels G and H),*° through a mechanism similar to
that proposed for polyamines discussed above. Interestingly,
lysine and arginine show different degrees of control over the
morphology of a particle surface (Figure 9, panels G and H).
Another example of bioinspired synthesis is reported by
Sugimoto and Kanie.”® They show a drastic change in the
aspect ratio of anatase nanorods when Asp and Glu are used in
a modified sol—gel method (Figure 9, panels I and J). It was
speculated that amino acid adsorption to specific crystal facets
was responsible for such a change. Optimisation of amino acid
concentration was found to be crucial for morphology control
as at high concentrations adsorption on TiO, surfaces could
hinder controlled crystal growth resulting in roughened
polycrystalline particles. Amino acids were shown to influence
which crystalline phase formed, with Gly, Glu, Asp, and Ser
able to stabilize anatase and polycrystalline materials being
obtained in the absence of amino acids.”®*

Several peptide sequences have been identified in the
literature as good binders for titania, using mainly single crystal
rutile of (100), (110), and (001) orientation, as substrates.”**°
A clear correlation between enrichment in basic amino acids
like Lys, Arg, and His and TiO, precipitation activity was
observed. The presence of Arg was found to be essential in
several mineralization studies. For example, in a biomineraliza-
tion attempt from a water-soluble precursor, only Arg-tagged
hybrid silicatein induced TiO, deposition on their filaments,
whereas nontagged silicatein remained undecorated.”® The
mechanistic explanation was limited to electrostatic inter-
actions with the titania precursor. In studies that use peptides,
mineralization activity was also correlated to the overall
positive charge of the sequences used; however, a high
precipitation activity has been observed in designed sequences
of overall low charge.”® For these low charge sequences, an
interesting catalytic mechanism involving a serine-histidine
motif was proposed to bring the peptide and precursor
together via electrostatic interactions, but again the model had
limited supporting evidence.

To advance understanding of the molecular requirements
when designing new peptides for mineral formation, computa-
tional (molecular dynamics) simulations have been used.
Results suggest that specific conformations and an alternation
of hydrophilic and hydrophobic amino acids as in the peptide
(Leu-Lys)g constitutes an effective configuration for TiO,
mineralization.”®” More examples on how computational
studies can complement experiments and contribute to our
understanding of the bioinorganic interface will be reported
later in section 3.6.2.

To summarize, comparing materials obtained by biomimetic
methods and materials generated by traditional synthesis
approaches: in traditional synthesis approaches, transition from
anatase to rutile is seen at a wide range of temperatures (400—
600 °C) depending on other synthesis conditions; however,
using a biomimetic a7pproach it is possible to synthesize rutile
at low temperature®®” and to retard the anatase to rutile phase
transition to temperature up to 800 °C.>** Nature’s ability to
produce complex biominerals with precision and consistency
remains unrivaled by any artificial process. To date, the most
impressive outcome of studies into biomineralized titania
structures is that of Kroger and co-workers, with their
hierarchical rutile structures formed in the presence of silaffins.
A range of morphologies are accessible from biomimetic
methods, including particles in the nano and macro range as
well as hollow NPs. Despite these achievements, the fine-
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Figure 10. Examples of applications driven by titania-biomolecule interactions. (A) Selective bacterial growth adapted with permission from ref 83.
Copyright 2015 Nature Publishing Group. (B) Anode in benthic microbial fuel cell (MFCs) adapted with permission from ref 39S. Copyright 2014
Royal Society of Chemistry. (C) Light-induced cell detachment reprinted with permission from ref 84. Copyright 2016 Elsevier. (D) Synthesis of
highly entangled hollow TiO, nanoribbons for photochemistry and optoelectronics adapted with permission from ref 377. Copyright 2009 Royal
Society of Chemistry. (E) Biomimetic layer-by-layer (BioLBL) reprinted from ref 85. Copyright 2007 American Chemical Society.

tuning of structure, morphology, size, and crystallinity is biomolecule availability), a comprehensive characterization of
currently far less controllable than for materials generated the biomineralized titania is not always possible. To evaluate
using traditional synthetic paths. Unfortunately, due to the catalytic properties and mechanistic aspects of the process,
small yields produced (reaction scale has been very small in studies should focus on mineralization using well-characterized
biomimetic as compared to traditional methods, limited by hydrolytically stable complexes other than TiBALDH.
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3.4.3. Binding Studies of Biomolecules with TiO,. The
mechanisms of interaction at the inorganic/biomolecule
aqueous interface underpins most of the applications of TiO,
in nanomedicine and other biological fields. As an example,
rationalization of the mechanism guiding molecular recog-
nition is fundamental to understanding biocompatibility and
osseointegration of orthopedic implants and can open new
opportunities for direct mineral formation. Important work on
the identification of surface binding motifs on titania (similarly
to silica) is based on combinatorial methods (e.g., biopanning
using phage display libraries). Phage-displayed peptides are
often claimed to be able to identify specific surfaces via some
sort of molecular recognition. However, some sequences show
some level of promiscuity,”** binding to more than one surface
or even more than one material. Therefore, binding affinity
must be confirmed and quantified. This is often achieved by
QCM-D as done by Sano and Shiba for the RKLPDA motif
and Puddu and co-workers®® for sequences Ti-1 (QPYL-
FATDSLIK) and Ti-2 (GHTHYHAVRTQT). A good
indicator for the validity of the combinatorial approach is
that binding studies confirm the affinity of the panning
experiment. However, there is a general inconsistency in the
materials used to select the binding peptides and those used for
the peptide binding tests. So, for the examples mentioned
above, the material panned against was described as titanium
particles and a commercial titania powder sample, respectively,
and the binding properties were characterized on titanium
sensors. In both studies, it is assumed the surface of titanium
sensor is covered by a TiO, layer, but no surface character-
ization data is provided. It is well-accepted from experimental
and simulation studies that charged amino acids (i.e., Arg, Lys,
Asp, Glu) and to a lesser extent polar amino acids (i.e., Ser,
Thr, Asn, Gln, Tyr) display the greatest amount of adsorption
to TiO,, whereas hydrophobic residues (i.e., Val, Leu, Ile, Phe)
exhibit negligible to zero binding affinity.”” Yet, the affinity of
biomolecules containing a range of classes of amino acids to
TiO, is much less clear and more information on the influence
of biomolecule conformation, competing interactions, the role
of water and buffer molecules is required.

We now consider the interaction between TiO, and other
biomolecules such as DNA. A noteworthy study with
potentially historical implications was carried out by Cleaves
and colleagues who proposed roles for several nucleic acid
functional groups (including sugar hydroxyl groups, the
phosphate group, and extra cyclic functional groups on the
bases) in binding. Their results suggest a novel preferred
orientation for the monomers on rutile surfaces.’”® The
adsorption of small nucleic acid components (nucleotides,
nucleosides, and their nitrogenous base components) on
various minerals such as rutile is of interest from the
standpoint of geochemical markers for life and may have
some relevance to the origin of a primordial RNA world.***

3.5. Applications of Biomolecule-TiO, Interactions

When considering examples of applications driven by titania-
biomolecule interactions, several investigations have focused
on the interaction of various biomolecules, including
oligonucleotides with TiO, surfaces for implant, scaffold,
sensor, detoxification, and drug delivery applications.”® Most
research in the area utilizes biomolecules attached to the
surface of titania, and in most cases, the success of the
application itself is dependent on TiO,-biomolecule inter-
actions. This is a distinct area of research in that molecular

scale interactions involve preformed titania. One specific
example is a cleavage process which targets proline groups
within peptides and proteins using light-generated radicals
from a TiO, surface.”” This process has the potential to be
highly selective, inexpensive, rapid, and tuneable, and is
considered an encouraging alternative approach to proteolytic
enzymes or chemical agents which typically require a second
reagent to discontinue cleavage.”” In another example, TiO,
nanotubes (TNs) were immobilized with horseradish perox-
idase to create a novel photoactive material for photo-
electrochemical biosensing of H,0,.*"" This strategy has
pioneered applications of nanotubular TiO, in visible light
activated photoelectrochemical biosensing.

In biomedical applications, anatase was shown to be a better
osteoconductive polymorph than rutile and brookite.*”>* It
was recently reported that a layer of 3D rutile nanorods on
titanium improves osteointegration and bone formation
capacity.394

Anatase NPs produced from the TiBALDH precursor and
using the patented “Captigel” method have been used to
support the growth of beneficial rhizobacteria in the
colonization of the roots of oilseed rape, Figure 10A.* The
charges on the nanoparticles allow formation of inner sphere
complexes with phospholipids, thus titania NPs were able assist
bacterial growth via the formation of clusters (Figure 10, Al1—
AS), resulting in increased bacteria adhesion at the 8plant root
and associated protection against fungal pathogens.”> Anatase
TiO, (101) surface selectivity for laevo- serine (L-Ser) has
been investigated in detail by the DFTB-D method to design
bacteria-friendly anodes for unmediated benthic microbial fuel
cells (MECs), Figure 10B.*” This paper is interesting in that it
uses a theoretical approach to characterize the energetic
aspects of adsorption to support design of an anode with a
specific application.

In a highly cited paper with implications for the develop-
ment of advanced tissue engineering, arginine—glycine—
aspartic acid peptide (RGD) was immobilized via simple
physical adsorption to TiO, nanodot films to produce an
efficient light-induced cell detachment method for cell
harvesting, Figure 10C.8

We conclude this section with some examples of advanced
functional materials prepared by a biomimetic approach.
Figure 10D shows how the templating effect of self-assembling
diphenylalanine in combination with atomic layer deposition
can form highly entangled hollow TiO, nanoribbons with
potential applications in photochemistry and optoelec-
tronics.””” An interesting cytocompatible process for cell-
surface deposition of anatase thin films on chlorella cells was
achieved using the peptide sequence (RKK),Dg and
TiBALDH. This process retains cell viability and metabolic
activity and increased their tolerance to thermal stress.’”®
Finally, we mention the biomimetic layer-by-layer (BioLBL)
approach developed by Sano and colleagues.””*””*”® This
research is important as it shows a successful example of how a
biomimetic approach can assist in overcoming technological
issues in traditional methods, in this specific case, interlayer
diffusion in heterogeneous structure obtained by layer-by-layer
deposition. BioLBL uses engineered ferritin nanoparticles
decorated with sequence RKLPDA (TBP) as building blocks
(Figure 10E). TBP was identified as both a good binder and
able to mediate the mineralization of materials including
titania, silica, and silver.**” The bifunctionality of TBP allows
binding to a Ti nanopattern on a Pt substrate and
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phage displayed peptide ¢Ti-
12-3-1 shows strong binding to
the amphoteric surface of Ti.

A systematic mutational
analysis demonstrated motif
RKLPDA (TBP) was sufficient for
Ti binding using QCM-D

Adhesion forces measured by
AFM showed TBP specificity
to Ti even after being
introduced into the N-
terminal domain of each
subunit of ferritin molecules.
An electrostatic binding
model is proposed.

Ti-12-31

4

TBP

The initial stages of adsorption
of TBP on Ti were modelled
using atomistic molecular
dynamics simulations

A combination of (STD) NMR
spectroscopy, NOESY and zeta
potential measurements suggest
peptide M conformation and role of
electrostatic interactions between
TiO, and Arg (R) and Lys (K)

Ab initio total energy
calculations explain how
water molecules mediated
the adsorption of the charged
amino acids of TBP-1
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Figure 11. An example of research pathway to understanding biomolecule—surface interactions using a combination of multiexperimental and
theoretical approaches. (Left to right) Adapted from ref 63. Copyright 2003 American Chemical Society. Reprinted from ref 375. Copyright 2006
American Chemical Society. Reprinted from ref 400. Copyright 2009 American Chemical Society. Reprinted with permission from ref 404.
Copyright 2015 Royal Society of Chemistry. Reprinted from ref 403. Copyright 2016 American Chemical Society.

mineralization of titania on the outer surface of the
nanoparticle. The binding and mineralization cycles can be
repeated to achieve controlled growth of homogeneous or
heterogeneous multilayered structures. The presence of ferritin
allows for sufficient segregation between layers and thus
minimizes interlayer diffusion.

3.6. Techniques Directly Probing TiO,-Biomolecule
Interactions

Interactions between peptides and titania have been analyzed
by using various high-profile experimental tools including
QCM-D, SPR, CD, etc. and complemented by computational
studies (MD and DFT). A range of information including
binding affinity and selectivity, kinetics, and thermodynamics
involving surface coverage and biomolecule conformation have
all been derived. A combined approach of multiple
experimental and theoretical approaches is necessary if we
want to progress in our understanding of the biomolecule/
titania interface. To illustrate such a research pathway for a
biomolecule-metal oxide system involving both experimental
and theoretical work, we discuss some of the milestones in the
study of the pioneering titanium-binding peptide sequence
TBP (RKLPDA) (Figure 11).

The process started with the identification and study of
phage harboring peptide ¢Ti-12-3-1, with sequence
RKLPDAPGMHTW and subsequent identification of
RKLPDA as the motif responsible for the binding properties.®®
The qualitative binding mechanism proposed initially by Sano
and Shiba involves the concomitant electrostatic interaction of
the positively charged side chain of Argl and the negatively
charged side chain of AspS to the amphoteric TiO, surface;
however, no hard experimental evidence supported this
binding model.”® This promoted further experimental studies
on TBP-binding speciﬁcitgr and the role of its primary
structure. Hayashi et al.’”> used atomic force microscopy
(AFM) to study the role of amino acid residues in binding
using TBP and its mutations fused to ferritins. Sequences
obtained by replacing Argl, Lys2, and Pro4 in TBP with Ala
were found to be weaker binders to TiO,; the authors
therefore concluded that the geometric configuration of

charged residues affects the binding strength. Molecular
dynamic simulations were used to characterize the initial
stages of TBP adsorption to the titania—water interface and the
role of water layers in surface recognition.*’”*" Simulation
shows how anchoring to the surface occurs via the Arg Rl
residue, with contributions from positively charged Lys K2
and, in part, the negatively charged Asp D5.*”" This result is
consistent with the experimental results on alanine sub-
stitution.*”* Recent NMR experiments confirm the importance
of conformation rigidity provided by proline (as suggested by
Sano) but proposed an M-shaped conformation upon binding
(rather than C shape observed upon TBP binding on silica)**®
and indicate that Arg R1 and Lys K2 residues interact with the
titania aqueous interface.**®

It is evident from the above example that given the
complexity of the bioinorganic interface, our understanding
is being continuously revised and refined as new, more detailed
information becomes available from experimental and/or
theoretical studies. The main experimental and computational
contributions that have advanced our understanding of binding
affinity and selectivity, with emphasis on quantitative and
kinetic studies and biomolecule mode of adsorption, are
discussed in sections 3.6.1 and 3.6.2, respectively.

3.6.1. Experimental Studies of Surface Interaction.
QCM-D is a powerful technique to follow and quantify surface
binding and is often used to test the binding affinity of
candidates suggested by biopanning experiments. Several
binding peptides have been studied on Ti sensors. These
sensors are generated by physical vapor deposition of titanium
onto a quartz disc. The resulting material is polycrystal-
line**>*%>%% with a surface roughness (before analysis) of 1.7
+ 0.2 nm, though we are not aware of any studies that explore
the surface after analysis. It is assumed that the surface of Ti in
these sensors is covered by a charged amphoteric oxide film
composed of amorphous and nonstoichiometric TiO,, as
previously mentioned,>®’ though most publications do not
either characterize the QCM-D surfaces and/or do not think to
consider the difference important. Further, sensors are replaced
on a regular basis as binding is found to decrease with usage,
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suggesting that the surface deteriorates with time but again this
is not usually reported.

As an example, the kinetic adsorption of peptide Ti-1
(QPYLFATDSLIK) and Ti2 (GHTHYHAVRTQT) were
investigated.*® Ti-1 shows lower affinity to the titanium sensor
and a more gradual adsorption than does Ti-2. This difference
in adsorption kinetics was attributed to possible differences in
the binding forces, which based on the peptide’s primary
structures are assumed to be mainly electrostatic for Ti-1, and
with a strong H-bonding contribution for Ti-2. Kojima
combined reflectometric interference spectroscopy (RIfS)
with QCM-D to quantitatively analyze adsorption and
solvation of proteins and lipid vesicles on the TiO, surface.
The surface was prepared by anodization of a titanium support,
with controlled thickness. This elegant approach showed how
QCM-D alone can overestimate the amount of absorbate.*””

The main experimental technique to study biomolecule
conformation in solution and conformational changes in the
presence of a mineral surface is CD spectroscopy.’***"’
Changes in secondary structure were revealed in the case of
proteins, for example, trypsin, when exposed to TiO, and
linked to the loss of enzymatic activity.'” In the case of
peptide/mineral interactions, CD spectroscopy provides less
information about actual conformational change but can still
be used to probe interactions in solution. As an example, in the
presence of a Ti precursor, shifts or reduction in peak
intensities were shown in the cases of Ti-1 and Ti-2 peptides.
While such small changes suggest an interaction, it is difficult
to relate them to the molecular structure or binding
mechanism.*

Changes in protein structure upon interaction with surfaces
are also investigated by reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) as peak shifts or changes in the
amide I/amide II ratio indicate changes in structural
conformation).*'>*'" As an example ATR-FTIR in combina-
tion with thermogravimetric analysis enabled characterization
of surface coverage on a TiO, surface.*'” With the use of this
approach, it was shown that BSA unfolds in the presence of
TiO,, permitting more effective surface binding via electro-
static interactions. However, conformational changes are better
understood when complementing experimental data with
computational studies, as discussed in section 3.6.2.

Mirau et al. developed high-resolution NMR methods,
including NOESY and saturation transfer difference (STD), to
study the 3D structure of peptides, including TBP (RKLPDA)
adsorbed on fumed silica and titania P25 NPs.**° Both
conformation and orientation of TBP on titania were obtained
and unexpectedly were the same as those adopted on fumed
silica.”*® A C-shaped conformation for TBP upon binding was
proposed; however, little insight on the interactions between
peptide and titania or consideration of the titania surface
properties are provided. More recently, STD NMR in
conjunction with zeta potential measurements were used to
characterize the TBP-TiO, interactions, and the structure and
dynamic nature of TBP bound to TiO, nanoparticles in
solution was determined.**” In accordance with the STD data
and zeta potential measurement, the N-terminus acts as a
binding anchor with residues Argl and Lys2 interacting
directly with the negatively charged surface by electrostatic
forces. TBP structure upon binding is proposed to be M
shaped.*” In comparison with previously suggested binding
models for TBP, this is the first one that takes into account the
surface charge speciation derived from experimental data.

3.6.2. Computational Studies of Surface Interactions.
Computational simulations have been used to explore the
biomolecule—TiO, interface. Zapol and Curtiss reviewed
literature up to 2007 on the theoretical studies of the
interaction of various biomolecules with the anatase and rutile
forms of TiO,, relevant to functionalization of TiO, NPs for
applications in catalysis, solar energy, sensors.*'” When
simulating the biomolecule/inorganic interface, it is important
to consider plausible models of the inorganic surface and the
biomolecule in the presence of liquid water. Many computa-
tional studies focus on ultrahigh vacuo behavior, which is
clearly a nonrealistic representation of the biomolecule/
mineral interface, or use an ideal rutile (110) etc, which
does not reflect the chemical complexity of the exposed surface
as discussed in section 3.3.°°° The use of realistic surface
models and force fields can drastically improve the reliability of
molecular dynamics simulations to complement or even
predict experimental data, as shown by Emami et al. in the
case of silica’® We start our discussion providing some
examples of research that uses or develops appropriate and
validated force fields.

3.6.2.1. Force Fields and Models. To allow for molecular
dynamic simulation, the interaction potentials of all species
involved must be known or represented by a model. Models
that describe the inorganic surface must be validated by
comparison with well-characterized physical properties. A
remarkable contribution to the understanding of the atomic
scale of the rutile (110) aqueous interfacial region and
electrical double layer was that of Predota and collaborators
who in a series of contributions developed a reliable force field
for rutile (110) surfaces applicable to the study of
biomolecules.***”#*'* The development of this force field
was elegantly supported by a range of in situ X-ray crystal
truncation rod (CTR) measurements of rutile (110) single-
crystal surfaces in liquid water at room temperature. Predota’s
force field is at the center of subsequent variations used in
several simulation studies of the (110) rutile surface.®”**

A force field to model Ti/TiO,/water interfaces has been
developed by Schneider and Ciacchi.*'* This model takes into
account the oxidation and hydration reactions of titanium
surfaces as discussed in section 3.3 and is developed to match
Ti isoelectric point and surface charge consistently with typical
experimental values at neutral pH and low ionic strength.*'®

A biomolecule is generally described by well-established
force fields such as AMBER""" or CHARMM.*'® The aqueous
solution should include liquid water and dissolved ions.
Common models for liquid water are TIP3P and SPC/E,
which do not consider water dissociation. This is generally
considered appropriate for studies on an ideal surface, as H,O
dissociation is unlikely to occur unless on surface defects, as
described in section 3.3. However, we need to keep in mind
that many real titania/biomolecule interfaces do not use ideal
surfaces but amorphous or polycrystalline surfaces with
defects; hence, in these systems, water dissociation could be
a better representation of the early stages of water adsorption.
To the best of our knowledge, a dissociative water model
applicable to large computations in the presence of electrolytes
is not currently available, thus associative models represent a
reasonable compromise between the accurate description of
the physical properties of bulk water and their electrolytes and
computational efficiency.’”® A simplified force field for
simulating amorphous TiO, nanoparticles, rather than
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Figure 12. Examples of simulation snapshot of biomolecules on rutile (110) titania surfaces (A) representative structure of the Ala-Glu + water
complex reprinted from ref 364. Copyright 2006 American Chemical Society. (B) Dipeptides L-Ala-L-Glu (top) and 1-Ala-L-Lys (bottom) reprinted
from ref 418. Copyright 2008 American Chemical Society. (C) Binding dynamic of triple helical segment reprinted from ref 419. Copyright 2007
American Chemical Society. (D) Amino acid analogues reprinted from ref 416. Copyright 2014 American Chemical Society. (E) Ti-1 and Ti-2,
predicted from the REST-only simulations scale bars: 1 nm. Reprinted from ref 87. Copyright 2016 American Chemical Society.

crystalline surfaces, was recently developed by Luan et al. and
applied to the study of biomolecule adsorption.*"”

Experimental work is often carried out at high ionic
concentration, and this should be taken into account when
correlating simulation results with experimental work.**> While
the potential for the inclusion of ions compatible with different
liquid water models is available,”””> most works do not include
their contribution or do not use them at concentrations
comparable to real life experiments. There is therefore a lack of
understanding on the effect of high ion concentrations at the
biomolecule/TiO, interface. Further, it must be noted that
comprehensive pH-resolved surface models for titania surfaces
have not yet become available.”*’

3.6.2.2. Adsorption Conformation and Mechanism of
Interaction. Atomistic molecular dynamic simulations com-
plemented by ab initio calculations can provide important
geometrical information, such as atom surface distance, peptide
backbone, and side chain geometries upon binding.

The use of simple dipeptides has provided important insight
on binding anchoring points onto the TiO, rutile (110)
surface. Figure 12A shows an early report using a MD
simulation to indicate that the C-terminal polar group provides
an anchor to the surface with a bidentate interaction involving
both carboxyl oxygens and two adjacent undercoordinated Ti
atoms.”** In another study, classical MD simulations in
conjunction with XPS suggest carbonyl oxygens and nitrogen
atoms as most probable surface contact points (Figure 12B).""*

The dynamics of biomolecule conformational changes upon
binding were elegantly simulated for a type I collagen triple
helical segment comprising 21 amino acids."'” A clear
disruption of the otherwise stable secondary structure in
solution, upon binding to rutile (110), was suggested in a
classical MD simulation study as shown in Figure 12C.*"? The
binding mechanism involves hydroxyproline and proline

AA

residues through a combination of Ti—O coordination and
hydrogen-bond interactions, resulting in strong adsorption of
the peptide to the TiO, surface.

Calculations of the binding free energy of various amino acid
side chains at the negatively charged aqueous rutile (110)
interface suggest that charged amino acid analogues have a
stronger affinity for a TiO, surface compared to uncharged
amino acid analogues.416 Uncharged amino acid analogues
display weak or repulsive interactions with TiO,, the
interactions between polar residues may be cumulative and
therefore may contribute to their adhesion to TiO, (Figure
12D).

The role of water at the interface has been suggested to have
a crucial role in binding events at the interface. Acidic and
charged residues were shown to bind to titania indirectly via
interactions with the water layers at the interface, as opposed
to the titania surface itself."**** Water activity was found to
influence peptide surface interaction, with adsorbed water
layers playing an intermediary role by creating hydrogen bonds
with hydrophilic peptide groups.*** Local water density was
found to vary on a rough surface and found to favor the
binding of peptide sequences of appropriate hydrophilic/
hydrophobic motifs capable of matching these changes.*"!
Concerning the binding mechanism, enthalpic versus entropic
modes of binding were suggested for two titania-binding
peptides Ti-1 (QPYLFATDSLIK) and Ti-2 (GHTHY-
HAVRTQT).”” These peptides were shown to have similar
binding affinity as measured by QCM; however, replica
exchange molecular dynamics (REST-MD) suggested dramat-
ically different modes of binding,®” Figure 12E. The degree and
distribution of residue-surface contact support a binding model
where Ti-1 without the presence of a strong anchor residue is
an entropically driven binder. On the other hand, Ti-2 which
features a high number of periodically spaced anchor residues
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Figure 13. Models of ZnO crystals showing the spatial arrangement of oxygen and zinc atoms forming the Wurtzite crystal structure, anisotropic
growth of ZnO along the ¢ axis forming rods, and the properties, including surface energies of four low-index ZnO crystal planes. The model of the
unit cell of ZnO was adapted with permission from ref 464. Copyright 2012 Elsevier. The model of the Wurtzite crystal structure and the surface
energies of the four low-index ZnO crystal planes were adapted with permission from ref 464. Copyright 2012 Elsevier. Note: (1020) and (1120)
when expressed in the more conventional 3 digit Miller indices sometimes used in publications are equivalent to the (100) and (110) planes.

Examples of both are found in the literature.

along the chain length can be described as an enthalpically
driven binder.*’

3.6.3. Summary. In summary, despite years of study, TiO,
remains a relevant and exciting material from a surface science
perspective. Despite being a nonbiogenic mineral, biomole-
cule-titania interactions have pivotal roles in a wide range of
technological and biomedical applications. Much progress in
understanding TiO,-biomolecule interactions has been made;
however, further fundamental knowledge is still required if we
are to truly understand and exploit the MO—biomolecule
interface. Compared with other oxides, titania surface
chemistry and the aqueous interface is well-characterized
with substantial experimental and theoretical research available
on the most stable surface terminations. This knowledge is not
always taken into account when considering interactions with
biomolecules, thus limiting advancement of our understanding.
This is for both the generation of novel forms of the mineral
and for exploiting the surface chemistry by the binding of
molecules directly to the surface. Substantial progress in
determining surface structures from first-principles has been
achieved through theoretical studies (i.e, DFT). The
combination of theoretical studies with experimental studies
is allowing more realistic representations of the interactions of
biomolecules including molecules such as water with the
surface of TiO,.

3.7. Toxicology of TiO,

In the past decade there has been a rapid growth in
publications regarding the safety of TiO,. TiO, particles
were originally considered to possess low toxcity,”*" but this
general consensus was contested after lung tumors were
discovered in rats exposed for two years to high concentrations
of fine TiO, particles.*”” This revelation caused The
International Agency for Research on Cancer to swiftly class
TiO, as a Group 2B carcinogen (possibly carcinogenic to
humans); however, this move has since been questioned as it
emerged that the observed tumorigenic effect may have been
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attributed to lung overload instead of the specific carcinoge-
nicity of fine TiO,.**"**

Further studies have shown that NPs of TiO, possess
physiochemical properties that affect their biological behavior,
and thus potentially these nanoscopic particles offer a greater
safety concern compared to larger particles.**~*°
interest in this material has grown significantly over recent
years, the research community has begun to realize what was
once regarded as a benign material with low toxicity may not
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be the case with many credible sources of information
highlighting potential toxicity.***~**¢

Today, articles connected with the safety of TiO, particles
are frequently published, as many research groups explore this
important topic.”””~**’ The exposure to TiO, NPs can be in
the form of aerosols, suspensions, or emulsions. To exert
toxicity, titania must be able to enter the organism, via
inhalation or ingestion. Once in the organism, it has been
shown how NPs can migrate and accumulate in other organs,
although these studies were carried out on mice and rat models
and at concentrations much higher than those encountered in
the workplace or daily life.*** As nanosized TiO, is thought to
exert greater toxicity due to the increased surface area,”" the
presence of biomolecules on the TiO, surface will increase
particle size and potentially reduce toxicity.**’

The use of thin films of good mechanical quality should
highly reduce the risk of exposure. Though there is no
definitive answer on the topic of the long-term safety of
particles at this time, future research into this area may
ultimately provide answers to this question.

The toxicity of TiO, nanoparticles has potential to be
harnessed for the good by the photoinduced toxicity of TiO,
being exploited for medical and clinical purposes. TiO, coated
surfaces have been shown to inhibit bacterial growth®" or be

active in photodynamic and sonodynamic therapy of cancer.**

DOI: 10.1021/acs.chemrev.7b00660
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.7b00660

Chemical Reviews

4, ZnO
4.1. Introduction to ZnO

Zinc oxide (ZnO) is a II to VI compound semiconductor with
a wide direct band gap of ~3.4 eV and a comparatively large
exciton binding energy of ~60 meV at room temperature (300
K).”*** Naturally occurring ZnO, known as zincite is
ordinarily found with impurities including manganese and
other elements giving it a yellow or red appearance.”** Early
uses of ZnO date as far back as the Bronze Age where it was
produced as a byproduct of copper ore smelting and used for
wound healing.“’5 For many centuries, its major application
was in the production of brass, an alloy of copper and zinc.**
In the last century, interest in this material has grown rapidly
with the discovery of its useful piezoelectric properties.**
Improvements in synthetic ZnO growth processes has also led
to a rise in research, farticularly for electrical and
optoelectronic applications.”””*** Emerging technological use
includes the making of field emitters, varistors, piezoelectric
devices, acoustic wave devices, solar cells, photocatalysts, and
transparent conducting materials.”******* In its polycrystalline
form, ZnO has been used as an additive in paint 4pigmentation,
as a lubricant and in the manufacture of rubber."*"*** Despite
debates about the toxicity of ZnO, as will be discussed in this
review, it remains an attractive material for biomedical
applications.””****** In the pharmaceutical and cosmetic
industry, ZnO nanoparticles (ZnO NPs) are used as an
additive for sunscreen or facial powders as they reflect and
scatter UV light without damaging human skin.**> ZnO NPs
have also been investigated for use by the food industry in
surface coatings and packaging because of its antimicrobial
activity.**>**”" Other developing biomedical applications
generating attention in recent years is the use of ZnO NPs
for drug delivery, gene delivery, cancer therapy, biosensing, and
biomedical imaging.”” ¢4+

4.2. ZnO Synthesis Methods and Properties

The most common methods to synthesize ZnO nanostructures
are either vapor routes (usually at high temperatures, from
500—1500 °C) or solution routes (typically at temperatures
below 200 °C). Commonly used vapor route techniques are
vapor phase transport,*°~*** physical vapor deposition, >
and chemical vapor deposition.”*~*7 Frequently used
solution routes are hydrothermal methods,*® chemical bath
deposition (CBD),*” spray pyrolysis,*** electrophoresis,**"***
and microwave-assisted thermal decomposition.*** Depending
on the synthesis process used, three crystal forms of ZnO can
be formed; rock salt which requires relatively high pressure for
its formation, zinc blende which can only be synthesized using
cubic substrates, and the wurtzite structure which is the
thermodynamically stable phase synthesized under ambient
reaction conditions.*****”

When biomimetic synthesis strategies are used, ZnO
typically crystallizes in the wurtzite form; Figure 13 shows
hexagonal symmetry, a space group Cémc and lattice
parameters a = 0.325 and ¢ = 0.521 nm giving it a ¢/a ratio
of 1.60, which is close to the elementary translation vectors of
an ideal hexagonal unit cell (c/a = 1.633).%%*** The wurtzite
structure consists of tetrahedrally coordinated ions where one
Zn*" ion is surrounded by four O*~ ions and vice versa forming
alternating planes that are stacked along the c axis, resulting in
a structure with no central symmetry.*****® Crystal morphol-
ogy is controlled by a combination of energetic and kinetic
factors. Characteristically, using solution synthesis methods
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that employ alkoxides or various simple salts as precursors
without additives, elongated hexagonal crystals having both
polar and nonpolar planes are formed, Figure 13,'%27#57467:468
The most common basal planes are the positively charged
(0001) Zn-terminated and the negatively charged (0001) O-
terminated polar planes.*”**”*’° The more thermodynami-
cally stable nonpolar planes such as the (1010) and (1120)
planes contain both Zn and O species.””” The oppositely
charged (0001) and (0001) polar planes result in a dipole
moment across a crystal and have higher surface energy than
the nonpolar surfaces; therefore, to lower the free energy of the
system, incoming precursor ions favorably adsorb to the polar
planes resulting in anisotropic crystal growth along the ¢ axis
with the formation of elongated hexagonal crystals."*”*"
With the use of solution synthesis methods, one- (1D), two-,
and three-dimensional ZnO structures have been formed. 1D
ZnO structures have the most abundant and diverse
configurations includin, rods, 33471472 plates,33 disks,”” nee-
dles,"”® tubes,*”* rings,27’475 belts,*’® wires,*”® prisms,*””
pyramids,””**”” flowers,””*** and spheres.”®' Remarkably,
further morphology modification including the formation of
mesoporous structures with enhanced surface area has been
achieved in a controlled fashion using biomolecules such as
amino acid and peptides.””*>*>*® What is clear from the
extensive literature on this material is that the vast
morphological landscape reflects the relative energies of the
various crystal faces expressed/allowed to grow. The system is
a good one to study in that small changes in reaction
conditions manifest themselves in directly observable differ-
ences. However, this factor also causes problems in terms of
reproducibility and in the understanding of which specific
change in the reaction medium has led to the observed effect.
This will be discussed in detail further on in this review in the
section, Techniques Directly Probing ZnO-Biomolecule
Interactions. It is incredibly important to the community
that full details of experimental protocols are reported so that
others can extend a particular area of research.

4.3. Surface Chemistry of ZnO

Characterization of the surface in relation to the liquid phase is
very important as physicochemical properties of the surface
directly influence interaction with other chemical species
including biomolecules. The surface of ZnO has been studied
using experimental, theoretical, and computational techniques
such as low energy electron diffraction (LEED), X-ray
photoelectron spectroscopy (XPS), X-ray emission spectros-
copy (XES), scanning tunneling microscopy (STM), and
density functional theory (DFT)."*™*** STM has been
particularly useful for structural characterization of ZnO
surfaces at the atomic scale.**>*** For example, using STM
microscopy, the surface of the (0001) plane has been found to
be rough with triangular step edges, small terraces, holes, and
islands, whereas the (1010) plane has been described as a
surface with a well-defined flat (small roughness) terrace step
structure associated with ZnO dimers that are elongated and
aligned along the (0001) or (1210) direction.”™™*** The
adsorption (physisorption and chemisorption) of solvent
molecules on the surface of ZnO has also been of considerable
research interest.**>**¢ For example, in water, the surface of
ZnO is hydrolyzed forming hydroxide layers which, depending
on solution pH, become charged by reacting with either H" or
OH™ ions due to the surface amphoteric nature of ZnO and
Zn(OH),."® Characterization of the surface in relation to the
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liquid phase is crucial as it will directly influence interaction
with other chemical species including biomolecules. Under-
standing the surface properties and surface terminations is
essential for the atomistic understanding of binding behavior as
well as being able to compare data between experimental
studies and simulations. Therefore, we highlight what is known
regarding the surface properties of ZnO, focusing on the
influence of an aqueous environment.

The investigation of the facet specific interaction of H,O
with ZnO started in the early 1980s.**” Researchers studying
various stable ZnO faces found different water surface
interaction patterns including complete or partial dissociation
of water which generated different kinds of hydroxyl groups,
water adsorption, and indicators of the formation of H,O
bilayers and multilayers.”®* Variations in these patterns
obtained from experimental and computational approaches
indicate that the H,0/ZnO interface is very complicated. Even
more challenging is that disputes and differences persist in
computational approaches used to study ZnO surfaces,
whether in vacuum or a more realistic aqueous environment.
Computational methods that have been used to study ZnO
surface include MD, density functional theory based tight
binding (DFTB) density functional theory (DFT), and
reactive force field (ReaxFF). Herein, we will discuss some
studies where these computational methods have been used
and thought to result in conclusions that complement/support
experimental studies.

4.3.1. Nonpolar ZnO Surface in an Aqueous Environ-
ment. As previously mentioned, the ideal (1010) ZnO surface
(as well as the (1120) facet) is terminated with both zinc and
oxygen atoms and is therefore nonpolar and stable in contrast
to the polar surfaces. The surfaces possess the same periodicity
as the bulk crystal.”®” The (1010) surface comprises ZnO
dimers that are partially coordinately unsaturated and can act
as Lewis acid or base sites. The unsaturated linkages are tilted
from the surface with the oxygen atom being on the
outside.***** The characteristic structure appears as a series
of rows separated by trenches along the (1120) direction.**”

The interaction of H,0O with the ZnO (1010) surface has
also been extensivelg investigated by quantum chemistry
calculations (DFT)*" where a surface pattern with (2 X 1)
periodicity under a monolayer of water was identified. This
result was in good agreement with previous STM inves-
tigations.491 The (2 X 1) superstructure led to the formation of
a strongly bound hydrogen-bonding network, while molecular
adsorption was preferred at lower water coverage.””> For all
studies discussed below, unless otherwise stated, the (2 X 1)
superstructure is referred to. In another study, MD simulations
applying a reactive relatively recently developed force field
(ReaxFF) was used to study the monolayer coverage
adsorption of water on flat and stepped ZnO (1010) surfaces
at three different temperatures.”” This study also confirmed
the occurrence of an equilibrium between molecularly and
dissociatively adsorbed water on the (1010) surface.*”> ReaxFF
force field is designed to simulate the breaking and formation
of bonds during dynamics and has only recently been adapted
to model interactions between ZnO surfaces and water
molecules.””® The accuracy of ReaxFF is often disputed as it
attempts to simulate complicated electronic effects using
simple potential energy functions.””* Although many questions
remain about the different computational approaches used, the
current disagreements are certainly a vital healthy step toward
developing accurate simulations of complex surfaces like ZnO
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and subsequently precise modeling of ZnO-biomolecule
interactions.

High-resolution electron energy loss spectroscopy
(HREELS) and thermal desorption spectroscopy (TDS)
studies of water interaction with the mixed-terminated ZnO
(1010) surface at ambient conditions also provide evidence for
the development of a well-defined superstructure based on the
partial dissociation of water molecules. This observation was
confirmed by infrared data which show the water-induced O—
H stretching modes at 3193 and 3709 cm™" as well as the peak
at 3677 cm™' arising from the OH species. The red shift
indicates strong hydrogen-bonding interactions of H,O to
neighboring adsorbate molecules as well as the surface oxygen
atoms that are responsible for the partial dissociation of water
molecules on the perfect ZnO (1010) surface.*”

The hydroxyl groups on mixed-terminated ZnO (1010)
surfaces have been studied by infrared spectroscopy where
partial dissociation of water was observed leading to coexisting
H,0 (~3150 and 3687 cm™') and OH species (3672 cm™).
Furthermore, isolated OH species (3639 and 3656 cm™)
could be identified for the mixed-terminated ZnO (1010)
surface. The interaction of H,O with surface defects was
suggested to yield hydroxyl groups (or O—H--O species)
(3564 and 3448 cm™!).**® In contrast to the 50% dissociated
water model for monolayer structure, an alternate model of a
fully dissociated (1 X 1) monolayer has been proposed based
on results from synchrotron-based ambient pressure X-ray
photoelectron spectroscopy (APXPS).*”

In other studies on the same crystal face combining STM
and DFT, most H,O molecules were found to be in the half-
dissociated (2 X 1) superstructure, which is the lowest-energy
configuration. However, the authors also identified the
coexistence of an energetically, almost degenerate, config-
uration which corresponds to a fully molecular water
monolayer. A continuous switching between these two states
via a dynamical process of association and dissociation was
suggested to occur.””® It is clear from the literature that even
for this purportedly stable surface, there is still some
disagreement as to the exact nature of the ZnO—water
interface. Clearly this has huge implications for how we
approach the development of models to use in our studies of
biomolecule- material interaction from both the design and
execution of experiments and computational simulations.
Particularly for the latter, a bad choice of surface/water
construct will lead to very different outcomes.

4.3.2. Polar ZnO Surface in an Aqueous Environment.
In comparison to the ZnO (1010) surface, the polar stable
surfaces of ZnO are less well-studied. These surfaces are very
important in bioinspired ZnO materials. The stability of such
surfaces is problematic as the atomic configurations and
associated electronic structure of the surface very much depend
on the preparation techniques and conditions.*”” The (0001)-
Zn and (0001)-O surfaces may be viewed as planes of Zn and
O, respectively, that are coordinatively unsaturated and present
dangling bonds at the surface. Due to partially filled energy
levels, a surface perpendicular dipole moment is developed,
creating surfaces which are expected to be unstable and prone
to reconstructions.”***" Stabilization of the surface has been
proposed to occur through the creation of metallic surface
states,”"” geometric reconstruction, #2483 randomly distributed
vacancies,”’' impurity atoms in the surface layers, or the
presence of charged adsorbates.”***® The conditions used to
prepare and observe the material itself will almost certainly
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affect the surface structure and lead to some of the variability
in surface structures reported.

Examples of methods used to characterize the unstable
surfaces include UHV scanning tunneling microscopy where
nanosized islands with a size-dependent shape and triangular
holes with single-height steps were identified with correspond-
ing ab initio calculations predicting triangular-shaped recon-
structions over a wide range of oxygen and hydrogen chemical
potentials.”®> The reconstruction was proposed to be electro-
statically driven with the overall decrease of the surface Zn
concentration stabilizing this polar surface. There is even a
report of a particular amount of charge transfer needed to
stabilize the polar surface [6 = (1-2u)Z ~ Z/4].**" In addition
to triangular phases, a coexisting (1 X 1) surface reconstruction
has also been observed.**> Moreover, if the surface charge can
be reduced by 1/3 (which is more than the estimated
reduction of 25% from a classical ionic model) then the
electrostatic instability of polar ZnO surfaces can be
eliminated.

The surface/H,O interface is important as water is involved
in many reactions, for example as a reactant, solvent, or
contaminant.’®* A recent review by Costa et al,, in 2016, on
the adsorption of amino acids and peptides on metals and
oxides in an aqueous environment highlights the importance of
water molecules on the surface chemistry, the adsorbed
chemical form, and its distribution on the surface’® A
complementary computational study exploring the adsorption
of selected amino acids on bare and hydrated (one to two
hydration layers) ZnO (1010) surfaces showed that the
calculated binding energies are strongly affected by the
presence or absence of this hydration layer.”®® Clearly these
outcomes are important for us to consider as we develop our
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understanding of the ZnO biomolecule interface, whether it be
through computational or experimental approaches, and is an
area of research that requires further development. In section
4.5, we will discuss in further detail techniques that have been
used to probe interactions between biomolecules and ZnO.
First, we highlight the developing technologies exploiting ZnO-
biomolecule interactions to underline why it is indeed
important to further develop understanding of their interfacial
interaction processes.

4.4. ZnO-Biomolecule Interactions and Applications

Realization of the potential applications of metal oxides like
ZnO depends on control over its physicochemical properties,
which in turn is directly influenced by the synthesis process.
This section highlights the growing use of biomolecules in
synthesis to control growth and physicochemical properties as
well as advancements in applications that exploit ZnO-
biomolecule interactions.

4.4.1. Biomolecules Used for ZnO Synthesis. Some of
the biomolecules used in ZnO synthesis include gelatin,
polyethylene glycol (PEG),”**”” DNA,’” silk, albumen,
urease,”” amino acids,*>*>°'° peptides, polyamines, cyclo-
dextrin,>"! egg-shell membranes,”'? palm olein,>*® arabic
gum,SH’515 bacteria,*'®*'7 and viruses.”'*™>*° As shown in
Figure 14, these biomolecules do not only interact with ZnO
and form hybrid materials but also influence, in some
instances, Zn(OH), and ZnO forming systems either by
catalyzing ZnO formation,*”*' ™>*° causing the stabilization of
intermediate phases thereby inhibiting ZnO forma-
tion*>>27>2% and/or by, in some cases, also modifying ZnO
morphology, 3»3380,509,514,522,525,526,529=531  arificial ZnO-
binding peptides (ZnO-BPs) identified using either CSD or
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PD libraries have particularly shown great potential and
versatility in their ability to affect ZnO formation. There is
growing interest in understanding ZnO-ZnO-BP interaction
mechanisms, the consequences of such interactions, and
possible applications that can be developed exploiting such
interactions 33+481:526-528,532-534

Reports of ZnO morphology modification where ZnO-BPs
have been incorporated in syntheses include the formation of
lower (in comparison to the aspect ratio of ZnO rods formed
without peptide) aspect ratio ZnO rods and platelets when G-
12 (GLHVMHKVAPPR),>>** its derivative GT-16
(GLHVMHKVAPPR-GGGC),””** EM-12 (EAHVMHK-
VAPRP),*” and certain postselection-modified alanine mutants
of G-12°" were incorporated in the ZnO synthesis under
specific growth conditions. Peptide-directed aspect ratio
reduction of ZnO rods was also observed when dipeptides
from the EM-12 sequence [i.e., My Hy (dipeptide of
methionine and histidine found at position 5 and 6 in EM-
12 sequence) and Hg K, (dipeptide of histidine and lysine
found at position 6 and 7 in EM-12 sequence)] suppressed
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growth of ZnO along the (0001) direction even more than
EM-12 when used in ZnO synthesis.’*’

Interestingly, aside from affecting aspect ratio reduction of
ZnO rods through capping, other different morphologies of
ZnO have also been formed in the presence of ZnO-BPs. ZnO
synthesis with ET-17 (EAHVMHVAPRP-GGGSC), a deriva-
tive of EM-12, produced flowerlike ZnO microparticle580 and
when fused to a collagen triple helix structure, ET-17 was able
to template the growth of monodisperse single crystalline ZnO
nanowires. Other reported peptide influenced ZnO morphol-
ogies are peanutlike structures with EM-12, spheres obtained
using HHGHSPTSPQVR peptide, G-12 alanine mutants [G-
12A6 (GLHVMAKVAPPR) and G-12A3A6 (GLAVMAK-
VAPPR)],”*” a VPGAAEHT-GGGSC peptide,””” mushroom-
shaped crystals using EC-12 (EAHVCHKVAPRP),*® and
yarnlike shapes using the VPGAAEHT-GGGSC peptide.””’
Strikingly, in two of the above studies, this change from aspect
ratio reduction of rods to the
morphologies under the same ZnO growth conditions
(reaction precursor, temperature, and peptide concentration)

formation of different
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was attributed to a single point mutation of a peptide
sequence.”””>** Specifically, the formation of spheres required
the substitution of histidine with alanine at position 6 in the G-
12 sequence, and formation of mushroom-shaped crystals
required the substitution of methionine with cysteine at
position S in the EM-12 sequence.”””*** Figure 15 illustrates
some of these ZnO morphologies formed using ZnO-BPs.
Note, the precise effect of these mutations on the
conformation of the peptide, and hence, the relative
orientation of potential functional groups has not been
explored.

Also reported in literature is the ability to fine-tune the
morphology and size of ZnO particles by varying the relative
concentration of a given peptide sequence. With increasing
peptide concentration, rods of lower aspect ratio can be
obtained. In some instances, with the same peptide at higher
peptide concentrations the anisotropic growth habit of ZnO
crystals can be completely altered to form spheres, templating
through concentration-dependent formation of peptide—
peptide interactions. In one study, this change from rods to
spheres has been shown to be associated with a change from
single crystals at lower peptide concentration to polycrystalline
particles at higher peptide concentrations.””” The different
morphologies reported are peptide directed but are also
influenced by the ZnO solution synthesis systems used, which
vary in the precursor used and growth conditions.”””>*%>%
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The synthesis system used dictates the solid phases formed
from the early stages of nucleation, the formation of
intermediates including layered basic zinc salts (LBZs), and
ZnO crystal growth. Peptides can interact with these solid
phases and consequently modify the ZnO growth process and
morphology.”*”****** This explains why across the different
research groups studying these peptides, different morpholo-
gies have been reported for a single peptide incorporated as an
additive in ZnO synthesis as different synthesis systems have
been used. As small changes in reaction conditions in ZnO
synthesis manifest themselves in directly observable differ-
ences, it is crucial that every step be described in detail. For
example, how was mixing of reagents carried out, with or
without stirring, for how long (only as the precursor was mixed
with the base or throughout the synthesis)? Often reports in
literature provide insufficient information which does not allow
repetition of the precise conditions used, a situation which
needs to be rectified in the future.

As examples of the variety of structures that can be formed,
even with a single peptide, ZnO spheres have been reported
with G-12A6 peptide using a Zn(NO;),-6H,0-HMTA system,
whereas only aspect ratio reduction of ZnO rods and LBZs
stabilization (with increased G-12A6 concentration) was
observed using a Zn(CH;COO),-NH; system.””” Needles
with flattened edges and peanutlike structures were synthesized
in the presence of EM-12 using a Zn(NO;),-KOH system,
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Figure 17. Examples of developing technologies exploiting ZnO-biomolecule interactions. (A) Schematic of biosensors based on optical
transduction reprinted with permission from ref 79. Copyright 2016 Elsevier. (B) Image of a biosensor based on electrochemical transduction.
Adapted with permission from ref 547. Copyright 2011 American Institute of Physics. (C) Ilustration of self-powered biosensor adapted with
permission from ref 544. Copyright 2014 Elsevier. (D) Illustration of Fe;0,-ZnO CSN developed for diagnostics and therapy. Adapted with
permission from ref 76. Copyright 2011 Macmillan Publishers Limited.

while aspect ratio reduction of asymmetric twinned crystals to
untwinned crystals and stabilization of LBZs was reported with
an increase in the concentration of EM-12 when using a
Zn(CH,COO0),-NH; system.””® From information currently
in the public domain, the mechanisms through which ZnO-BPs
modify ZnO growth and morphology that have been validated
with direct experimental evidence include: (i) adsorption
growth inhibition mechanism (capping), (ii) peptide templat-
ing of unusual ZnO morpholo§ies such as isotropic growth of
crystals into spheres,”***”**° (iii) peptide suppression/
inhibition of ZnO growth by stabilization of intermediate
LBZs,”*”*** and (iv) peptide complexation with Zn>*" ions in
solution delaying the growth of ZnO crystals,****" all
illustrated in Figure 16. These mechanisms can occur
separately or in combination depending on the peptide
sequence, peptide concentration, and the synthesis system
used.

4.4.2. Applications of ZnO-Biomolecule Constructs.
From the many reports on the formation of novel and diverse
ZnO structures using biomolecules, it is clear that (i)
biomolecules are significant tools for the controlled, reprodu-
cible, and predictable modification of the physicochemical
properties of ZnO and (ii) detailed studies can be carried out
to understand the biomolecule-directed ZnO formation
mechanisms. However, more research is needed to demon-
strate how we can design a biomolecule to obtain ZnO
structure of specific properties (i.e, morphology and
crystallinity) and how biomolecule surface functionalization
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can impact on the applications of the material. Both areas of
research are needed to encourage the wider use of
biomolecules in synthesis to further expand and develop the
potential industrial, biomedical, and nanotechnological appli-
cations of ZnO. Additional research is needed to compare the
physical (i.e., conductivity/electronic/optical) properties of the
numerous ZnO structures synthesized using biomolecules as
this information is seldom reported by scientists exploring the
effects of the biomolecules on the composite constructs
generated.

In general, defect-free single crystalline ZnO is preferable for
piezoelectric and optoelectronic applications, while polycrystal-
line ZnO is acceptable for gas sensing and photocatalysis.>*’
An example of the modification of ZnO optical properties
using biomolecules in synthesis is the enhanced green
photoluminescence for materials synthesized in the presence
of spider silk peptides that could potentially be directly used as
biosensors or in optoelectronic devices.”*” Similarly, use of a
ZnO-BP, VPGAAEHT was shown to alter both green and blue
emissions of ZnO particles synthesized with the peptide by
affecting surface and interstitial defects.’*” Photoluminescence-
based biosensors making use of biomolecule inorganic
interfaces have also been developed to detect biomolecules
such as glucose,541 Avidin-horseradish peroxidase,542 and cells
for example in the detection of Salmonella antigen.”** A recent
review by Tereshchenko and co-workers covers the latest
advancements in ZnO and ZnO-metal (Au and Ag) nano-
composite biosensors based on the most developed optical
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methods of detection [fluorescence, photoluminescence,
surface enhanced Raman spectroscopy (SERS), and surface
plasmon resonance (SPR)].”” Biomolecules including low
molecular weight biological compounds (i.e., dopamine, urea,
riboflavin), nucleic acids [i.e, DNA and ribonucleic acid
(RNA)], proteins, and cells are some of the most common
analytes that have been studied, and these have been targeted
using biorecognition layers that are immobilized onto a ZnO
surface, Figure 17A.7°

Other ZnO biosensor devices have been designed with
signal output based on electrochemical and piezoelec-
tric***7>* transduction, Figure 17 (panels B and C). An
example of a biosensor based on electrochemical transduction
is the design of a ZnO-gold nanoparticle (Au NP)-Nafion-
horseradish peroxidase (HRP)-modified glass carbon (GC)
electrode.”®® The nanohybrid ZnO-Au NP-Nafion-film was
able to facilitate direct electron transfer (DET) between HRP
and the GC electrode to reduce and detect hydrogen peroxide
(H,0,).>*" In another example, a highly selective and sensitive
ZnO-based thin film transistor immunosensor was designed to
bind to epidermal growth factor receptor (EGFR) for potential
application in the diagnosis and treatment of cancer, Figure
17B>* A ZnO thin film surface was functionalized with
primary monoclonal antibodies that bind to EGFR. The
antibody—antigen reaction was detected as it caused
measurable channel carrier modulation. A major development
in ZnO applications is the resourceful concept of coupling the
properties of ZnO (e.g, its piezoelectric properties) to a direct
application such as a nanosensor through a single physical
process, thereby generating remarkable nanosystems that are
self-powered. This has been realized in the design of a ZnO
biosensor whose piezoelectric output is dependent on the
adsorption of Immunoglobulin G (IgG). In this development,
ZnO nanowires were vertically deposited on a substrate and
assembled into a device with an electrode to measure
piezoelectric output, Figure 17B. Au NP anti-immunoglobulin
(Au Np-anti-IgG) conjugates were then immobilized onto the
surface of the ZnO nanowires to detect IgG molecules. The
measured piezoelectric output decreased with the increase in
adsorption of IgG.>**

4.4.3. Applications of ZnO Fused with Other
Materials. Fusing ZnO particles with biomolecules can also
directly impart additional functionality. Depending on the
nature of the biomolecule and its intended use, the
biomolecule can either be used to cap the ZnO particles or
ZnO can be used to encapsulate the biomolecule. In one study,
demonstrating the former, ZnO was used to coat abiogenic
iron oxide nanoparticles (Fe;O, NPs) to generate core—shell
nanoparticles (CSN), Figure 17D.”°® The Fe;0,-ZnO CSN
were developed for dendritic cell (DC)-based cancer
immunotherapy because NPs with a high surface area can be
used as efficient carriers to deliver target antigens (Ags) to DC
but more particularly, the Fe;O, NPs can be imaged in vivo
using magnetic resonance imaging (MRI1).”® Carcinoem-
bryonic Ags were fused to the Fe;O,-ZnO NPs using a
ZnO-BP (RPHRKGGDA in a triplicate tandem repeat;
RPHPK being the ZnO binding motif while GGDA was the
linker), and their delivery into dendritic cells was monitored
using MRI and confocal microscopy. The immune response
and survival of mice immunized with the NP-Ag complex
containing dendritic cells was found to be greatly boosted in
comparison to the controls.”® Similarly, Bombyx mori silk-
fibroin peptides have been used to template the synthesis of
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cobalt (Co)-doped ZnO particles.”** The doping of ZnO with
Co ions increased the magnetic properties of the ZnO particles
through formation of intrinsic defects, that is oxygen vacancies
and Zn interstitials, which are thought to mediate exchange
coupling of Co spins. The capping of the Co-doped ZnO
particles with silk-fibroin peptides promoted cell adhesion and
proliferation in comparison to uncapped particles and further
enhanced the ferromagnetic properties of the Co-doped ZnO
particles possibly by promoting the uptake of more Co ions
into the ZnO structure.”** For diagnostic purposes, ZnO NPs
capped with saccharides (glucose, sucrose, starch, and alginic
acid) have been impregnated into cellulose fiber sheets and
used to immobilize anibodies.”*” The presence of ZnO greatly
modified the physical properties of the cellulose sheets
increasing tensile strength, opacity, and smoothness and
decreased the porosity of the sheets in comparison to
unmodified sheets. Impregnation of the cellulose sheets with
the saccharide-capped ZnO also improved antibody immobi-
lization on their surface, which is a prerequisite for the
fabrication of biosensing or bioactive papers. The sheets were
also successfully used to detect blood types using blood
antibodies and furthermore were shown to possess antimicro-
bial properties due to the presence of ZnO.”*

For its biocompatible and antibiotic properties, ZnO has
been used to encapsulate and passivate other inorganic NPs
and molecules including biomolecules that have additional
functionalities required for biomedical applications, but which
may be toxic, immunogenic, or unstable in different environ-
ments (in vivo or in vitro) if unprotected. For example,
fluorescent magnetosomes encapsulated in ZnO have success-
fully been generated.” Magnetosomes are in themselves
naturally occurring CSN as they are surrounded by a
membrane consisting of phospholipids and proteins. Through
fusion to abundant membrane polypeptides like MamC,
magnetosomes can be functionalized with moieties such as
antibodies, enzymes, and fluorophores for various biotechno-
logical uses. In an example study by Borg and co-workers, a
fusion protein of MamC, enhanced green fluorescent protein
(EGFP) and the PD identified ZnO-BP 31 with sequence
HHGHSPTSPQVR was expressed on magnetosome mem-
branes which were then coated with ZnO."” Such hybrid
magnetic semiconductor particles may have biotechnological
applications in magnetic bioseparation, imaging and drug
targeting. For a more detailed discussion on the use of ZnO
nanomaterials for biomedical applications, we recommend a
review by Zhang and co-workers that summarizes ZnO use in
biomedical imaging, drug delivery, gene delivery, and
biosensing.””

4.5. Techniques Directly Probing ZnO-Biomolecule
Interactions

As already discussed in section 4.3, knowledge concerning the
surface chemistry of ZnO is incredibly important in under-
standing how biomolecules might interact with surface species
present for any techniques being used to obtain surface specific
detail. We now consider the varied approaches that have been
used by both experimentalists and computational scientists in
the study of ZnO in the presence of biomolecules.

4.5.1. Experimental Techniques Probing ZnO-Bio-
molecule Interactions. 4.5.1.1. Combinatorial Methods.
Efforts continue to be made to identify the principles through
which biomolecules interact with ZnO. It is well-understood
that the coordination of Zn** with proteins plays an important

DOI: 10.1021/acs.chemrev.7b00660
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.7b00660

Chemical Reviews

role for the structural stability and functionality of proteins in
living organisms as evidenced in metalloproteins such as
metallothionine and zinc fingers in DNA-binding pro-
teins.”>°">°* The complexation of proteins with Zn*" is
thought to occur using specific side chain functionalities of
amino acids, namely, sulfur atoms of cysteine and methionine,
nitrogen atoms of histidine, and oxygen atoms of aspartic acid
and glutamic acid.**>*** In the study of ZnO-biomolecule
interactions, the interaction of combinatorially identified ZnO-
BPs peptides with ZnO has been of particular research interest,
and some of the key outcomes reported in the literature will be
discussed herein. The first indication of which amino acids may
be important for the interaction of ZnO-BPs with ZnO can be
deduced by noting which amino acids are enriched and which
are depleted in the PD or CSD peptide pool. However, a
detailed inspection of the peptide pool reveals that there are
some limitations to this reasoning. Basic amino acids,
particularly histidine are prevalent in most of the peptide
sequences that interact with ZnO identified using PD.
Nonetheless, as some of the sequences identified to bind to
ZnO do not have histidine residues (i.e., QWGWNMPLVEAQ
and MKPDKAIRLDLL identified by Rothenstein’s group®'
and QNTATAVSRLSP by Umetsu and group®’), other amino
acids may also play significant roles in the interaction or in
sequence alignment/conformation. Bacteriophages also pref-
erentially express some amino acids and not others (e.g,
cysteine which may be absent in PD identified peptides but
may in actuality be important for interaction of peptides with
the target surface).”*® This has necessitated the development
of other complementary selection methods for material
binding peptides and studies to understand the specificity of
their interaction with target substrates as described below.
Various experimental, theoretical, and computational methods
have been used and are being developed further with the aim
of achieving a detailed understanding of biomolecule—=ZnO
interfacial interactions at the molecular level.

4.5.1.2. Spectroscopic Methods. Fluorescence spectroscopy
based adsorption assays have been used to study the
adsorption of ZnO-BPs to ZnO.>***** Yokoo and colleagues
fused the EM-12 peptide to the N-terminus of green
fluorescent protein (GFP) and allowed the tagged peptide to
interact with the ZnO particles to quantify the amount of
bound peptide. This process was similarly carried out for
truncations of the peptide sequence (i.e, GFP-EAHV and
GFP-EAHVMHK). Adsorption isotherms were measured at
different temperatures and thermodynamic parameters esti-
mated using the Van’t Hoff equations. Changes in the Gibbs
free energy values (AG) for the adsorption of the GFP tagged
peptides were estimated to lie between —7.17 and —8.37 kcal/
mol. The observed interaction was determined to be enthalpy
driven with the main contribution from enthalpy change (AH)
values.>** The interaction was mainly attributed to hydrogen
bonding and electrostatic interactions through charged resides
of the peptide. However, studying truncations of EM-12
demonstrated that the specificity and affinity of the interactions
was also influenced by specific recognition of the alignment of
the sequence and the peptides conformation by the ZnO
surfaces.>>* Where tags are used in interaction studies, whether
for detection and quantification (as in the above study using
ZnO with fused GFP) or studies with methods requiring
immobilization of biomolecules onto surfaces (such as the used
of poly histidine tags fused at the C- or N-terminus or
biotinylation of proteins for SPR), several questions remain.
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For example, what is the effect of such tags on the structure of
the biomolecule being studied, does it matter if the tag is fused
to the C- or N-terminus, and how does the presence of a tag
influence the measured outcomes? It is certainly an advantage
to have a method utilizing a peptide/protein of interest with
intrinsic fluorescence, but this is not always the case.

In another fluorescence spectroscopy based study, the
imidazolium cations of histidine residues in positions 3 and
6 of the EM-12 sequence were suggested to be important for
the interaction of the peptide to ZnO.>*® “Hot spot” regions
for the adsorption of EM-12 peptide to ZnO were identified to
be HVMHKYV and HKVAPR by fluorescence-based adsorption
studies using peptides generated by stepwise truncations of the
EM-12 sequence.””” Labeled peptides of different concen-
trations were allowed to interact with ZnO particles then the
mixture was centrifuged to be able to quantify unabsorbed
peptide in the supernatant. The binding constant and the
maximum amount of adsorbed peptide was determined for
EM-12, specific truncations of EM-12, and alanine mutants of
the truncated sequences. All of the sequences were labeled
using fluorescein isothiocyanate (FITC) and used in
adsorption studies with ZnO and other metal oxide [zirconium
dioxide (ZnO,), tin oxide (SnO,), and aluminum oxide
(AL,04)] particles. There was clear specific peptide adsorption
to the ZnO particles and not the other metal oxides.
Comparing the binding constants (K,), HYMHKV (K, = 5.6
x 10° M™") and HKVAPR (K, = 7.7 X 10*> M™") peptides had
lower K, for ZnO particles than the original EM-12 sequence
(K, = 2.7 x 10* M™"). However, substitution of histidine and
cysteine amino acids into certain positions in the truncated
sequences (i.e, HCVAHR, K, = 9.8 X 10° M™") increased the
K, of the sequences for ZnO.”*® Note, a problem with this
approach is that it does not account for the change in
conformational space available for the truncated peptides
compared to the original, longer sequence.

XPS is another spectroscopy-based technique that has been
used to probe interactions between ZnO and peptides. As
previously mentioned, the incorporation of GT-16 in ZnO
synthesis had been shown experimentally to decrease the
aspect ratio of ZnO crystals much more than with the G-12
peptide to form ZnO platelets.”” The plane specific adsorption
behavior of GT-16 peptide was further studied using single
crystalline (0001) and (1010) ZnO films deposited onto
silicon wafers using the atomic layer deposition (ALD)
technique.”* A solution-based method and XPS was then
used to study the adsorption of G-12 and GT-16 onto the
individual ZnO planes. Both G-12 and GT-16 adsorbed to
both crystal planes, but GT-16 was found to adsorb more
selectively to the (0001) plane.** The flexible spacer in GT-16
peptide between histidine and cysteine was thought to have
facilitated the plane specificity of GT-16 to the (0001) plane of
ZnO that has the highest density of zinc atoms compared to
other planes of ZnO.™**'

"H NMR spectroscopy has been used to determine the
binding affinity of two PD identified ZnO-BPs
(HSSHHQPKGTNP and HHGHSPTSPQVR) for ZnO
particles.”’ The binding affinities were obtained by determin-
ing the line broadening effects during interaction of the
peptides with different concentrations of ZnO and assuming a
1:1 binding model. The affinity of both ZnO-binding peptides
to the substrate at pH 7.5 were determined in the nanomolar
range with a Kp value of 10 + 3 nM for HHGHSPTSPQVR
peptide and Kp = 260 + 160 nM for HSSHHQPKGTNP
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peptide. Therefore, the authors deduced that the HHGHSP-
TSPQVR peptide was the stronger binder for the ZnO
substrate used.”’ On detailed inspection of the literature, we
have noted that particularly in kinetic and thermodynamic
studies of abiotic—biotic interactions,®">>*7>%¢ there are
uncertainties in the selection and use of binding models to
appropriately represent interaction processes such that it is not
uncommon for assumptions to be made and the simplest
binding models selected. Going forward, is the best approach
to develop additional models specific to the materials and
interactions in question or should the rationale for selection of
theoretical models used to interpret data be standardized? The
use of different models makes it difficult to compare findings
among different research groups, whereas the use of stand-
ardized models may be viewed as simplistic, not representative,
or accurate.

FTIR spectroscopy has also been used to provide evidence
of the adsorption of biomolecules such as amino acids,”’
peptides,*>*">** and bacterial surface biomolecules™® onto
ZnO. IR spectral changes are observed for ZnO with
biomolecules adsorbed compared to pure ZnO. Also
alterations of the IR spectra of a pure biomolecule when it is
adsorbed to ZnO may give information on moieties important
for interaction. Raman spectroscopy has similarly been used to
identify interaction moieties of biomolecules, for example, the
amino acid cysteine®>’ and adenosine triphosphate (ATP) with
ZnO nanostructures.>*’ In the study with ATP, Raman shifts in
adenine modes were observed when ATP was bound to ZnO
under acidic environments. The interaction was attributed to
complexation of the nitrogen (N;) atom of adenine to Zn*". A
Raman shift was also observed for the NH, group of adenine
which was shown to facilitate hydrogen bonding with water
molecules and ionization of phosphate groups which also bind
to Zn0.>*” The spectroscopy approaches are not without their
own limitations but do offer the possibility for approaching a
more detailed understanding of atomic scale interactions based
on changes to the vibrational signatures of the molecules/
materials alone and in combination, this has yet to be achieved
and will require significant investment from computational
studies at the quantum level.

4.5.1.3. Nonspectroscopic Methods; X-ray Diffraction
(XRD). Using HR-XRD with a synchrotron source, a study
by Brif and co-workers showed that some amino acids can be
incorporated into the ZnO lattice, particularly, the amino acids
cysteine and selenocysteine.”®  Subsequently, this study
showed that the incorporation of the amino acids led to a
change in the optical and paramagnetic properties of the
material as well as the crystal morphology. Particularly, the
incorporation of cysteine into the ZnO lattice gave rise to the
formation of ZnO spherical crystals instead of the rods formed
without additive.”*” In another recent study using XRD, ZnO
lattice strain modification was observed when EC-12 peptide
was added in a ZnO solution synthesis method.”** This could
have occurred either by the peptide being incorporated into
the crystal lattice of ZnO or due to the adsorption of EC-12
onto the ZnO surface. This was also attributed to the presence
of cysteine in the sequence as modification in ZnO lattice
strain was not observed with the EM-12 peptide, which has M;
in the sequence instead of Cj, though no attempt was made to
understand the role of conformation on the observed
interactions.””® In other studies where there was a different
synthesis method from the study with EC-12, no lattice strain
modification was observed when ZnO-BPs such as G-12 and

AK

GT-16 (which also has cysteine in the sequence at position 16)
were adsorbed to ZnO formed in their presence.””” In these
studies, thermal gravimetric analysis (TGA) was used to
substantiate the coprecipitation of peptides with ZnO by
determination of the additional weight loss for samples
prepared in the presence of biomolecules in comparison to
materials prepared in the absence of the biomolecule.****”>**
The data suggest that parameters such as synthesis conditions,
precursors used, and amino acid position in the sequence may
also influence the ability of certain amino acids and peptides to
modify crystal lattice strain (and hence optical/electrical
properties) and should be explored in a systematic manner.

4.5.1.4. Nonspectroscopic Methods; Isothermal Titration
Calorimetry (ITC). ITC has been used to directly probe the
thermodynamic changes that occur during the interaction of
ZnO-BPs with ZnO.”*** In a study where ZnO-BPs were
used to link a NP (Fe;0,-Zn0)-Ag complex, ITC was used to
determine the binding affinity of the ZnO-BPs to the ZnO-
coated NPs.”® A comparison of the affinity of RPHRKGGDA
(1 X ZnO-BP) and its triplicate tandem repeat (3 X ZnO-BP)
for the NPs was carried out using ITC. The 3 X ZnO-BP (K, =
1.4 x 10° M) had about twice higher affinity for the NPs
than the 1 X ZnO-BP (K, = 6.9 X 10° M) and were therefore
selected for complexation with the Ag.”® Note, no attempt was
made to account for changes to binding caused by conforma-
tional changes induced by the extended peptide sequence. The
interaction of different ZnO structures (rods and platelets)
with G-12, GT-16, and selected alanine mutants of G-12 has
also been monitored using ITC.”* Interactions were found to
be favorable having high adsorption affinity values and AG
values between —6 and —8.5 kcal/mol.”>>* The values obtained
using ITC were similar to those reported for the adsorption of
fluorescent-tagged EM-12 (and truncations of the sequence) to
7Zn0.>** However, ITC is a direct measure of heat change and
a faster method to probe thermodynamic parameters of
interaction without the requirement for labeling or carrying out
experiments at different concentrations and temperatures to
estimate thermodynamic parameters.

As with all techniques, the use of ITC has limitations and
challenges. Data interpretation and deconvolution of individual
events (i.e., conformational change, displacement of water
molecules, van der Waals interactions, electrostatic inter-
actions, hydrogen bonding, or hydrophobic interactions)
contributing to the global heat change measured in ITC is
not always straightforward and cannot always be described at
the atomic level.”*"*®> In many cases, the models available for
fitting ITC data may not match the system being
studied.”*' °*’ Complementary approaches are therefore
important to facilitate interpretation of findings. Moreover,
development of new ways to analyze and interpret data is a
much needed step forward. An example is one recent study
probing the interaction of ZnO NPs with different catechol
(CAT) derivatives [tert-butyl group (tertCAT), hydrogen
(pyroCAT), aromatic ring (naphCAT), ester group (ester-
CAT), and nitro group (nitroCAT)].>*® UV/vis and FTIR
analysis confirmed that all the different CAT molecules were
chemisorbed to the ZnO NPs irrespective of their function-
alities. ITC and a mass-based method were then used to
determine the heat released during the interaction and to
obtain adsorption isotherms, respectively. This is an example of
a study where the authors deemed the Langmuir model to be
an oversimplification of the underlying adsorption mechanism
for adsorption isotherms and were unable to fit their ITC data
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using the available models (especially for interactions where no
plateau in the heat released was obtained). The authors
proposed a new approach of data analysis, combining both
heat- and mass-based methods to determine the binding
enthalpy per amount of bound molecule without any fitting
model. This was done by dividing the heat release measured
using ITC by the amount of bound molecules determined
from the adsorption isotherm.”™ This enabled them to
unambiguously order the interactions of the different CAT
functionalities by their binding enthalpies to the surface of the
ZnO NPs.>*

4.5.1.5. Combined Experimental Approaches. As each
experimental technique has limitations, complementary use of
experimental methods enables users to obtain more useful
information and to better understand the system being studied.
For example, in ZnO synthesis studies incorporating peptides,
the use of different characterization techniques in combination
(ie, SEM, TEM, AFM, ICP-OES, XRD, FTIR, XPS, TGA,
and ITC) has enabled understanding of the ZnO growth
process and interaction with peptides.>¥**8!5207928,3327534
This has resulted in certain amino acids being identified as
playing important roles in the adsorption of peptides to ZnO
or in the stabilization of intermediates like LBZs. For instance,
in a study using a Zn(NO,),-HMTA hydrothermal reaction,
Gerstel et al. demonstrated that the presence of aspartic acid,
glutamic acid, and their corresponding dipeptides produced
LBZs as opposed to the expected ZnO.* This was achieved
using XPS, AFM, SEM, XRD, FTIR, and zeta potential
measurements.”” Using a Zn(NO;),-NaOH hydrothermal
reaction followed by characterization using a combination of
techniques (XRD, SEM, FTIR, TGA, and XPS), it was also
shown that the presence of peptides with different isoelectric
points (in the acid, basic, and neutral range) results in the
formation LBZs as a metastable phase during the precipitation
process.”*® Therein, it was suggested that negatively charged
peptides may be intercalated easily in metastable LBZs.”*
More recently, in agreement with findings reported by Okochi
and co-workers,”>* studies using a Zn(NO;),-6H,0-HMTA
and a Zn(CH;COO),-NH, system demonstrated the specific
roles of histidine and cysteine within ZnO-BPs in interaction
with ZnO and also in stabilization of LBZs formed during ZnO
formation.”””*® This was also achieved using a number of
characterization methods (FTIR, XRD, SEM, TGA, and XPS)
in combination.

4.5.2. Theoretical and Computational Approaches to
Study ZnO-Biomolecule Interactions. To understand how
biomolecules are able to specifically bind to ZnO surfaces,
theoretical and computational tools such as MD simulations,
density-functional tight-bindin% theory (DFTB), and DFT
have been employed.'>*"*>%364757 There is particular
interest to develop theoretical and computational approaches
because they enable one to theoretically investigate the
behavior of complex systems at a molecular level, further
than can presently be achieved experimentally.’**™>"* In
particular, it is possible to explore interactions on a range of
well-defined surfaces but there are limitations using MD
approaches in that a fully validated ZnO-biomolecule force
field is not yet available.

In one exemplar study, MD simulations were used to
provide an explanation as to the experimentally observed
predominant binding of IgG to the (1010) plane of ZnO. This
was in a study probing the adsorption of IgG to four low-index
crystal surfaces of ZnO [(0001), (0001) (1010) and
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(1120)].*°° Using AFM imaging, IgG was seen to predom-
inantly bind to the (1010) plane in comparison to the other
three planes examined. This unusual behavior was explained
using Monte Carlo MD simulations and was attributed to the
spatial location and distribution of amino acids in the protein
that strongly interact with ZnO, thereby affecting their
availability for interaction.*® The particular amino acids
thought to strongly interact with ZnO planes had been
determined from a previous MD simulation study of
interactions of the ZnO planes with twenty-two different
amino acids.*®® There, the amino acids identified to have high
binding energies (BEs) for the Zn-terminated (0001) surface
in water were tyrosine and tryptophan, whereas for the (1010)
surface, aspara§ine, tryptophan, and histidine had the highest
BEs in water."™

Using a different approach, Muthukumara developed a
theoretical model based on effective interfacial energies to
understand the morphology modification of ZnO using the
GT-16 peptide.”*' An adsorption-nucleation model was used
to make theoretical predictions of relative growth rates of ZnO
crystal planes in the presence of GT-16."*" This theoretical
approach was viewed as a simpler alternative to molecular
modeling. The theoretical findings were validated using aspect
ratio measurements from experimental findings reported by
Tomczak and colleagues,33’541 which were in agreement. In
subsequent studies carried out in-house, Monte Carlo MD
simulations were used to further the understanding of the
experimentally observed differences in the adsorption behavior
of G-12 and GT-16 peptides to ZnO planes.** The aim was to
determine calculated energetics of interaction (adsorption
energy, E ;) and to predict possible binding moieties of G-12
and GT-16 to the ZnO planes [(0001) and (1010)].** Stable
configurations of G-12 and GT-16 were simulated in water by
MD then exposed to ZnO surfaces in vacuum.** The
adsorption of both peptides to ZnO planes was seen to be
energetically favorable."* For both peptides, a lower E,4 was
observed for the (0001) ZnO plane compared to the (1010)
plane. Interestingly, the E,4 of GT-16 to the (0001) plane of
ZnO was much lower than E to the (1010) plane (an
interplane E,y difference of 288 kJ mol™'), greater than the
interplane E,y, of G-12 peptide (a difference of 100 kJ
mol~1).** The computation approach, though simplistic, was
in complete agreement with experimental data showing the
plane specificity of GT-16 to the (0001) plane of ZnO and
provided plausible explanations for the adsorption phenomen-
on observed. These computational studies were a first step
toward understanding the complexity of the thermodynamic
changes occurring during the interaction of G-12 and GT-16
peptides with ZnO, which was later studied experimentally
using ITC (previously discussed in the experimental
techniques section of Zn0O).>>® Though the ITC studies
were carried out using whole ZnO crystals (rods and platelets),
the interaction with both G-12 and GT-16 was still observed to
be favorable.>*?

Other strategies such as computational alanine scanning
mutagenesis have also been developed which in combination
with experimental alanine mutations of sequences may, for
example, enable one to elucidate the roles (involved directly in
interaction or influence conformation or structure stability) of
functional groups of a biomolecule.®>*3*32757057357% There,
however, still remain great challenges and debates on the
accuracy of simulations of complex surfaces like ZnO such as
the need for developing more representative force fields and a
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reasonable number of adjustable parameters.”*® It is important
to emphasize that an accurately representative computational
modeling approach should describe the chemical and physical
interactions between all components in the system and
accurately balance all these interactions.”***">**™>"” For
accurate simulations, much progress is still needed to validate
and better design methods that appropriately describe the
molecular and atomic level details of biomolecules interacting
with the surface of ZnO while also describing the material’s
surface features and the influence of the medium in which the
simulation is performed. Nevertheless, computational tools
undoubtedly have great potential to improve and accelerate
our understanding of biomolecule-inorganic interac-
tions, 3%173:240,578

4.5.3. Summary. The studies discussed above do not
exhaustively cover all the techniques/methods that have been
used to probe ZnO-biomolecule interactions but demonstrate
that the understanding of interactions has greatly been
advanced using appropriately selected experimental and
computational tools. Complementary use of experimental
and computational techniques to study ZnO-biomolecule
interactions will lead to further development in experimental
design and facilitate data interpretation. With continued
improvements in instrumentation, methodology, and theoreti-
cal models, realization of applications utilizing ZnO-biomole-
cule interactions is within reach. We expect that research on
ZnO-biomolecule interactions will continue to flourish over
the next decade, attracting new interdisciplinary contributors
to bridge the research gaps.

4.6. Toxicology of ZnO

Though the development of ZnO for biomedical applications
has generated much excitement over the years, uncertainties
exist in relation to its toxicological effects and the stability of
particles, particularly at the nanosize scale. Various toxico-
logical studies have shown that ultrafine nanoparticles pose a
serious hazard to human organs like Iungs,579 skin,*® and to
the environment (ecotoxicity).’*"*** If released into the
environment, ZnO may be harmful because Zn*" ions form
on dissolution in aqueous media, ***35>%%% with the toxicity of
ZnO NPs being mediated by reactive oxygen species
(ROS).°® The uptake of Zn>* ions and of nanoparticle
fragments by biological cells is thought to raise the level of
intracellular Zn®" that is connected with the formation of
harmful ROS species.**™>*® The photocatalytic activity of
ZnO NPs is also a cause for concern as it might promote
additional generation of ROS.*® In contrast, other studies
have argued that dissolution of ZnO can be favorable
(biocompatible and biodegradable), as dissolved Zn** ions
can be adsorbed in the body and used as a source of zinc ions
for naturally occurring hydrolytic enzymes.”®” Despite these
disagreements, there are commercial products already in use
that contain ZnO nanoparticles like sunscreens and cos-
metics;**** here >80% of the industrial manufacturing is
used for cosmetics and ~14% for paints.”””

One review analyzed and compared reported toxicological
response of individual species to ZnO NPs, based on median
L(E)CS0 (median lethal dose/half-maximal effective concen-
tration) values for organisms and median MIC (minimum
inhibitory concentration) for bacteria.””' Where comparisons
were carried out regardless of the material properties, ZnO
NPs were thought to be most toxic toward algae (<0.1 mg/L),
followed by crustaceans, fish, then bacterium Vibrio fischeri,

AM

and protozoa.””' The sensitivity of planktonic microalgae to

zinc is important as they are a key component of the food
chain in aquatic ecosystems and influence water quality.””’
Where it was possible to analyze toxicity of ZnO with respect
to the size of NPs, the median size of ZnO used to derive
median L(E)CS0 values in mammalian cells or median MIC
values in bacteria was determined to be 55 and 20 nm,
37! Interestingly, other studies of ICS0 (growth

inhibition) have shown a range of zinc concentrations from <1

respectively.

mg/L to several hundred milligrams per liter even within the
same Escherichia coli species, potentially related to the impact
of particle size on the antibacterial activity of ZnO.>*

There are several causes for variability in toxicological
reports making it challenging to directly compare findings. For
instance, for a clearer understanding of the toxicological effects
of ZnO, detailed characterization and description of the
properties (size, shape, surface functionalization) of materials
used in toxicological studies should be specified in reports. It is
important to highlight that the majority of ZnO toxicity studies
have been performed using bare nanoparticles, whereas the
existing applications in sunscreens for example, usually utilize
surfaces that have been modified. Effects of functionalization of
ZnO surfaces for applications (including those utilizing
biomolecule-ZnO interactions) should be taken into account

588,592

in toxicological studies and is an area of research that

should be developed further.

While ZnO growth conditions largely determine its
properties, the effects of postgrowth treatment should also
be considered. This is in relation to dissolution, aging, and
changes such as aggregation that may be caused by storage
conditions or environment: the influence of exposure to
environmental conditions (temperature, humidity, pH, and
light), exposure to natural organic matter in the environment,
and the influence of exposure time.”***”>*** ZnO is sensitive
to water and surface adsorption of ambient gases which can
result in great changes to its properties especially for
nanostructures which have a large surface to volume area.”*®
Reported examples include the modification of ZnO polar
surfaces in air by the formation of nanomounds resulting in
zinc vacancy formation in their surroundings®” and humidity
(in ambient air)-induced modification of ZnO nanocrystal
growth and crystallinity.**°

Similarly, another factor that may influence the variability
observed in analysis and toxicology reports is the different
media used in the toxicity tests. The toxicity mechanism is
specifically influenced by the chemistry of the medium in
which exposure occurs (e.g., pH, temperature, organic matter,
and presence of anions). The modeling of environmental
concentrations is challenging because of a lack of empirical
data, especially due to processes that influence the environ-
mental concentrations such as dissolution, agglomeration,
degradation, and complexation allow a quantitative under-
standing that is far from complete.”””*”® All in all, toxicity has
similarly been observed with other materials like TiO,,””*"
which is also valued for its existing and potential applications.
Research to develop biomedical applications of ZnO continues
in parallel with increasingly developing debate and research on
the toxicological and environmental effects of such materials.
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5. GeO,

5.1. Overview of GeO,

Germanium, previously one of the most important compo-
nents of integrated circuits, is an ideal candidate for the
preparation of complementary metal-oxide-semiconductors
(CMOS)*°' % due to its hole and electron mobilities being
four and two times higher than silicon.”> Germanium dioxide,
GeO,, has a band gap of S eV, higher than other transparent
conductive oxides, thus making this material suitable for the
development of luminescent devices operating from the
ultraviolet to the near-infrared range.604 GeO, has also been
used in catalysis and infrared optics due to its high linear
coefficient of thermal expansion.””>**® Highly mesoporous
aerogels of pure GeO, have also been prepared that show high
thermal stability.é07 However, probably the most attractive
property of GeO, is its refractive index, which at 1.7 is greater
than for SiO, (1.455)608 and makes germania an ideal
candidate for optical fibers**”'? either alone or as a composite
with $i0,.°'" The intrinsic properties of Ge and GeO, have
permitted its use in optoelectronics, biological imaging, and
lithium ion batteries as reviewed by Vaughn and Schaak.’'
Their review focuses on synthetic methodological routes to the
material and the role that size and shape control play in
determining the final material’s properties and applications.®'

In nature, germanium is found as a trace element within
other minerals such as silica.’’* Though it is not known to have
any biological role, Ge has been found in natural water systems
at the part per trillion range and is incorporated in siliceous
organisms forming part of their biogenic opal.’’* This is
thought to be largely due to the chemical similarities between
Ge and Si atoms. As an example, the simultaneous and
competing SiO,—GeO, condensation process has been studied
in siliceous sponges and diatoms, which have the ability to
incorporate inorganic Ge in their siliceous skeleton. As a
model, the sponge, Suberites Domuncula when grown in the
presence of germanic acid showed inhibition of growth with
the spicules containing a GeO, and SiO, coprecipitated
material, Figure 18. This effect was observed regardless of

Figure 18. Suberites Domuncula sponge spicules formed in 0.36 mM
silicic acid (A, control), in a Ge/Si ratio of 0.01 (B), and spicules
grown in silicic acid for 20 days and then transferred into a Ge/Si
ratio of 0.1 (C). The magnification of the images is X730. Images
reprinted with permission from ref 614. Copyright 1985 John Wiley &
Sons, Inc.

whether the germanium was added before the start of spicule
formation or once the spicules had started to grow.”'* Azam
and co-workers suggested that incorporation of germanium in
another living species, albeit a single cellular organism
(diatom), required some cell wall silicification to have occurred
before any germanium could be incorporated into the silicified
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cell wall (known as the frustule in diatoms).’*> Thus, despite
the similarities and affinity of these two materials, GeO,
precipitation in nature does not seem to be incorporated in
the same way as SiO, and, consequently, the role of
biomolecules and proteins on GeO, synthesis is also expected
to be different.

5.2. Surface Chemistry of GeO,

As with silica, germania exists in amorphous and crystalline
phases.”’ Three forms of GeO, exist at room temperature and
atmospheric pressure, a vitreous form and two crystalline
forms, namely, trigonal-hexagonal (@-quartz-like, Figure 19A),
and tetragonal (rutilelike). For vitreous and hexagonal
germania, the coordination number of Ge* is 4, whereas
tetragonal Ge** has a coordination number of 6. The hexagonal
form, which is the metastable polymorph,°'® is called the
“soluble” form as it dissolves in water. The tetragonal form is
chemically inert and practically insoluble in water.”'”°'
Further, the hexagonal form has piezoelectric properties not
present in the rutilelike form.®’* The most common form of
crystalline GeO, as reported in the literature, and especially in
biomimetic approaches, is hexagonal GeO, with a cubelike
morphology. 209495620621

The surface chemistry and reactivity of GeO, in respect to
SiO, is less well-known as it has not been studied as widely
both theoretically or experimentally. The most significant
surfaces of a-quartz-like GeO, are (001), (100), and (101),
Figure 19B;°" these are also the most studied surfaces of
isomorphous a-quartz SiO,. There are two possible termi-
nations for the germania (100) surface, which are named
(100)a and (100), Figure 19B. The a version corresponds to
the f structure without the top dense surface; it is less highly
packed and the most energetically stable.”’” The (001) surface
has a top layer of oxygen and a sublayer of germanium. This
surface is known to be highly reactive when compared to its
analogous SiO, surface.'®”

To reach an understanding of how crystalline GeO,
nanoparticles are formed, the BFDH method (suggested by
Bravais, Freidel, Donnay, and Harker) and the HP model
(proposed by Hartman and Perdok) have been ap-
plied.”#**>** Results suggest that the ideal morphology of
hexagonal GeO, involves two hexagonal pyramids at the edges
and a hexagonal prism in the middle, Figure 19C, i. However,
in most syntheses performed under mild conditions, cubelike
particles are observed which can be explained by the
theoretical models described above. The models explain that
crystal faces with the lowest attachment energies are the most
prominent during crystal growth. For GeO,, the crystal planes
with the highest atomic density are (111), (101), (011), (010),
(011), (101), (111), and (110) and grow at a slower rate than
the rest, leading to the bipyramidal shape, Figure 19C, i.°*" As
the crystal continues growing, the crystal planes (011), (111),
and (101), with higher attachment energy, grow at a lower

rate, resulting in cubelike-shaped particles, Figure 19C, ii, iii,
and jy 620,622,623

Despite their chemical analogy and proximity in the periodic
table, there are remarkable differences between SiO, and
GeO,. As an example, the electronic structure and optical
properties of a GeO, continuous random network were studied
by computational methods and compared to their silicon
counterpart.””® The calculated bond length of Si—O (1.631 A)
was found to be shorter than Ge—O (1.790 A), and angles of
SiO, were closer to a perfect tetrahedral than for GeO,. The
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Figure 19. (A) Crystalline unit cell for a-quartzlike trigonal-hexagonal GeO, (space group P3,21) drawn using VESTA software'*® and the COD
reference 9007477."*° (B) Models of unrelaxed quartz-type GeO, surfaces (space group P3,21) with computed surface energies for unrelaxed
(cleaved) and relaxed (reconstructed, T = 0 K) structures. Image adapted with permission from ref 619. Copyright 2014 Royal Society of
Chemistry. (C) Scheme of the particle growth of hexagonal GeO,. Crystals scheme reprinted with permission from ref 620. Copyright 2008

Elsevier.
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Figure 20. (A) Scheme of the GeO, surface modification for immobilization of green fluorescence protein. Image adapted with permission from ref
626. Copyright 2014 Elsevier. (B) Chiral nematic cellulose nanocrystals-GeO, films and the SEM micrograph of the fracture cross sections of the
GeO,/CNC composite. Images reprinted from ref 96 and information added. Copyright 2015 RSC. (C) Chitosan-SiO,-GeO, hollow optical fiber
and SEM images of the GeO, coating at different concentrations of germania.é27 (D) Polysaccharide-coated (i) GeO, and (ii) GeO,-SiO,. Image

extracted with permission from ref 91. Copyright 2016 Springer.

bond order (strength of a bond between atoms) was also
found to be higher for silica than that of germania.*”® Solubility
in water is a further key property that differentiates SiO, and
GeO, and varies according to particle size, crystallinity, and
precursor used to generate the metalloid oxide.''*'” This is a
critical parameter as it determines the synthetic routes that can
be used to form the material and its final applications. At room
temperature, silica glass is soluble in water at a maximum
concentration of 2.5 mM,""® whereas germania is soluble at as
high a concentration as 49.6 mM for amorphous materials and

43.3 mM for hexagonal crystals.”"”

AO

This high solubility of germania strictly limits its synthesis
and application in aqueous media, and is one of the main
reasons why the synthesis of GeO, (from germanium alkoxide)
is often performed in a mixture of water and alcohol.*”*%**7¢>*
The alcohol fraction facilitates the miscibility of the precursor
in the aqueous media and reduces the solubility of the formed
GeO,, while water is still available for hydrolysis of the
precursor. As an exception, tetragonal GeO, can be synthesized
in aqueous media even at low concentrations as it is insoluble
in water.’'” As can be expected, the reactivity of germania
precursors in water is also different to that for silica.
Germanium alkoxides are known to hydrolyze into germanic
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acid, Ge(OH),, and subsequently condense as germanium
dioxide, GeO,, through a sol—gel process in a similar way to
silica formation from alkoxysilanes,''” although germanium
alkoxides are known to hydrolyze much faster than their Si
analogues.””***

When using components such as biomolecules to direct
materials formation, in addition to the potential effect of
alcohol on the biomolecules themselves, the fast hydrolysis/
condensation reactions of Ge compounds may reduce the
potential interaction time between germania precursors or
hydrolysis species with the biomolecules. This suggests that
control of biomolecules over particle growth may be more
limited. Care is required when choosing both the medium in
which the experiment is conducted and the time scale of the
experiment in order to allow interaction of the various
components (biomolecules, solvent molecules, and Ge-
precursors/hydrolysis species) to occur. It is also important
that the effect of the reaction medium on the behavior of the
biomolecule is considered, as this may have a dramatic effect
on biomolecule conformation, aggregation, exposed charges
etc, all of which will impact on any potential mineral
biomolecule interactions.

5.3. Bioinspired GeO, Based Materials, Synthesis, and
Applications

5.3.1. Biopolymers as Directing/Templating Agents.
There have been some investigations that have explored the
possibility of combining GeO, with biomolecules. In an
investigation aiming at future applications in bioelectronics and
biosensors, a Ge substrate semiconductor coated with a GeO,
top layer was chemically functionalized in order to cross-link
biomolecules on its surface.””® The binding was shown by
cross-linking a green fluorescent protein (GFP) onto the
surface, Figure 20A, and this approach opens up a wide range
of applications in bioelectronics using different types of
biological molecules. Taking advantage of the unique proper-
ties of GeO,, this mineral has been combined with high
performance biopolymers such as cellulose,”® pectin, or
chitosan®®” to produce new materials with enhanced proper-
ties. For example, the synthesis of photonic films was achieved
by combining cellulose nanocrystals (CNCs) with GeO,
leading to composites with potential application in chiral
separation, enantioselective adsorption, or catalysis.”® In this
study, CNCs added to GeO, in the form of an acqueous
crystalline suspension were able to keep their chiral nematic
properties even as a dry film. Furthermore, the use of polar
organic solvents such as N,N-dimethylformamide (DMF)
promoted the formation of lyotropic-chiral-nematic phases.
In an alternative synthetic approach, CNCs have also been
used as a template for amorphous GeO, condensation in a
water/DMF solution with DMF serving as a drying control
additive to reduce the hydrolysis and condensation kinetics of
the germanium alkoxide é)recursor,% as previously used in a
silica sol—gel synthesis.””® Freestanding, transparent, and
crack-free films of CNC/GeO, could be obtained, Figure
20B,”° that could be calcined to yield porous germanium-based
films. Pectin, a biopolymer commonly used as a gelling and
stabilizing agent in the food industry, when combined with
germania generates a biocompatible biodegradable material
with antibacterial properties though little seems to be
understood about how the two phases mix at the molecular
level nor the specific role that each phase plays in the
antibacterial properties observed.®”’

AP

Germanium oxide and silica share common chemical
properties which have inspired scientists to combine these
materials using biomolecules to direct mineral deposition. As
an example, formation of GeO, and SiO, in the presence of
chitosan led to an efficient coating of hollow optical fibers that
have been used for cell immobilization.””” The characteristics
of the GeO, coating of the fiber and the resulting luminescence
properties were tuned according to the light transmission
mode by simply changing the concentration of germania used
in the synthesis, Figure 20C. Increasing the concentration of
germania used in the preparation led to higher mineral
coverage of the fiber by larger, crystals leading to a rougher
surface, though a full understanding of the processes involved
is not currently available. In a further study, the coated fibers
were used for the production of hydrogen by cultivated
photosynthetic bacteria.”’® The qualities of this biofilm
photobioreactor were attributed to the provided nutrition,
good luminescent properties, and roughness of the SiO,—
GeO,-chitosan coating, allowing an adequate stabilization of
the H,-producing cells. Moreover, cells adhered to the coated
fibers showed a normal size and formation of colonies,
therefore demonstrating the biocompatibility and nontoxicity
of the coating.”*° Another example of carbohydrates
interacting with GeO,, Lobaz et al, in 2016, reported that
polysaccharides adsorbed on the growing germania crystal
planes caused a morphology change on GeO, particles and
reduced growth rate, leading to smaller particles and a higher
number of nucleation sites, Figure 20D.”" This effect on the
nucleation and growth of GeO, particles was only observed for
some of the polysaccharides studied. The proposed application
of such materials is in the area of biological track and image
applications where the results of the studies performed to date
hint at the presence of specificity in the interaction between
germania and biomolecules structures.

In another biomimetic approach focused on the optical
properties of Ge and GeQO,, photonic crystals have been
synthesized from GeO, by biotemplaing using butterfly wings
and GeO, liquid-phase deposition.”*’ This combination of
materials is interesting in that butterfly wings consist of a
periodically repeating structure combining high and low
refraction index regions, and Ge is a semiconductor with the
highest refractive index, thus combinations of the two
components have promising potential for applications
requiring light propagation. The synthetic process consisted
in the dissolution of germania powder in basic media with
further GeO, condensation occurring under acidic conditions
in the presence of activated butterfly wings, rich in chitin, as a
template.”>' A sintering process was then applied to remove
the organic template, leading to hexagonal GeO,, which
replicated the microstructure of the original butterfly wings.
Finally, germania was reduced to Ge to obtain photonic
crystals of high refractive index.’*'

In the research area of porous materials, mesoporous
organo-germano-silicates with activated carboxylic groups
were synthesized using fatty acids with potential use as
enzyme-binder substrates. Calcination of the hybrid materials
resulted in mesoporous amorphous silica and crystalline
germania mixed oxides (Si—O—Ge—0—Si).%**

Interest in GeO, has also developed from the biological
point of view, where the aim is to understand the influence of
microorganisms on mineral synthesis. The discovery of GeO,
crystals templated by bacteria is suggested to have great
potential in the sensor technology sector.”** As an example,
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Figure 21. (A) Scheme of the assembly of lipids and germania, resulting in a (i, ii) GeO, coating of lipid tubules and (iii) further GeO, crystal
formation through a sol—gel condensation on the previously coated lipids. Scheme and microscopy images adapted with permission from ref 624.
Copyright 2009 American Chemical Society. (B) Scheme of the hydrothermal synthesis of GeO, nanocrystals on chitin fibers and SEM
micrographs of the (i) chitin surface and (i, iii) GeO, nanoparticles formed on different areas of the chitin fibers upon heating at 185 °C. Figure

adapted with permission from ref 90. Copyright 2015 Springer.

biocrystals were grown from a Ge surface in the presence of
Pseuodomonas syzygii bacteria submitted to a flow of water and
UV light that allowed oxidation of Ge into GeO,, where the
bacteria served as nucleation sites for square GeO, crystals.’**

One of the critical parameters for determining the
interaction between metal oxides (or its precursor) and
biomolecules is the surface charge. Several studies suggest
that anionic germanate species resulting from an hydrolyzed
precursor can interact with cationic groups like poly(allylamine
hydrochloride),””  phospholipids,”** or chitin,” leading to
precipitates of germania. As an example, tubular lipid structures
coated with GeO, were obtained by the coassembly of aqueous
TEOG (germanium(IV) ethoxide) with diacetylene phospho-
lipid chains.’** The adsorption of germania on the lipid surface
was suggested to occur due to electrostatic interaction between
anionic germanate species and positively charged phospholi-
pids together with the mild acid catalysis provided by the
lipids, leading to the neutralized species forming a thin film. A
similar experiment performed with TEOS instead of TEOG
resulted in a much lower yield of SiO,, which was ascribed to
the slower hydrolysis of the silica precursor in the absence of a
catalyst. Further, GeO, crystals were formed by sol—gel
reaction in a water:ethanol system on the previously germania
coated lipids, Figure 21A.°** In another example of
biomolecule-induced germania synthesis, a-quitin from marine
sponges served as biomimetic inspiration to hydrothermally
prepare hexagonal germania-chitin composites of improved
photoluminescence properties from TEOG. High temperatures
applied were feasible due to the high thermal resistance of
chitin, on which crystalline GeO, NPs grew and remained
bound to the organic compound also after ultrasound
treatment, Figure 21B.%°

5.3.2. Peptides and Amino Acids As Directing/
Templating Agents. Dickerson and co-workers identified a
series of 21 peptides that could specifically recognize germania
using biopanning.”** Investigations related to the synthesis of
germania in the presence of peptides suggested that some
peptide-germania interactions may enhance the formation of
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the mineral as analyzed by the increased yield of germania in
the form of fine interconnected aggregated amorphous
particles.”** However, it should be noted that no assessment
of the quantity of peptide incorporated/associated with the
mineral phase was made, thus the extent of actual mineral
formation remains unknown. The promotion of germania
formation was stated to relate to the presence of amino acid
functionality like hydroxyl or imidazole in the isolated
sequences which we well know can only be part of the story.
Following on from the identification of peptides with binding
potential for germania, applications of individual peptides were
explored. Hollow GeO, spheres of ca. 600 nm diameter were
formed in the presence of an amphiphilic peptide able to form
micelles in solution, suggesting templated particle growth.”
One of the germania binding peptides identified, Ge34
(TGHQSPGAYAAH), was further used to functionalize gold
particles and condense amorphous GeO, onto the gold phase
with calcination of the biomaterial, resulting in crystalline
rutilelike germania,635 In this case, interaction between the
peptide and germania was suggested to occur through the
available deprotonated amine groups of the amino acid
residues and germania at basic conditions (pH 9). The same
research group synthesized biomimetic Ge34-germania meso-
porous nanospheres to control the growth of embedded
magnetic alloy CoPt nanoparticles of a size range of 8—9 nm
diameter using calcined germania as a template.®*® The authors
reported that the size range of these magnetic nanoparticles
generated possible application in the biotechnology field as
magnetic carriers for drug targeting. In a further study, the
versatility of Ge34-germania materials was also shown by
entrapping an enzyme (invertase) during synthesis, thereby
impg);/ing the stability of the enzyme against temperature and
pH.™

A different peptide sequence, Ge28 (HATGTHGLSLSH),
also identified by biopanning®** to bind to germania
specifically, when used in our studies, at least for the conditions
explored, showed no catalytic enhancement or morphological
effect on the synthesis of hexagonal GeO,. This suggested that
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Figure 22. SEM and TEM micrographs from amorphous and crystalline GeO, synthesized in the presence of different molecules: (A) Ge8 peptide.
Reprinted from ref 634. Copyright 2004 Royal Society of Chemistry. B) Dendrimer, reprinted with permission from ref 93. Copyright 2008 Royal
Society of Chemistry. (C and D) Poly(allylamine) reprinted with permission from ref 97. Copyright 2005 Elsevier. (E) Au NPs and Ge34 peptide,
reprinted with permission from ref 63S. Copyright 2006 Elsevier. (F) Cellulose nanocrystals, reprinted with permission from ref 96. Copyright
2015 RSC. (G and H) Lysine, reprinted from ref 95. Copyright 2007 American Chemical Society. (I) Silk and Silk-peptide chimera, reprinted with
permission from ref 621. Copyright 2014 Royal Society of Chemistry. (J) Chitin, reprinted with permission from ref 90. Copyright 2015 Springer.
(K and L) Phospholipid, reprinted from ref 624. Copyright 2009 American Chemical Society. (M and N) Polysaccharides, reprinted with
permission from ref 91. Copyright 2016 Springer. (O and P) Poly-L-lysine, reprinted with permission from ref 89. Copyright 2009 SAGE
Publishing. (Q) Bacteria, reprinted with permission from ref 633. Copyright 2014 MDPI. Concentration values were obtained from the referenced
literature or calculated from the described aliquots. The germania precursors used include germanium(IV) methoxide, Ge(MeO),; germanium(IV)
ethoxide, Ge(OEt),; germanium(IV) isopropoxide, T-i-POG; GeO, powder and germanium plates, Ge.

despite the presence of hydroxyl and histidine functionalities,
both thought to be involved in mineral surface recognition,
catalysis of mineral precipitation required more than GeO,
peptide binding affinity. We can speculate that these missing
features could be related to specific peptide conformation or
the presence of hydrophilic/hydrophobic domains. Perhaps
surprisingly, the same Ge28 peptide induced the formation of
bigger crystals when cross-linked to silk proteins under the
same media conditions, exhibiting a different effect than that of
the silk protein itself.”>' These experimental results support the
hypothesis that peptide conformation in solution and in the
presence of the mineral phases is a key parameter in enhancing
and controlling mineral formation.

Despite its affinity for Ge surfaces, another Ge BP named Ge
8 (SLKMPHWPHLLP) was used to form Ag° through binding
to Ag" in the presence of HEPES buffer [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid] and exposed to light, acting as a
reduction inducer.*® This peptide showed specificity for silver,
but it was not able to induce the formation of inorganic
nanoparticles such as ZnO or TiO,. By applying electro-
chemical analysis, it was suggested that the formation of Ag°
depended on the Ag*: Ge 8 peptide ratio, with a ratio of 3 to 1
being optimum. Mutagenic sequences of peptide Ge 8 revealed
that histidines were involved in the peptide to Ag" binding;
however, the Ag® NPs formation depended on the presence of
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methionine and tryptophan, presumably also by binding to
silver. In this particular study, it was also shown that both
specific amino acids and sequence order influence NPs
synthesis. Furthermore, Ge 8 was able to control morphology,
leading to the formation of spherical Ag NPs when the peptide
was free in solution or nanowires when the peptide was
immobilized on a surface.”** Although the influence of specific
amino acids on the alkoxide hydrolysis/condensation mecha-
nism is still not clear, there is evidence that these biomolecules
have a catalytic effect on the nucleation of mineral oxides.*®

5.3.3. Approaches to Control GeO, Morphology and
Crystallinity. Germania crystallization is dependent on
germania concentration”** and also on the nature of the
precursor.” In fact, the size of amorphous GeO, particles was
also found to depend on precursor concentration.®*
Precipitation of crystalline GeO, from TEOG in an aqueous
system was found to take place at concentrations around 0.06
M, being close to its solubility limit (0.05 M). The
incorporation of lysine in the solution resulted in a delay on
germania crystallization, requiring more than a 2-fold increase
of the GeO, concentration (0.14 M) for mineralization to
occur. For those samples, the coexistence of amorphous and
crystalline particles was found.”

The crystal growth of hexagonal GeO, evolves from a
hexagonal to cubelike morphology, as described above.®*"%**

DOI: 10.1021/acs.chemrev.7b00660
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.7b00660

Chemical Reviews

Variations on GeO, nucleation and final particle morphology
has been previously achieved by different methods using
biomolecules. The size, distribution, and morphology of
germania particles, and other metalloid oxides, are known to
be key parameters that control the chemical and physical
properties of the resulting materials; therefore, there is much
interest in finding synthetic routes that are able to tune
nanoparticle growth. Avanzato and co-workers, associated the
formation of cube-shape germania-magnesia nanocomposites
to a slowing down effect durin§ the condensation at low pH, in
the presence of poly-L-lysine.”” Germania nanocube formation
has been also attributed to an H* etchin§ effect in the presence
of a surfactant related to fatty acids.*”°*’ By means of varying
media composition such as pH, water:surfactant ratio, and
nature of the oil phase, Wu et al, achieved changes in the
morphology of crystalline hexagonal germania nanoparticles.’**

The use of biomolecules has shown a vast potential to tune
the size and the morphology of germania in a simple process
such as Varying the concentration of a biomolecule (i.e.,
phospholipid).®** Figure 22 shows a summary of the
morphology diversity for amorphous and crystalline GeO,
particles obtained in the presence of biomolecules. From
these images, one can make a series of deductions based on key
parameters influencing particle growth such as additive nature,
concentration (precursor and additives), and media conditions.
For example, the synthesis at concentrations lower than 0.14 M
leads to amorphous GeQ,, Figure 22 (panels A—F)?*°703%633
unless heat is applied, Figure 22 (panels K and L).”** The
stirring process during the synthesis has been shown to lead to
a morphological elongation effect on amorphous GeO,
particles, Figure 22C;°" however, this does not apply for
crystalline materials, Figure 221.°°' The use of templating
biomolecules that are able to form microemulsions, such as
polyamines, leads to the formation of well-defined dispersed
GeO, spherical particles, Figure 22 (panels B and D).”*”’
Slight variations in precursor concentration and the presence
of biomolecules has been shown to produce crystalline NPs of
different morphologies, Figure 22 (panels G and H).”*
Generally, germanium alkoxides are used as precursor
molecules for directing GeO, condensation in the presence
of biomolecules; however, the element itself, Ge has also been
used to prepare crystalline GeO, using bacteria as the
templating element, Figure 22Q.°*

The solvent, nature of the buffer, and the pH of the reaction
solution is known to determine morphology and size of
metalloid oxide particles. Since the solubility of germanate ions
and GeQ, is lower in ethanol than in water, nucleation in
ethanol precedes particle growth and ripening, resulting in
highly crystalline particles of smaller size than would be
generated in water, Figure 22 (panels M and N).”' The
presence of phosphate buffer has been found to increase the
particle size of dendrimer-templated GeO,, thought to be due
to cations in the buffer (Na*) neutralizing surface charge on
nanoparticles and allowing extended growth.”” In one of our
previous studies, the presence of bis-tris propane/citric acid
buffer in a protein system increased GeO, particle size when
compared to an analogous water system, leading to cubelike
particles of up to 1.4 ym by a nontemplated synthetic path (as
no significant organic content was found within the particles).
However, the yield of GeO, precipitation decreased consid-
erably, which could be the result of a low condensation rate
due to biomolecule charge neutralization or capping effect of
the buffer.”' In both studies, one can suggest that the resulting
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increase in particle size could be a consequence of a slower
mineral condensation rate. The media pH also influenced the
size and shape of GeO,-Mg nanocomposites synthesized in the
presence of poly-L-lysine, being rhombic cubic shaped and
bigger at lower pH and small spheres at higher pH, Figure 22
(panels O and P).*

5.4. Techniques Directly Probing GeO,-Biomolecule
Interactions

To date, the biomolecule—GeO, interface remains largely
unknown with few studies reported in the literature. A series of
investigations discussed above simply describes how bio-
molecules are able to induce or template germania
precipitation and to a limited extent, control its properties.
The focus on these studies is on confirming and quantifying
the inclusion of organic matter (i.e., the biomolecule) in the
precipitates as evidence of an interaction, with limited effort
devoted to understanding interfacial interactions.

The presence of GeO,-protein composites has been
demonstrated by Fourier transform infrared spectroscopy
(FTIR), where both inorganic (Ge—O—Ge) and organic
components (C=O0 stretch and N—H bend of amide groups
of protein) were measurable for a range of peptide-germania
and silk protein-germania composites.””' In a FTIR study of
chitin-GeO, nanocomposites, it was suggested that both
species were interconnected by H-bonding, as observed from
the O—H and C—OH vibration shift of chitin-related
spectroscopic bands.”” FTIR has also been used to identify
the formation of pectin germania composites.””” The absence
of specific bands arising from C=O components of carboxyl
groups in pectin on interaction with the mineral phase
suggested direct carboxyl-mineral interaction.

Thermogravimetric analyses has also been used to provide
evidence of the entrapment of peptide and silk composites
within the mineral matrix, where organic matter was degraded
between 200 and 600 °C.”*" Electrospray mass spectrometry
(ESI-MS) has been used to study the complexation of GeO,-
lysine, with the incorporated lysine being suggested as the
reason for a delayed nucleation of germania crystals as
observed by small- and wide-angle X-ray scattering
(SWAXS).”

Compared to silica and titania, computational models
describing the GeO, surface and its aqueous interface are
less developed. Early studies of the interface between a GeO,
surface, the protein encephalin, and water molecules has been
studied by molecular dynamic simulations in silico, though the
results should be treated with some caution as even until now
there is no established force field for germania, and neither
were the experiments performed under a conformational
sampling strategy that scientists working in this field would
deem acceptable. Nonetheless, the results of the study showed
that an hydrophilic surface of germania strongly interacted
with hydrogen atoms of water, resulting in repulsion of the
polar side of the protein by water molecules and that, when the
protein approached the germania surface from the nonpolar
side, water showed no repulsive forces.”*” These observations
may provide hints as to a possible mechanism of interaction
that should be explored further.

It is clear that much remains to be explored at the
germania—biomolecule interface before we can confidently
predict the likely effect that a particular biomolecule will have
on the development of the mineral phase alone or in concert
with other abiotic—biotic materials.
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5.5. Toxicology of GeO,

To date there are few studies in this area with some suggesting
that germania is nontoxic while others suggest that the oxide
has limited cytotoxicity. Note that with Ge, the element is able
to substitute up to a few percent in silica structures with no
harmful effect as seen in examples of biosilicifed structures
formed in the presence of soluble germanium species.’*
Biocompatibility and nontoxicity of SiO,-GeO,-chitosan-
coated optical fibers for a photosynthetic bacterium (
Rhodopseudomonas palustris CQK 01) has been shown.**" It
was found that bacteria were able to adhere to coated fibers
containing crystalline GeO,, showing a normal size and
formation of many colonies. This cell proliferation was not
observed for uncoated fibers made of quartz glass, showing the
difference in toxicity between the different oxides or forms of
the oxide.**’

Composites of pectin and germania show antibacterial
activity against E. coli. This effect was suggested to be due to
the release of germanium-containing species into the medium
and their transport across cell membranes with deposition on
cell organelles inhibiting intracellular transport and nutri-
tion.”” In this study, the germanium-containing species
(precise identity unknown) were clearly acting as a toxic
agent to the cells.

A study on Chinese hamster ovary cells reported that GeO,
has limited cytotoxicity (80% of cells survived even at 22 mM
GeO,) and is not genotoxic. The cytotoxicity was measured by
a cell density determination method (SRB assay), and the
genotoxicity was analyzed by micronuclei assay. However,
germanium oxide was able to block cell progression at a
specific phase (G2/M) due to the reduced activity of a protein
involved in the cell cycle regulation (Cdkl). The cell arrest
effect increased as GeO, concentration increased up to 5 mM
and then decreased for concentrations greater than 5 mM.®*'

Clearly, this remains an area where very little has been
explored concerning the effect of particle size, composition,
and surface chemistry whether or not these effects are
modulated by the presence of biomolecules.

6. MO-BIOMOLECULE INTERACTIONS: BENEFITS
AND PROBLEMS WITH CURRENT ANALYSIS
APPROACHES

This review has demonstrated that combining MOs with
biomolecules creates novel materials with a unique range of
possibilities, yet to be fully explored and exploited.
Biomolecules have proven to be smart and versatile tools
with great potential in controlling the synthesis, structure, and/
or function of MOs. Thus, their continued use in developing
applications that utilize the MO—biomolecule interface as well
as further studies to understand and master the fundamentals
of interaction is crucial to fully exploit the materials generated.
Undoubtedly, interactions at MO—biomolecule interfaces are
complex and can vary drastically depending on the intrinsic
properties of the biomolecule, the physicochemical features of
the MO surface, and the environment in which they are found
as shown in Figure 23. It has also been suggested that the
specific recognition of materials by biomolecules such as short
peptide sequences is mediated from the sensing of the local
changes in the H,O density at the solid/liquid interface at the
molecular level.**! Furthermore, several studies indicate the
importance of the precise structure of the water layers in
proximity of the interface for adhesion.®*””®** Therefore,
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Figure 23. Scheme showing variables that affect interactions at MO—
biomolecule interfaces: the intrinsic properties of the biomolecule, the
physicochemical features of the MO surface, and the environment/
media conditions.

before carrying out interaction studies, a question should be
asked as to what exactly the biomolecule will recognize on the
MO surface? First, a thorough characterization of the MO
surface and the biomolecule should be carried out, and the
effects of the surrounding media should be taken into account.
It is surprising how few reported studies fully characterize the
materials being used, making comparisons and reproducibility
difficult across different research groups. Progress demands
that much more rigorous characterization of materials is
performed and more detailed descriptions of experimental
procedures are provided in the literature.

Nonetheless, experimental techniques and computational
tools that have been used to investigate and characterize MO-
biomolecule interactions have significantly contributed toward
enhancing our understanding. This has been achieved through
determination of binding selectivity,’"**'**** surface cover-
age, " 08280398402 inetic, and thermodynamic changes during

87,553 1 ) .
and elucidation of biomolecule conformation
4 214286,646-648 4

interaction
when unbound/free and surface boun
guide, Table 1 is a summary evaluation of key techniques that
have been used to study interactions of biomolecules with
ZnO, TiO,, SiO,, and GeO,, where a description of the
principle of the method, information that can be obtained, and
factors to consider when using the techniques are given
alongside examples of studies that have used the techniques. As
these techniques have different fundamental principles and
measurement modes, they will therefore have different
advantages and disadvantages associated with their use.
Thorough evaluation is required to identify the appropriate
areas of application of these techniques depending on the MO
(or other material) and biomolecule being studied.

6.1. Detection and Quantification of Biomolecules
Adsorbed to MOs

As shown in Table 1, a number of methods are used for the
detection and quantification of biomolecules adsorbed on and
within MOs. For example, FTIR, RAMAN, NMR, TGA, XPS,
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Table 1. Techniques for the Study of the Oxide—Biomolecule Interface

Technique Method/Principle Information Considerations Ref
. = Crystal defects, grafted labelled " .
= Measurement of the attenuation _rys UGS, B a_ ere = Solution based technique.
. . biomolecules, complexation of . .
of a beam of light (UV/vis range) non-orecipitated MO precursor = Fast & non-invasive
UV/V. after it is adsorbed by or reflected for bipomo‘I)ecule el F;c activit = Low sensitivity ERERIRED,
Is from a sample IS LI t/ = Not selective (if several CREEY
X . = Adsorption kinetic studies and
= Change in electromagnetic X e . components absorb at the same
. . protein quantification i.e. using
absorption at specific wavelength ey wavelength)
= Short analysis time
. = Sample identification; Observed = Small sample required for analysis
= Measurement of change in . o . e L L
. frequencies are characteristic of a Highly sensitive giving qualitative
frequencies due to molecules -
absorbing light in the infra-red specific molecular structure data
. ing fight | : . = Quantitative analysis to determine  ® FTIR simultaneously collects high
region of the electromagnetic " R
spectrum amounts of additives or spectral resolution data over a 31,44,73.90,93,
i wide spectral range
= Asamples infrared spectrum of contaminants ) 5P 8 ) I
. AR = Kinetic analysis by observing the = Possible overlapping peaks which 528,557,558,
FTIR absorption and emission is : N ) /528,557,558,
obtained growth or decay of infrared may limit interpretation 621,646,698,69
N . absorptions = The wavelength scale is calibrated N
= Different accessories can be used . .
. . = Peak deconvolution can be carried by a laser beam of known
(i.e. Attenuated Total Reflection . X . .
. out to identify changes in bonding wavelength that passes through
(ATR), transmission, specular N . L
. . or determine secondary structure the interferometer which is more
reflection and diffuse reflectance) . .
of a protein/ peptide stable and accurate compared to
dispersive instruments.
= Gives chemical and structural
information = SERS limited to plasmonic
= Probes MO-biomolecule structures (i.e. Au, Mo) and only
i ions if th ! hin | f non-pl i 295
Raman, SERS, = Detection of inelastic scattering of |ntera(ft|o.nsn t ayers eeEied s ko laic asm‘onlc' ETEERSS
h tic light b | near binding site/ exposed to a surface can be added (i.e. SiO, REEDEEL
TERS monochromatic ight by a sample different microenvironment (i.e. Al>03) 7,359,635-702
biomolecule conformational = Raman has no interference from
changes upon binding) absorption of water molecules
= Quantification
= Fast & highly sensitive (< 0.1 mg
for proteins)
= Solution based techni
+ ifrnc e e e
absorption of left-handed and = Conformational changes (i.e. a- hosphate. sul hatZ) v .6 86,96,180,225,
CcD right-handed circular polarised helical, random coil) phosphate, sulp 286,409,658,66

DLS

Zeta potential

Fluorescence

Photo-
Luminescence
Spectroscopy
Mass
Spectrometry

light that takes place in chiral
chromophore molecules.

Changes in the light scattered by
particles in Brownian motion

Gives the electrokinetic potential
difference between the dispersion
medium and the stationary fluid
layer around the dispersed
particle/ droplet under measure.

Intrinsic fluorescence (i.e. protein
fluorescence predominantly from
tryptophan)

labelling using fluorescent
molecules to aid the detection of
a biomolecule and/ or MO

Light emission by matter as a
consequence of the absorption of
photons at a particular
wavelength and emitted.

MALDI TOF MS - Pulsed UV laser
strikes a matrix of small organic
molecules which adsorb UV light

Chirality

Determine size of biomolecules
and MO particles and aggregates
Formation of complexes i.e. soft
and hard biomolecule corona
complexes with MO can be
measured

Biomolecule detection &
quantification

Surface coverage

Indirect determination of K
Adsorption Isotherm
Determination of hard and soft
corona

Determination of protein
conformation

Biomolecule detection

Probing stability of biomolecules
Probing conformational changes
Live cell localization of
biomolecules (in vivo studies)

Quantification of adsorbed
biomolecule
Determination of surface
coverage

Detects & characterises mixtures
of biomolecules i.e. peptides,
lipids, nucleotides, saccharides

AU

Only for chiral molecules (i.e.
polypeptides and proteins)

Low structural resolution

Low sensitivity to structural
changes

Simple and fast

Only for particles in the submicron
region

Viscosity dependence

Lower resolving power (i.e.
polydisperse sample)

Scattering from large particles can
mask detection of smaller
particles in mixtures.

Solution (pH dependent) based
technique

Probe may be required to label
biomolecule and/or MO

Buffer restrictions

Solution based technique

Where a probe is required to label
biomolecule and/or MO this may
influence their properties and
their interaction

Contamination can quench the
photoluminescence

Versatile technique best suited to
study biomolecules due to its
“soft ionisation” technique

0,694,703-707

31,91,246,286,
378,411,557,70

6,708-711

176,557,656,65

9,708,712-715

716721

523,529,557,69
4

654,722-726
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Table 1. continued

Technique

NMR

QCM-D

ITC

SPR

AFM/ SMFS

Method/Principle

and are energetically ablated from

the sample surface, converting
analytes into gaseous form
(lonisation)

= TOF-SIMS - mass analysis of
secondary ions sputtered from a
surface bombarded with primary
ions

® TOF is used to separate & detect
analyte ions by mass-to-charge
ratio

= Shift of magnetic resonance
frequency (8)

® Changes in oscillation frequency
(45) and dissipation (AD) of a
quartz crystal disk upon mass
loading

® Heat of binding

= Optical technique that detects
change in refractive index at the
surface of a sensor due to mass
adsorbed

= Measures force between a probe
and sample
= Maps the tip-sample interaction

Information

and other organic
macromolecules

Versatile molecular analysis with
ranging applications including
surface imaging and

depth profiling

Determination of Ko

Structural information

Chemical shift (6) can be related
with type of interactions
Distinguishes molecules based on
local chemical environment
Nuclear Overhauser effect (NOE)
may help with biomolecule
structure determination, as well
as identifying which biomolecules
have interacted with MO

Can distinguish between a free
and bound biomolecule

Many complex pulse sequences
available

Asrelated to adsorbed/desorbed
mass/thickness

AD related to rigidity and softness
of adlayer

Indirect determination of Ks, AH,
A4S, AG

Determination of thermodynamic
parameters (Ks, AH, AS, ACp, n) by
direct measurement of heat
change (endothermic/
exothermic) as a result of
interaction.

Real-time quantitative binding
affinities and determination of
kinetics rate constants: (Kon, Koff,
Ko, and Rmax)

Measure dielectric properties,
surface degradation or hydration
Biomolecule conformational
changes

Topographic imaging (3D surface
profile)

= Determination of height, friction,

and magnetism

= Measures adhesion forces of

biomolecules with MO surface

AV

Considerations

Organic matrix used to facilitate
ionisation

Flight-path variation in TOF due to
inhomogeneity in the sample
surface and variation in the size of
the crystal or the matrix
compound can cause mass drift
Lack of heated injection chamber
present in other forms of MS,
allows for the analysis of sensitive
biomolecules

Preparation & storage of solid
sample possible

TOF-SIMS: lateral resolution of is
much higher than that of MALDI-
MS imaging

The sensitivity of the technique
depends on the strength of the
magnetic field

Non-destructive

Solid/Solution state

Label free

Sensitive to the nanoscale
Kinetics influenced by viscoelastic
factors of adsorbing layer
Immobilization required
Measured mass also includes
hydration and entrapment of
solvent molecules

Requires thin surface that should
be evenly distributed

Solution based technique

Label free

No immobilization

No buffer restrictions

Buffer matching of the
component in the cells (sample
and reference) and syringe is
required

Few available models for data
analysis

Dependant on accurate
quantification of interacting
components (ligand and
macromolecule)

Label free

High molecular mass of the ligand
required

Surface coupled: Immobilization
required on a metal film, typically
gold

High resolution possible in some
cases,

Low scanning speed

Low resolution

Sample treatment not required
i.e. metal/carbon coating
Usually no charging artefacts in
the image

Solution based measurements
possible
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Table 1. continued

Technique Method/Principle Information Considerations Ref
* Optical method that records the = From changes in the ellipsometric Y epe e o i e
change in polarization of angles, the refractive index, therefore is less affec‘ie d by
i elliptically polarized light when it optical thickness, composition, ) o e ) 741743
E///psometry s W - P p intensity instabilities of the light
reflects on a sample surface. If roughness and crystalline nature source or atmospheric absorntion
biomolecule adsorption occurs on of the film can be deduced P P
a MO surface the associated = Measurements are not influenced
change in polarization is detected by normal ambient unpolarised
stray light
® Ellipsometry is considered
superior to reflectivity
measurements for anisotropic
samples
* Elemental identification and « Solid state 439,527,528,64
. N . . . 9,654,695,698,
XPS Changes in the binding energy and chen'{lcal state of ?Iement + Surface characterization highly N
kinetic energy = Relative composition of the e Saniin
sensitive (< 10 nm) 0,744
surface g
= Elemental specificity = Synchrotron radiation
= X-ray absorption spectroscopy = Provides information about the = Commonly used adsorption 745.748
XANES/NEXAFS spectra molecular organization including edges: carbon (285 eV), nitrogen
order and organization (400 eV) or oxygen (530 eV)
= Solid state
. . = Lattice strain modification caused = Crystalline material can be studied
= Changes in d-spacing values . . L . . .
measures the angles and by biomolecules intercalating in using Wide-angle X-ray Scattering 96,232,208,439
XRD intensities of beams diffracted the lattice crystal (WAXS) 521,528,557,5
o . = Distinguish between crystalline = Amorphous materials can be 60,621,649,700
from incident X-rays by crystalline . . A OO
atoms and amorphous materials studied using Small-angle X-ray
= Determine changes in d-spacing Scattering (SAXS)
= Single-crystal for amino acids?
. S .
= Sample is continuously weighed as P:‘;g:f I;f;:;nn:;':: :ubc%u;
it is heated to temperatures up to S . p L
o vaporization, sublimation, . .
2000 °C. adsorption. desorntion = Solid state thus only quantifies 44,91,527,528,
TGA and/or | = various components of the [SL, P hard corona (tight binding) SRR
= Provides information about . . e
DSC sample are decomposed as the . = Heating can alter the material ®
. chemical phenomena such as ) .
temp increases . . . = A destructive technique
= The weight % of each resulting SemERpIen, A,
mass change is measured ecembositionEolicess
reactions
i * Physical adsorption of gas = Requires sample pre-treatment
Gas Adsorption molecules on a solid surface for * Specific surface area and the pore Noi—destructir:/e spolid-state s37750752
the measurement of the specific size distribution N
(NZ) h fth ifi ize distributi analysis
surface area of MOs 4
32,33,43,44,70,
= SEM: Only solid nm to pm scale 75,80,214-
= SEM/TEM: Morphology and samples that can withstand high 218,508,510,52
SEM/TEM/ = High resolution imaging using a structural changes upon vacuum pressure can be analysed 2,526-
STEM finely focused electron beam interaction of MOs and in rgutine instruments though 529,539,649,65
biomolecules environmental SEM possible for 9,607,698,718,
‘wet’ samples 70

DLS, and zeta potential measurements are techniques that can
give concurrent direct information about both organic and
inorganic constituents. Their complementary use has been
used to probe the MO—biomolecule interface. For instance,
when biomolecules like proteins, peptides, or amino acids
interact with a MO surface, this may be observed by detection
of the amide-I band (~1700—1600 cm™") and amide II band
(~1500 and 1600 cm™') using FTIR*H!¥%*11527,9280621
Furthermore, using FTIR, the secondary structure of proteins,
for example, can also be determined and changes (from its
native form) may be associated with adsorption events
occurring at the MO—biomolecule interface.”’**'! However,
this method does not necessarily identify the binding moieties.
For example, it was suggested that shifts in —NH, and CO
bands could be due to hydrogen bonding with the surface;**”
however, this was not substantiated until studies were
performed on similar samples by NMR*”' and then only for
specific peptide oxide pairings. More remains to be done using
this combination of techniques.

In contrast, when MO synthesis occurs through the
formation of intermediates such that more than one crystalline
phase is identified using XRD, XPS may be used to determine
the relative ratio of M/O and hence deduce if the final MO
product has been achieved.*****7*?%340%% Wwith the use of
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XPS, the presence of biomolecules can be confirmed by
observation of, for example, the N 1s region and C 1s region,
corresponding to the nitrogen atom of an amino group (BE ~
399.0 eV) and to the tertiary carbon connected to it (BE ~
286.5 eV), respectively.******** As changes/shifts in the
binding energy of an element are indicative of atoms in a
different chemical environment, biomolecule interactions with
a MO may be identified. However, XPS cannot be used to
study specific interaction modes at the interface due to
instability of biomolecules in ultra high vacuum conditions.
Using XPS to monitor changes in the relative ratios of M/O in
precipitates collected at different time points during the
synthesis of a MO in the absence and presence of a
biomolecule can serve as a tool to identify the effects of the
biomolecule during MO formation. As an example, this has
been demonstrated in a study where delayed formation of ZnO
has been shown to occur in the presence of a specific
peptide.”**

In combination with XPS, Raman has also been used to
confirm the strong adsorption of peptide to ZnO by detecting
the presence of the amide I band, the amide IIT (~1300 cm™)
band, as well as peaks that can be suggested to arise from a
specific amino acid in the peptide.”>* In comparison to FTIR,
the potential of Raman spectroscopy to study MO-biomolecule
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interactions is far from being fully explored. Raman spectra can
be used to track changes due to interaction of a MO with a
biomolecule; that is, it has been reported that changes in
Raman spectra of the aromatic amino acids tyrosine,
tryptophan, and phenylalanine can be used to probe protein/
peptide-material interactions if they are located near the
binding site or exposed to a different microenvironment
(protein/peptide conformational changes upon binding).®*
When compared, both Raman and FTIR help to probe
different responses of the same normal modes. Since
structurally sensitive, normal modes, sampled by the two
techniques, become valuable objects for numeric evaluations.
This facilitates approaching a solution of the inverse problem—
anticipation of a structural function using Fourier Transformed
responses from such.”®' This is an area of research that is ripe
for development as access to high power computing facilities
becomes more widely available and experimentalists and
theorists better understand the potential of combining
experiment with simulation to drive advances in understanding
how biomolecules can interface with materials.””"** Both
Raman and FTIR have advantages and disadvantages
associated with their use (i.e., fluorescence from samples like
SiO, may interfere with the abili? to take Raman spectra,
which is not an issue with FTIR).®** On the other hand, FTIR
is sensitive to polar bonds, especially OH stretching in water
which can interfere with spectra of hydrated samples and is not
an issue with Raman,®*>%>

In some of the above-mentioned studies where adsorbed
biomolecules have been identified using combinations of
FTIR, Raman, and XPS, TGA has been used to quantify the
amount of a biomolecule adsorbed to the MO precip-
itate."*>*”°*®  Additionally, during synthesis, DLS can be
used to obtain information on particle growth and the size
of any initial droplets or aggregates of the biomolecule that
may serve as a template for the MO/biomolecule composite.”!
One can compare the hydrodynamic radius of the individual
components and the composite to have a first understanding of
the hybrid synthesis path (i.e., templating). This can later be
confirmed by analyzing the organic composition of the
composite by TGA analysis.”*”****** A limitation of DLS to
measure crystal growth is that hydrodynamic radius refers to a
spherical model, hence, is significant only if materials have
spherical or nearly spherical shape.

Fluorescence-based labeling techniques such as fluorescence
spectroscopy’ "' *¥17¢33353% and confocal microscopy**%°*%%
have also been widely used for detection and/or quantification
of biomolecules. Exceptionally, live cell protein detection and
its localization can be determined by FRET microscopy
imaging.°** Studies have similarly shown that much more
information can be generated for a fuller understanding of
events occurring during MO formation when fluorescence-
based labeling techniques are used in combination with other
techniques. For example, fluorescamine assays have been used
to quantify biomolecule adsorption on MO surfaces generating
adsorption isotherms that can be used to determine
biomolecule affinity and surface coverage.'”*'** Zeta potential
measurements carried out in parallel may yield additional
information such as surface charge/peptide pl which can be
used to predict possible binding mechanisms,*"%!3%176/180,65¢
The fluorescence lifetime behavior of amino acids in protein
has been related to conformational changes, as is the case of
tryptophan adsorbed on a hydrophobic Teflon surface where

its shortened fluorescence lifetime was associated with an
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increase of  helix content on binding.657 However, the same
trend was not observed on hydrophilic SiO, surfaces
(fluorescence lifetime unchanged with variation in a helix
content).”” CD spectroscopy has also been used to obtain
more conformational information on the secondary and

tertiary state of biomolecules including proteins and
14« 180,409,647,658—660
peptides.

6.2. Real Time Monitoring of MO-Biomolecule Interactions

Techniques that allow for real-time monitoring of MO-
biomolecule interactions include QCM-D, SPR, AFM, ITC,
and fluorescence-based adsorption assays.

QCM-D is an established technique for probing abiotic—
biotic interaction processes such as MOs and biomolecules as
has been demonstrated in various studies with TiO,***” and
8i0,.20?78728028% [imited stability of ZnO films in an
aqueous environment has currently precluded its use in the
study of ZnO biomolecule interactions. Experimental in-
formation obtained using QCM-D such as adsorbed/desorbed
mass/thickness, rigidity, or softness of an adlayer, and possible
determination of orientation of adsorbed biomolecules can be
used to investigate the mechanism behind specific MO-
biomolecule interactions. Information from QCM-D can also
be used to indirectly determine values of Kz, AH, AS, and AG
as well as physical parameters such as density, viscosity, or
storage modulus. It is important to note that in QCM-D, the
measured mass coupled to a MO surface includes added mass
due to biomolecule hydration and entrapment of solvent
molecules.”*"** This issue can be circumvented by using a
complementary method like SPR that can be used to
differentiate the measured mass adsorbed during MO-
biomolecule interaction due to hydration and not the
biomolecule. SPR is, however, limited to materials that can
be deposited as nanoscale-thick films (about 100 nm thick or
less) on a biosensor substrate coated with gold. For example,
the adsorption of peptides to gold-alkanethiol self-assembled
monolayer (SAM) surfaces has been studied using SPR.°” In
this study, the standard state adsorption free energy was
determined from adsorption isotherms and the use of the
Langmuir model characterizing peptide adsorbed as a function
of concentration.’**

The use of AFM has greatly advanced beyond high-
resolution imaging to directly probe biomolecular interac-
tions.°** AFM-based single molecule force spectroscopy
(SMFS) allows one to directly access the interactions between
biomolecules and different material interfaces ranging from
surfaces (including MOs) to soft biosubstrates.*”~°°” The
biomolecules are tethered to the AFM cantilever via a chemical
functionalization procedure, commonly including a silanization
step and the usage of PEG linkers.”*® The binding free energies
of the biomolecules to MO substrates can be estimated by
means of measurements performed at variable loading rates.’®”
The curves of binding force as a function of the loading rate
can be fitted via kinetic models, from which the binding free
energy values can be extracted.””””" Investigated biomole-
cules range from single amino acids to whole proteins.*”*"*
Additionally, AFM tips can be functionalized with oligonucleo-
tides with sequences engineered to display specific affinities
toward analytes. The measured adhesion forces between the
functionalized tips and generally passive substrates (including
MO surfaces) change when in the presence or absence of the
molecules of interest. With this method, molecules at
concentrations < 100 pM can be detected.?”?
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The stability of the substrate during AFM measurement is
essential for reliable results since changes in surface roughness
may have an influence on the measured binding forces. Further
challenges in this field include overcoming issues to do with
understanding precisely how the conformation of a molecule is
affected by the coupling procedures, how the molecule of
interest recognizes the surface, and further, there are current
issues to do with poor reproducibility of results, the ability to
automate the process to reduce operator bias, as well as
development of better models appropriate to the complex
samples that are being studied. In combination, SPR and AFM
have been used to obtain biomolecule surface adsorption free
energies.”** Note, AFM requires a macroscopically flat MO
surface, which does not have to be as thin and evenly
distributed as is required for SPR and even more so for QCM-
D. An AFM method has been developed to estimate AG® 4 for
biomolecule adsorption to materials including MOs that
cannot be easily formed into thin films.”** Strong correlation
between desorption forces (Fy,) obtained using a standardized
AFM method and AG°,4, determined using SPR have been
reported.”**

ITC, as a method to measure energy changes during binding
has evolved from its conventional use to study biomolecular
recognition reactions into diverse areas of interest including its
development to study interactions between biomolecules and
inorganic nanoparticles including MOs.>*%7*7"7 The main
advantages of using ITC over other more established
techniques used to study the interaction of biomolecules and
MOs (i.e., SPR, QCM-D, XPS, NMR, and fluorescence-based
adsorption isotherms) is that it is a direct measure of molar
enthalpy, thus it is able to determine all thermodynamic
parameters (AH, AS, K,, and AG) from a single experiment
(experiments do not need to be carried out at different
concentrations or temperatures to derive thermodynamic
parameters).””*~*** ITC can also be used to study interactions
of biomolecules with MOs in their bulk or particulate form,
whereas techniques like QCM-D, SPR, and AFM require the
immobilization of MOs on a surface. Additionally, ITC also
does not require labeling of an interaction component as is
needed for fluorescence-based adsorption assays. Nonetheless,
like any other technique, the use of ITC has challenges such as
difficulty in data interpretation (i.e., definition of the binding
sites on the biomolecule and the MO surface).”**%* 1t has
been proposed that when studying interactions between
biomolecules and particles (including MOs) using ITC, the
effective concentration of surface sites on the particles available
for interaction can be estimated from equilibrium adsorption
isotherm measurements (Al) and the BET-determined surface
area of the particles.”®"**” Such combinations of ITC and
equilibrium adsorption isotherm measurements can facilitate
interpretation by separating the adsorption free energy change
into discrete entropic and enthalpic contributions.®®

It is however important to note that there may be
discrepancies between the surface sites that are accessible to
small gaseous molecules such as nitrogen used in BET
experiments comlpared to the size of interacting biomolecules
being studied.”®’ Equally, quantification of the maximum
number of biomolecule interaction sites (N,,,,) per unit surface
area of the particles and correlating adsorption isotherm
measurements to ITC measurements is not applicable in
instances where multilayer adsorption occurs with global heat
effects produced, as there is no clear distinction between heat
change due to biomolecule-MO surface interaction and
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biomolecule—biomolecule interaction.”*>"*~*"7 It is also
important to note that in adsorption isotherm measurements,
if centrifugation is used to separate the supernatant containing
unbound biomolecules from the pellet containing particles
with adsorbed biomolecules, then this may perturb the
peptide-nanoparticle complex, leading to inaccurate quantifi-
cation of bound and free biomolecules. Nevertheless, the
application of ITC to measure abiotic—biotic interactions
continues to be developed. Improvements in ITC analysis
methods are needed (i.e, to generate mathematical models
that are more representative of the interaction process or to
determine new ways to interpret data even without fitting
models as proposed by Lin and co-workers in 2017).°®* The
use of complementary techniques to kinetically/thermody-
namically characterize MO-biomolecule interactions will also
drive improvements in ITC data analysis and interpretation.

6.3. Importance of Complementary Use of Techniques

The importance of complementary use of a range of
experimental and computational methods has been highlighted
throughout the review. There is no single technique developed
that is able to obtain all the information necessary to fully
characterize MO-biomolecule interactions. Every instrument
has its detection limits which influence the findings. For
example, to elucidate if biomolecules are entrapped within the
bulk of the MO or on the surface, techniques such as XPS and
FTIR can be applied. However, very few published studies use
these methods appropriately to describe the surface of a
material under the conditions where interactions occur, and yet
it is at the very surface that biomolecules and ions present in
the reaction medium and water itself will compete for
adsorption sites on the mineral surface. XPS and FTIR, as
well as having different detection limits, the complementary
techniques of XPS, and attenuated total reflectance FTIR
(FTIR-ATR) provide data at different distances into the
surface of a sample. XPS (detection limit 0.1—1 atomic %)
reveals the surface atomic composition of a material at the few
nanometer scale range (3—10 nm).*** Further, this technique
can allow one to analyze the composition at different depths
within this range. FTIR (detection limit of 0.1—1 wt %) can
also be used to compare the surface chemistry of certain
materials; it can analyze a specimen at a depth of a few
microns.”®® In the case of biomolecules entrapped in a thick
coating of MO, only the inorganic fraction would be detected
by this approach. However, the data obtained could then be
compared to information acquired by conventional FTIR
analysis, where the IR beam is absorbed/transmitted through
the sample. In the analysis of samples containing multiple
phases, for example where MO synthesis occurs through the
formation of intermediates that are mixed with the final MO
product, detection of specific materials may vary with different
techniques. For example, in a study reporting the presence of
intermediates in synthesized ZnO precipitates, the organic
components were quantifiable using TGA.>** However, using
XRD, such minor phases may not be detected if the amount is
below the lower detection limit of the instrument which is
about 1-2 wt %.°°%*” Further, these phases might be
especially difficult to detect if the minor intermediate
component is less crystalline than the major crystalline MO
phase. In a study on ZnO, the occurrence and identification of
the intermediate phases could be clearly confirmed when FTIR
was used alongside many other methods.”* This is in part, as
stated above, in comparison to XRD (detection limit of about
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1-2 wt %), FT-IR has a lower detection limit of 0.1—1 wt
95,688

As discussed in other sections of this review, combinatorial
techniques including phage display and cell surface display
methods have played an important role in the identification of
artificial biomolecules that bind to MOs with peptide
sequences being identified that can interact with, and in
some cases, control the morphology of MOs. However, many
researchers have come to the realization that these approaches
have their own biases in either intrinsic biases from the
biological systems being used®”**” or from the choice of
components used in the screening procedure.'’******! There-
fore, advancements in peptide design may lie in the
development of newer complementary random and rational
approaches.®>0>0%090692 Ajternative rational approaches
include random mutations of sequences to investigate the
significance of specific sequence alignment, conformation, and
resulting effects on binding potency during interaction with
target substrates.>>”%7>%%?

Theoretical methods (computational modeling and bio-
informatics) are increasingly being applied for a selection of
biomolecules that can strongly interact with MQs.””*'®
Moreover, it is becoming common to combine experimental
characterization of MO-biomolecule interactions with theoreti-
cal studies to validate the modes of surface binding as well as
provide more detailed understanding of possible interaction at
the atomic scale, which is not accessible through practical
experimental means.””*'® The current challenges and debates
on the accuracy of simulations of MO-biomolecule inter-
actions, the need for representative force fields, and
determination of an agreeable number of adjustable parameters
is the platform that will lead to a standardization of the
approaches taken in computational studies. When achieved,
computational studies will accelerate our understanding of
MO-biomolecule interactions. More is discussed in relation to
this area in the section on Remaining Grand Challenges and
Take Home Messages.

Complementary use of the range of experimental and
computational methods discussed above would clearly enable
users to obtain more useful information. It is expected that
challenges may be faced in standardizing experimental
conditions for a comparative study with different techniques
(i.e.,, the working principles or limitations of techniques may
prevent studies being carried out under identical conditions for
direct comparison). However, researchers should strive to
obtain data and interpret their findings based on information
from as many complementary methods/techniques as is
possible. From the exemplar MOs discussed in this review, it
is clear that much more research has been carried out for some
MOs like SiO,, TiO,, and ZnO with biomolecules in
comparison to studies with GeO,. Many of the methods/
techniques that have been successfully used to build an
understanding of interactions of biomolecules with the more
extensively studied MOs are transferable to the less explored
MOs like GeO, that have useful related and unique properties
yet to be realized/exploited.

7. EMERGING TRENDS AND FUTURE OUTLOOK

We conclude by discussing some remarkable advances in other
fields that may transform or shape our understanding and
application of MO-biomolecule interactions. These examples
demonstrate how biomimetic approaches are contributing to
deliver new technologies.
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7.1. Additive Manufacturing (AM)/ 3D Printing

Additive manufacturing (AM)/3D printing, which is the
assembly of structures in three dimensions by adding materials
layer by layer, is completely transforming the world of
materials engineering and manufacturing.”>>”>* Its application
has extended from design in industries such as automotive and
aerospace to diverse areas such as biomedical engineer-
ing.”*>”*® There is no doubt that advancements in AM will
have countless implications on society from the economic
through political and environmental impacts.”*””*® Sophisti-
cated computer-aided design enables superior flexibility and
versatility to fabricate complex 3D structures which could not
be realized using conventional manufacturing methods.”>”
Pertinent to this review, AM engineers are employing
biomimetic strategies to design intricate 3D printed constructs
with an aim of creating materials with superior properties (i.e.,
strength and lightweight structures) and functionality.”*"~"**
There is also great interest and effort in the improvement of
AM techniques to exploit an increasing variety of materials.
Although synthetic polymers are the most utilized material in
AM, natural polymers (biomolecules) (i.e., proteins, poly-
saccharides, and polynucleotides)’**’** are progressively being
utilized in 3D printing. Other materials that have also been
used in AM methods include metals’®>7° (e.g., aluminum and
bronze)”*”’*® and metal oxides (e.g, SiO,, TiO, Cu,O, and
7n0).76576

The growing interest in creating new composite materials is
being realized through the convergence of AM with nano-
technology and biomedical engineering technologies with
further expansion in the use of 3D printing. Biomedical
applications of 3D printing include tissue engineering of
devices such as medical implants and surgical guides as well as
the fabrication of delivery systems that can act as carriers for
cells or biomolecules that include drugs, growth factors, or
antibiotics.”**’**””° The use of biomolecules in biomedical
engineering has the advantage that natural polymers are highly
similar to the materials found in the native environment of host
tissues, thus biological interactions could be strongly enhanced.
At present, however, the principle limitations of the use of
natural polymers are their high cost and inferior 3D
printability.”*® A comprehensive review on the use of natural
polymers in 3D printing is provided by Carrow and co-
workers.”**

In the merging of AM with nanotechnology, the addition of
nanomaterials such as quantum dots, nanowires, metals, and
carbon nanotubes to printable matrices made from materials
such as polymers has the potential to expand the capabilities of
nanocomposite 3D printed materials by taking advantage of
the unique properties of nanomaterials.”** If we now think of
extending these ideas in the context of this review, we can ask,
what is the potential for the development of technologies using
3D printing methods that exploit metal oxide-biomolecule
interactions? Approaches may include the delivery of
biomolecules by 3D printed scaffolds that have metal oxides
incorporated for imaging or controlled biomolecule release.
This would require the development of 3D printing
approaches able to incorporate biomolecules during the
printing process. The printing of scaffolds with encapsulated
metal oxide micro- or nanostructures that can be carriers of
biomolecules would need to be carried out using “greener”
synthesis/fabrication conditions without thermal, radiative, or
harsh chemical treatments.

DOI: 10.1021/acs.chemrev.7b00660
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.7b00660

Chemical Reviews

Currently, 3D bioprinting techniques are being developed
which have the potential to recruit biomolecules and cells
during the printing process.”**’**”’%”’" This general ap-
proach, albeit without the need for 3D printing was shown for
growth factor/cell mixtures embedded in silica-alginate spheres
back in 201177% but has more recently been demonstrated with
the use of 3D printing for a multidimensional organized system
using synthetic polymers [i.e., polymer poly(lactic-coglycolic
acid) microspheres encapsulated with growth factors and
embedded inside a scaffold made of polycaprolactone micro-
fibers].””> Complete exploitation of such mixed component
systems will require careful characterization using orthogonal
techniques to understand the effect of the interface on the
behavior/functionality of the different components. This will
require advances in materials characterization methods and
techniques. It will be exciting to see how these emerging
technologies will contribute to our understanding of
interactions between metal oxides and biomolecules and
influence the development of applications employing these
interactions. There is no doubt that with continued improve-
ments in the capabilities of 3D printing techniques such as
resolution (to the molecular level or lower nanometer scale),
speed, and compatibility with mixed components while
maintaining functionality, the applications utilizing 3D printing
will increase.

7.2. Synthetic Biology and Systems Biology

Another evolving area of research that is revolutionizing our
understanding of biomolecules and their functionality is
synthetic biology, which brings together the expertise of
engineers and biologists to design/engineer novel artificial
biomolecular components, networks, or pathways.””*’”> The
approach is to apply circuit analogies of established frame-
works used in electrical engineering with an end goal of
achieving cellular control.”’°~"”® The method entails reprog-
raming of organisms in a logical approach using standardized
components termed biological circuitry (i.e., genes, proteins,
cells, viruses, biological pathways, and biochemical reac-
tions).””*773 Using a synthetic biology approach, the behavior
of organisms can be extended or modified to perform new
tasks. For example, among the first synthetic gene networks
designed and constructed is the genetic toggle switch which is
an artificial gene regulatory network in Escherichia coli.””” More
recent advancements in synthetic gene circuit engineering
including prokaryotic and mammalian gene regulation have
been discussed in a review by Bashor and Collins.”””

Like synthetic biology, systems biology which has been
coined to refer to computational and mathematical modeling
of biomolecular systems, focuses on characterization and
understanding of the functionality of systems in their entirety
rather than focusing on individual components.”*””®" This will
allow elucidation of complex and integrated biological systems
such as metabolic steady state and function, supramolecular
functional properties like the cell cycle, the understanding of
multifactorial diseases, and will advance other fields of research
such as biotechnology.782 For this to be achieved, significant
progress in our understanding of computational sciences (i.e.,
the design of methods based on definite design principles and
simulations as well as the development and implementation of
databases), genomics, improvements in measurement tech-
nologies, and integration of these with existing knowledge will
be required.”®’
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Artificially engineered products of synthetic biology
designed with insights from systems biology may achieve
functionalities that far surpass those of biomolecules,
eventually replacing them with much cheaper options.
Nonetheless, where integration of cellular systems and
materials is desired then a clear understanding of the forces
at play between the various components, whether they be at
the chemical, biochemical, or cellular level will all benefit from
molecular level understanding of interactions occurring
between inanimate (abiotic) and living (biotic) materials.
Advances in our understanding will power the development of
new applications for the betterment of the world and its ever-
expanding population.

8. REMAINING GRAND CHALLENGES AND TAKE
HOME MESSAGES

As we conclude, we note that much has been learned from
interaction studies of MOs with biomolecules especially using
relatively simple biomolecules, including amino acids and short
genetically engineered peptides which in themselves offer a
vast library of possibilities that can be studied. Ultimately, the
knowledge gained may be transferred beyond biomolecular
recognition to the design of cheaper and more stable small
organic molecules with properties suitable for the design of
MOs and hybrid functional MO-biomolecule conjugates.

This review provides insight into the current state of
research in this field and may ultimately facilitate and provide
guidance to new research strategies in the scientific
community. We finish with a description of some of the
remaining grand challenges in the field and provide some “take
home messages” for those either entering into or already
working in the field which we hope will lead to reduced
ambiguity in terms of data reporting and interpretation.

There are many similarities between the materials discussed
in this review article and, as such, there are common issues that
need to be addressed before the field can move forward. These
include (a) techniques for the specific study of the interface,
including the ability to measure time-dependent changes for
both the mineral phase and the inherently disordered
biomolecules themselves; (b) the role of interfacial water
and ions next to surfaces; and (c) the development of
appropriate force-fields and simulation environments that
mimic “real” life.

The aqueous—mineral interface plays an important role in
(bio)molecule—surface interactions, but the development of a
full understanding of the physical/chemical events occurring at
the aqueous interface requires both a qualitative and
quantitative description of the surface characteristics/proper-
ties that, in the case of amorphous silica, can be challenging
due to the limited techniques that can be used to explore its
structure at an atomic level.*

An even greater challenge has become to understand and
characterize interfacial water, as, for example, it is difficult to
distinguish between silica-biomolecule, silica-water, or bio-
molecule-water amalgams from the resulting interaction
forces.”®> In this respect, third-order two-color ultrafast
infrared nonlinear spectroscopy, established specifically for
application to intermolecular structural analysis at complex
biointerfaces,”** demonstrates promise for unique resolving
power to describe both the structure and intermolecular
relations at complex disordered interfaces on the subpico-
second time scale. In this respect, it is important to notice that
one-dimensional second-order Sum-Frequency Generation
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(SFG) spectroscopy reveals a wealth of information on the
nature of aqueous states associated with interfaces such as
titania, one of the many metal oxides discussed in this
review.”*> As one-dimensional bulk-specific linear infrared
spectroscopy can be extended to two-dimensional third-order
absorption spectroscopy to correlate different interatomic
displacements in the bulk, so one-dimensional surface-specific
second-order SFG spectroscopy can be extended to two-
dimensional fourth-order SFG spectroscopy to correlate
interatomic displacements at surfaces. Recently, actively
phased controlled fourth-order SFG spectroscopy was reported
for the first time.”*® Should these tools become more widely
available then their application will be invaluable for advancing
our understanding of biotic—abiotic interfaces. Further, optical
infrared and Raman spectroscopies are particularly valuable in
applications to disordered interfaces and their use, in
combination with advanced quantum chemical calculation
(see below for more details), should be developed further.

Many of the biomolecules that are used in studies of MOx-
biomolecule interactions are short peptides identified from
phage display that have no inherent particular secondary
structure which causes great problems in characterization both
of the peptides alone and in the presence of a mineral phase.
Researchers who have shown that oligomers of specific binding
peptides”® (e.g, a quartz binding peptide oligomer binds
better than the peptide themselves) may be simply seeing the
effect of organization of the longer polypeptides into secondary
structural motifs, leading to enhanced interaction, rather than
an effect of the original sequence itself as has been proposed. It
is possible that MOx-biomolecule binding will lead to
increased organization, but as yet this is a little explored area
with techniques needing to be developed that are amenable to
study these composite systems using conditions (aqueous) that
correctly replicate what is found during binding/mineraliza-
tion.

Although, there has been great progress in the development
of theoretical and computational methods, there is still great
challenges to modeling interactions at the aqueous interface.
Recently, Ozboyaci et al, in 2016, published a review of
achievements and challenges for modeling and simulation of
biomolecule—surface interactions in which a large number of
the examples given refer to the MOx studied in this
manuscript.”®” Similarly, a review by Knecht and Walsh, in
2017, describes in detail advances that have been made in
computational approaches to examine nanoparticle biointerfa-
ces.'”” In particular, they point out issues to do with the
modeling of the inherently disordered short peptide sequences
and the fact that the propensity of a peptide to bind via
noncovalent interactions is not simply a sum of the binding
strengths of individual residues. This problem not only exists
for small peptides but also for disordered proteins and proteins
containing both ordered and disordered segments. Very recent
research by the Shaw group, in 2018,”*" and a review by Huang
and Mackerell, also in 2018,”® have shown that a number of
common force fields used to study protein biophysics are not
able to cope with disordered structures.”*®”* In proteins, this
situation arises when the primary sequence contains a large
number of hydrophilic (charged and polar) amino acids and
reduced numbers of nonpolar residues that normally drive
hydrophobic core formation.”* In the case of small peptides
interacting with inorganic materials, the situation is further
compounded in that there is little possibility for the small
peptides to form specific secondary structural motifs, that is
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unless water (and ions) are excluded from the interface. The
solution to this problem involves modifications of the force
field used. For intrinsically disordered proteins, several
approaches have been suggested. In the case of the
nonpolarizable a99SB-disp model described by Shaw and co-
workers,”®® this involved modifications to the water model
(TIP4P-D), small changes in backbone torsion corrections and
a change in strength of a backbone O—H Lennard-Jones
pair.””’ An alternative solution has been proposed by Song and
co-workers, in 2017, who generated improved force fields
(ff14IDPSFF) by correcting the backbone dihedral distribu-
tion for all 20 amino acids.””" Interestingly, their force field
worked well with traditional TiP3P water and was tested
against small proteins and a range of 9 mer peptides as might
be encountered in studies of peptide-mineral interactions.
What is clear is that in new computational studies of
biomolecules at interfaces, one should consider using these
types of advanced force fields to get better conformational
sampling of the biomolecular species. The computational data
so obtained should be supported by experimental measure-
ment of biomolecule structure using NMR wherever possible.
A further issue that has to be addressed is the relatively flat
conformation space adopted by such molecules such that
sampling methods need to be adopted that obtain information
on a representative conformational ensemble as one would
measure in an experiment.

Careful thought and planning of the protocol is needed to
accurately capture this structural complexity in any simulation.
A range of simulation approaches are discussed in the review
by Walsh and Knecht.'” Studies on silica and titania are well-
represented, but studies on zinc oxide and germania although
similar in scope have not been studied or as well-reported up
to now. For all, there is still a need to model both the bulk and
the surface of a material as well its interface with water, ions,
and biomolecules. Force fields and parameter sets that better
match the experiment are being developed, but even these have
limitations. As an example, a force-field such as the
CHARMM-INTERFACE FF’*” has been developed, but at
present, its application to the study of silica (and other
mineral) peptide interactions still uses as its mineral structure
extracts of a regularly ordered material which is a far cry from
reality. New approaches are needed that appropriately allow for
the amorphous hydroxylated surface of all MO,, including
defect structures and different degrees of hydroxylation and
charge. It should be noted, however, that independent
validation of another factor in biomolecule-mineral inter-
actions which has been shown to be important is curvature,”'*
and yet for the MO, of interest in this review, this has not yet
been explored. Studies on small metal clusters of Pd are
known,””® and as computing power further increases, similar
atomistic studies should be performed on MO, clusters and
nanoparticles. An alternative computational approach that
consider groups of atoms as a single point, the so-called coarse
graining approach, yields information at the same resolution as
experimental AFM studies, and more studies that link these
two techniques should be encouraged as these approaches
generate complementary information that will enhance our
understanding of the abiotic—biotic interface. At the other
distance extreme, the use of quantum chemical calculation, for
example, density functional theory (DFT) approaches coupled
with vibrational or electronic spectroscopies, could provide a
direct link between an experimental observable (an infrared or
Raman spectrum of a biomolecule-mineral construct) and an
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understanding of structure at the atomic scale. In all instances,
the role of interfacial water and ions must be considered
carefully.

Since the recent report on stabilization of a robust
technological bit,””> 10’—10° faster quantum computing may
be a realistic prospect within 5 years. This would offer high-
quality hybrid QM/MM,””* static DFT’”® and dynamic
quantum approaches as the Carr-Parrinello approach”® or
similar,””” to assist in the structural analysis of large (thousands
of atoms) bioinorganic systems. This is essential whenever the
lack of order (symmetry) and the range of sizes reduce the
ability of X-ray and NMR techniques to probe structure. If
such is the case, structural properties and thermodynamical
properties may be extracted and discussed using vibrational
spectral properties. This requires modeling of vibrational
normal modes at inorganic interfaces to test and narrow down
according to experimental results. Recent efforts in combining
classical simulations and static DFT techniques’*” indicate the
sensitivity of calculated properties to structural variances of a
mineral phase. It is obvious that such effects would become of
great significance when at metallic surfaces. In this respect, it is
specifically instructive to work on the development and
characterization of metallic surfaces to be considered as
reference standards. This would allow planning computational
studies either on properly reproduced representative surfaces
or on engineered surfaces of interest to match the situation as
in experiment.

8.1. Take Home Messages

For experimental studies, we have to make efforts to ensure
that (a) All components of a reaction system are characterized
and reported to help reproducibility and repeatability of
published work. This should include the most thorough
possible description of the mineral phase and its physical-
chemical state (whether that be particulate or “flat” surfaces, or
commercial sensors, or commercial minerals/powders), the
biomolecule itself, and the medium in which experiments are
conducted. (b) The processing history and effect of time on
the properties of the mineral substrate (before and during
measurement time) have to be documented to facilitate post
research recapitulation. (c) A new generation of binding
models need to be developed. Ideally, such would provide
student friendly universal platforms for kinetic simulations
under possible hierarchies of time and physical dimensions,
including coexistence and competition of dynamic scenarios
where possible stochastic, diffusive, and/or intermediate events
would play roles in defining structural ensembles in systems
with interfaces of complex topology. There is a need to further
develop and standardize the rationale for selection of
theoretical models used to interpret data as well as the need
to develop additional models specific to the materials in
question. (d) Initiatives on new methodological protocols are
suggested to declare possible toxicity and/or physiological-
medical implications. These should be stored at the level of a
dedicated national service whenever a new biocomposite
material is developed and reported. The initiative is of
particular urgency as new classes of active and genetically
driven biohybrid materials are about to emerge. This is where
genetically modified life-forms may be engineered to induce
large scale assembling or decomposition according to the
encrypted switch on/off mechanisms.””” We must consider the
possibility of unexpected interspecies genetic drift for such
materials. (e) Scientists that approach the investigation of
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MO-—biomolecule interfaces from a theoretical perspective
must ensure that simulations are built using models that can
represent “real” interfacial events (e.g., water content, presence
of salts, etc.). The development of new and validated force
fields is necessary, especially in the case of less studied MO.
Advances in computational power promises progress in
representation of biomolecules of increasing complexity.
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