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Abstract: Nanomaterials-based diagnostics have tremendous advantages over other conventional diagnostic systems in terms of sensitivity,
specificity, and portability owing to the unique intrinsic properties of nanomaterials. Thus, there is a substantial need to develop and
employ a broad spectrum of nanomaterials for biological and diagnostic applications. In this review, we focus on nanomaterials-assisted
disease diagnosis utilizing different techniques such as photoluminescence, colorimetry, fluorescence, electrochemistry, microarray
methods, surface plasmon resonance, and surface-enhanced Raman spectroscopy. In these techniques, different nanomaterials, including
but not limited to gold and silver materials, metal oxides, and semiconductors, were employed according to their all-purpose chemical
and physical properties. As the new properties of nanomaterials are discovered, their contributions to nanobiotechnology applications
are vastly increased. In this review, the features of the selected nanobiomaterials, biological tag-modified nanomaterials, and their
outstanding applications for the detection of specific biotargets have been summarized according to the latest studies. Nanomaterials
contribute to the fields of photo/chemotherapy and biomedical imaging in particular, since all the biological events happen within
this size range and beneficiary roles of nanoparticles (NPs) are countless in biomedical applications due to their unique physical and
chemical properties. However, due to the necessity of specificity and selectivity, there is a clear ambition to study bioconjugation of NPs
to increase the efficiency of the targeted biological applications. Thus, the combination of the specificity and the intrinsic properties of
biohybrid NPs facilitate diagnostic and therapeutic applications.

Key words: Nanocolloids, bioconjugation, photoluminescence, bioplasmonic structures, medical diagnosis, bioimaging, biotechnology,
theranostics, biological tags, optoelectronic

1. Introduction

Nanomaterials synthesized from their precursors using
different techniques demonstrate many different properties
compared to their bulk materials. These properties have
increased the motivation for developing and modifying
these nanomaterials to be used in current technology
fields such as catalyst systems, electromechanical systems,
biological systems, optical sensors, displays, and electronic
circuits (McBride et al., 2006). On the other hand, the
impact of these nanoparticles (NPs) in different fields
also requires improved techniques to fabricate high
throughput and precise (monodisperse) nanomaterials.
The development of the electronics industry has also led
to the improvement of nanofabrication techniques such
as photolithography. Because of high resolution and
high throughput, recent photolithography improvements
have guided fabrication of patterns with a sensitivity of
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several hundred nanometers in size. However, patterns
on a sub-100-nm scale are not applicable by classical
photolithography technique due to the diffraction
limitation of light, backscattering from the substrate, and
difficulty in developing master molds. Currently, achieving
precise master molding has increased research interest in
more advanced lithography techniques. For example, in
dip-pen nanolithography, a high refractive index liquid
is used between an imaging lens and other tools such as
photoresists, e-beams, focused ion beams, and scanning
probes. There are also two prominent methods for
fabricating colloidal photonic crystals (André et al., 2016)
and periodic plasmonic nanostructures (Malaczewska,
2014; Maddenetal.,2015; Mahyad etal.,2015; Mansuretal.,
2015; Del Mercato et al., 2016): electron-beam lithography
and focused ion-beam milling. In addition to numerous
similar nanooptical applications, the improvement of
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plasmonic structure and photonic crystals based on
integrated optical circuits has been mostly hindered by
sophisticated top-down nanofabrication techniques.
However, high yield for large-area fabrication is still an
important challenge with these top-down techniques.
Conversely, bottom-up techniques, including colloidal
self-assembly and subsequent templating nanofabrication
techniques, provide a much more practical and cost-
effective method compared to nanolithography. Various
colloidal self-assembly techniques, such as spin-coating
(Ackerson, 1990; Cheng et al., 2011; Im et al., 2011; Muller
and Batchelli, 2013), gravity sedimentation (Blanco et al.,
2000; Muller and Batchelli, 2013), electrostatic repulsion
(Cheng et al, 2011; Im et al, 2011; Zu et al., 2011;
Kumar et al., 2014; Rodio et al., 2016), template-assisted
assembly (Kang et al.,, 2015; Logeswari et al.,, 2015; Luo
et al., 2015; Garrido et al,, 2016; Li et al., 2016), physical
confinement (Prorok et al., 2014; Garrido et al., 2016),
layer-by-layer growth (Pieranski, 1983; Trau et al., 1996;
Bardosova et al., 2010), shear-aligned assembly (Zhong
et al., 2003), electromagnetic field-assisted crystallization
(Herold et al., 2012; Wagner et al., 2014), and capillary
force-based self-assembly (Kaombe and Hagg, 2014;
Khiyami et al.,, 2014; Karatutlu et al., 2015; Kira et al.,
2016), have been employed to prepare colloidal arrays.
The structural templates used in generating periodic
plasmonic nanostructures can also be fabricated in three-
dimensional and two-dimensional colloidal arrays by self-
assembly (Jiang et al., 1999; Sun et al., 2000; Jorge et al.,
2007; Jang et al., 2008; Sun et al., 2008; Linn et al., 2009; Liu
Ketal., 2010; Sicard et al., 2010; Subbiah et al., 2010; Klang
et al,, 2012; Solans and Sol, 2012; Xu et al.,, 2012; Skorb
and Moehwald, 2014; Johnson et al., 2015; Schmidt et al,,
2015; Schwaminger et al., 2015; Siglreitmeier et al., 2015;
Skorb and Andreeva, 2015; Yallappa et al., 2015; Yang et
al., 2015). However, close-packed (CP) crystal structures
have been prepared through traditional colloidal self-
assembly, which is a low-throughput method incompatible
with mature microfabrication. Obtaining non-CP (NCP)
crystals allows the fabrication of more favorable photonic
crystals with broad photonic band gaps (Hussain et al.,
2014). Various functional plasmonic nanostructures
such as coated nanoholes, metalized nanoarray surfaces,
and polypeptide nanoparticles are able to demonstrate
functional activities such as tumor targeting, active
sensing, diagnosis, and drug delivery (Kralchevsky et al.,
1994; Kim et al., 2009; Ahmad et al., 2010; Kereselidze et
al., 2012; Kim, 2012; Koynov and Butt, 2012; Ding et al.,
2014; Krpetic et al., 2014). However, this type of fabrication
limits the yield and assembly of functional optoelectronic
devices. We look at the current advancements of these
encouraging techniques in synthesizing colloidals and
their modifications with biomolecules, as well as their
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diagnostic properties. In addition to these advanced
lithographic techniques, top-down techniques generally
require very expensive instrumentations. These systems
owe their immense sensitivity to the integration of
precision processes, such as nanoimprint lithography
(Yang H et al, 2013) and soft lithography (Zhang et al.,
2015), with promising high-throughput patterns. There are
methods using these kinds of techniques achieving sub-
100-nm dimensions. Nevertheless, stripping difficulties
related to master molds are still not solved because of high
surface area on the nanostructures.

Many studies have been conducted to find an alternative
lithography method based on adding blocks that organize
themselves at higher or lower energy levels. Typical adding
blocks are colloidal dispersions comprising colloidal
particles diffused in a liquid medium. Recent advances
for colloidal particles have enabled the synthesis of highly
monodispersed colloidal particles with biomolecules
to obtain more functional hybrid nanoscale materials.
To utilize the unique properties of nanomaterials, these
advanced methods have always been examined for a
biological setting (Hayward et al., 2000; Joannopoulos et
al., 2011; Im et al., 2011; Hasany et al., 2013; Han et al.,
2014; Hashemizadeh and Huyeh, 2014; Hassan and Singh,
2014; Kumar et al., 2014; Gui et al., 2015; Guisbiers et al.,
2015; Harris et al., 2015; Rodio et al., 2016).

Here, we have focused on biocolloidals, nanoparticles
assembled with biological affinity tags that have been a
popular object of study for the last 5 years. Considering the
rate of development of new biohybrid particles, it is almost
impossible to include them all in this review. However, we
tried to choose the most exemplary ones, as highlighted
in the Table and Figures 1-11. The list shows the broad
applications of biocolloidals, such that the synergistic
effect of the biological tags and the nanoparticles increase
their functionality compared to when they are used alone.
Thus, developing biocolloidals with enhanced properties
and multimodality (simultaneous therapy, diagnosis, and
theranostics ability) eases many biomedical applications,
so they have easily become the center of interest for the
researchers working at the interface of the bio-nano field.

2. Background: nanobiocolloidals

Fabrication of NPs can vary according to their core/shell
structures or core/(shell)n structures, as seen in Figure
1 (Sapsford et al., 2011). In biological applications, the
shell structures of NPs are usually designed to protect
the inner layers. Most metal-, semiconductor-, and
carbon-based NPs are hydrophobic, but they can become
biocompatible through chemical modification of their
surfaces with hydrophilic ligands. Besides avoiding the
agglomeration of these particles in aqueous solutions,
these hydrophilic ligands also increase the diffusivity of
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Table. Representative biocolloidals’ applications.

Nanocolloids Biological tags Advantage Disadvantage Application Ref.
I Diagnostics energy harvesting /

Metals Oxidation (not for nobles), bioelectronics cellular labeling gene therapy / Kralchevsky etal, 1994;
DNA proteins / enzymes Long-term effect color change, blood clotting i 1 g 8 alysi PY7 | Knoblauch et al,, 2014
carbohydrate / peptide ! > DNA delivery to cells sensing biocatalysis

. heat resistance,
lipid / DNA enzyme high efficiency
Semiconductors protein antibodies Cytotoxic Alzheimer’s detection cell sur_face detection | Yasun et al., 2013; I.(noblauch
sensors / probes / cellular delivery et al., 2014; Verderio et al., 2014
Peptides DNA / siRNA High efficiency, MRI imaging / sample concentration / Yasun et al,, 2013; Gui et al.,
. . Membrane damage,
Oxides DNA / drug antibody / more stable, therapy gene therapy drug and gene 2015; Madden et al,, 2015;
X poorly soluble . . S
DNA heat resistance delivery bioanalysis / bioprobes Mahyad et al,, 2015
Bi tible (for shells),
X Virus tocompal 1_ e (for s ie _S) Bioelectronics / molecular memory Herold et al., 2012;
Coated metals/oxides noncytotoxic, synthesis in Poorly soluble .
DNA ) subcellular organelle targeting Zhu et al., 2015
different forms
Protei Dissociate i Bi lysi

Doped metal/oxides rotein High efficiency 1s.§0c1ate 1-nt0 }ocata y?ls Hvastkovs et al., 2012
DNA toxic materials bioanalytical probe

Polymers DNA Biocompatible, flexible, small, | Clotting, Optically coded hybridization probe Matea et al., 2015; Li et al.,

24 drug long-term effect, stable hemolysis imaging and delivery 2016; Zhao et al., 2016

Figure 1. Some potential NP-bioconjugate components and multilayer bodies (not to scale): i) biomolecule connecting with NP center;
ii) biomolecule connecting with a NP center via interface ligands; iii) biomolecule connecting with NP shell layer that covers the NP
center; iv) biomolecule connecting with NP mid shell via interface ligands; v) porous NP center involving capsulated biomolecules; vi)
spongy NP center involving capsulated biomolecules covered by a NP shell layer; vii) NP center (or NP center/NP shell bodies) particles
are smaller than the biomolecule; viii) NP center (or NP center/NP shell bodies) particles are smaller than the biomolecule connected
via interface ligands. Reprinted (adapted) with permission from Sapsford et al. (2011). Copyright 2011 American Chemical Society.

these particles and thus their retention times in biological
media. After the particles are stabilized in aqueous
solutions, the next step for generating biocolloidals is to
attach bioaffinity tags (Table) to their surface for specific
recognition of the biological target of interest. These
tags can either be directly attached to the surface of the
nanoparticles or they can be conjugated to the stabilizing
ligands on the surface of NPs. The commonly known

and employed bioaffinity tags that are responsible for
biorecognition are antibodies, aptamers, enzymes, and
DNAzymes. The multilayer structure of biocolloidals can
be modified by several possible variations of core/shell/
ligand/biomolecules (Stachowski et al., 2014). Figure 1
(Sapsford et al., 2011) shows eight schematic variations of
NP-biological structures. The interaction of biomolecules
with the NP core can happen in two ways: NPs can
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either be surrounded by or encapsulate biomolecules
(Stachowski et al., 2014). The variety of NP materials is
broad and their dimensions can be adjusted between 100
nm and 1 um. That is an important fact to consider for
interactions between the biomolecules and NPs, since
the sizes of large proteins can cause obstacles. However,
NPs are usually larger than most biomolecules. Another
obstacle can be the heterogeneity or polydispersity across
a given population of the nanoparticles. Thus, fabrication
methods for monodisperse particles are quite important
for the success of the biological applications. As their
sizes vary, NPs also have a broad surface area and volume
range as well as relevant surface area : volume (S/V) ratios
(such as sphere NPs with 100 nm to 1 pum diameters,
volumes of 0.5 aL to 0.5 fL, surface areas of 0.03 um®to
3 x 10 um? and S/V ratios varying between 0.06 and 6
nm™). NPs cannot be dispersed until they reach small
enough dimensions to be functionalized for colloidal
dispersibility. On the other hand, NP surfaces do not
usually have uniformity and are not very convenient for
chemical modifications (Mahyad et al., 2015). Thus, most
conjugation (hybridization) reactions on NP surfaces are
not completely homogeneous. The self-assembly of the
ligands on the surface of NPs is polydispersed across a
population of NPs unless a strategic method is used, even
if the NPs are homogeneously dispersed and diluted. These
modification reactions can thus be achieved between the
NP active sites and biomolecules (Joannopoulos et al.,
2011; Cheng et al., 2011; Im et al., 2011; Mkenzie et al.,
2012; Yang D et al,, 2013; Kumar et al., 2014; Milionis et al.,
2014; Prorok et al., 2014; Kang et al., 2015; Garrido et al.,
2016; Mishra et al., 2016; Rodio et al., 2016).

The solvent-exposed residues also provide many
active potential sites that are useful for intended labeling
and solubility. The current modification methods of the
NP biohybrids are still heavily inspired by the labeling
methods for proteins. Molecular markers are generally
produced on major scales as reactive dyes in fluorescent
labeling. It is an efficient way, as the dye couples with
multiple sites on the protein. Protein complexity is at a
minimum because the dye molecules are generally larger
than amino acid molecules. The reaction activity for
labeling can be obtained experimentally, and the reactions
can be adjusted empirically (Holtz and Asher, 1997). As
their significant size holds various close target groups on
the surface, the same approach is not considered feasible
for biofunctionalization of NPs. The physicochemical
properties of colloids hybridized with biomolecules are
profoundly affected by the binding of multiple molecules
at adjacent sites. Overactivation of the surface groups
can result in less stability and colloidal accumulation.
Multiple options based on size and surface area of NPs
also contribute to the polydispersity for hybridization. The
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reaction stoichiometry usually does not depend on the NP
biohybrid binding sites because hybrid reactions may not
be well controlled (Stachowski et al., 2014; Mahyad et al,,
2015). Thus, usually excess amounts of the biomolecules
are employed in hybridization reactions, but these excess
biomolecules should be isolated from the conjugates
for the success of the intended biological application
(Stachowski et al., 2014). Moreover, protein cross-links
can be an alternative to NP-protein hybridization.
On the other hand, this can provide NP-NP cross-
linking depending upon the chemistry in technological
applications. The proteins on NP surfaces generally
contain functional groups, such as carboxyls and amines,
that are accessible for hybridizations. Having a huge
number of functional groups, NP-protein hybrids have
more surface modification options. In contrast, artificial
oligonucleotides and peptides may tend to be less reactive
due to a lack of more functional groups. However, the
flexible structures of biosynthetic molecules give them an
opportunity to accomplish complicated, but adjustable,
conformations.

3. Bioconjugated nanocolloidal particles
3.1. Metals

3.1.1. Gold and silver
The common features of the noble metals are chemical
stability and resistance to oxidation. These metals are
rhodium, palladium, silver, osmium, iridium, rhenium,
ruthenium, platinum, and gold. Only palladium (Pd),
platinum (Pt), silver (Ag), and most prominent noble
metal among them all, gold (Au), will be examined in this
section. A localized surface plasmon resonance (LSPR)
occurs on the surface of plasmonic NPs by the excitation
of the valence band electrons triggered by the interaction
with the incident resonant light at a particular wavelength
(SPR band), as represented in Figure 2 (Unser et al., 2015).
The wavelength (or frequency) of the SPR band or, in
other words, absorption maximum, directly depends on
the size and shape of the nanostructures and is also related
to the refractive properties of the NP’ environment.
Spherical AuNPs are generally determined by a purple
or a sharp red color and have a maximum absorption
between 517 and 575 nm for particle sizes under 100 nm
(Milionis et al., 2014). However, particles smaller than
2 nm do not include an LSPR band. The LSPR band is
very sensitive to changes in size for nonsymmetrical NP
surfaces, but the resonance band from spherical AuNPs
shows weak size dependence. Rod-shaped AuNPs, known
as “gold nanorods”, show two LSPR bands that are defined
as transverse and longitudinal bands. The transverse band
is in the visible range of the spectrum, which is similar to
that of a spherical AuNP, and longitudinal oscillation is in
the NIR range of the spectrum (Herold et al., 2012; Yasun
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Figure 2. Schematic diagram illustrating the localized surface plasmon on a NP surface. The surface of plasmonic metal oscillated
with incoming light generates radiating surface plasmons on metal NP surface. Reprinted (adapted) with permission from Unser et al.
(2015). Copyright 2015 MDPI (Multidisciplinary Digital Publishing Institute), which is an academic open-access publisher.

et al,, 2012, 2013; Kang et al.,, 2015). The longitudinal
band shifts to longer wavelengths (red shift) and shows
stronger intensities when the aspect ratio increases. There
are various nanoparticles showing different morphologies,
like polyhedra, plates, and hollow “nanoshell” shapes.
They all have their unique and useful optical properties.
These various shape choices can provide a strong LSPR
that depends on shell thickness and the metal type.
Among the other metal NPs, AuNPs are the ones most
commonly used. AuNPs have useful catalytic effects.
Moreover, for many bioapplications, the optical properties
of AuNPs have also been found to be useful. In those
bioapplications, the sensitivity of the LSPR to changes in
AuNP size, shape, and surface is exploited. The wavelength
shifts of the resonance band or visible wavelength changes
can be used as analytical diagnostic tools. This property is
demonstrated with the following use of gold nanospheres
for very sensitive DNA detection (Kralchevsky et al.,
1994). However, this procedure has also been used for
the colorimetric detection of other bioanalytes, such as
aptamers, oligonucleotides, and proteins. Au particles also
provide efficient fluorescence switching, which has been
used for developing probes and sensors that produce “on/
oft” signaling. AuNPs also provide beneficial potential
applications in surface-enhanced Raman spectroscopy
(SERS)-based assays because of the enhancement of the
local electric field supported by the LSPR. However, AgNPs
are usually preferred over AuNPs due to their contribution
to the enhancements of SERS signals. These signals are
better due to the intense electric field. Moreover, AuNPs
that are almost 100 nm in size can efficiently show signals
in dark-field microscopy via scattering and do this even
better than fluorescence microscopy utilized in imaging

processes (Klang et al., 2012). Most intensive absorption
signals are obtained by AuNPs ranging between 10 and
50 nm in size. For photothermal therapy applications,
absorbed light energy in the NIR range of Au nanoarrays
such as nanorods and nanoshells is exploited (Herold
et al., 2012; Yasun et al, 2013). Similar to AuNPs,
AgNPs show a strong LSPR where the band is sharper
and in shorter wavelength ranges (visible). Thus, they
are higher in energy than Au nanoparticles (400-525
nm for dimensions 10-100 nm). AgNPs are therefore
usually accepted to be superior materials for SERS
applications (McBride et al., 2006), and they demonstrate
higher enhancements compared to Au, Cu, and other
metal particles. Additionally, Ag nanoparticles also
provide potent antimicrobial properties and are used as
antimicrobial and antiseptic agents. However, their shorter
shelf-life and susceptibility to oxidation could diminish
their impact in some applications (Yallappa et al., 2013).

A method to synthesize the AgNP-IgG-CF
bionanocomposite silver is presented in Figure 3 (Matea
et al, 2015). First, metallic silver (Ag’) was obtained
from reduction of silver ions (Ag*) by sodium citrate.
Immunoglobulin G (IgG) molecules were attached to
calcium folinate (CF) molecules by covalent bonds in the
second step. In the third step, silver nanoparticles were
modified by the IgG-CF conjugation. To modify AgNP-
IgG-CF nanocolloids and to prevent agglomeration, the
suspensions were stored at ambient temperature 20 °C and
4 °C (Mullen and Banaszak Holl, 2011).

3.1.2. Palladium and platinum NPs

To obtain a biohybrid NP, biological substrates can also
be utilized for templating PtNP synthesis. Examples of
templating/stabilizing biomolecules can include graphene
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Figure 3. The synthesis protocol used for obtaining the AgNP-IgG-CF bionanocomposite is presented. Reprinted (adapted) with

permission from Matea et al. (2015). Copyright 2015 Springer.

oxides (Devetter et al., 2015), bovine serum albumin
(Giorgetti etal., 2012), and peptide bonds keeping different
shapes of PtNPs between 2 and 8 nm in size (Vazquez-
Gonzalez and Carrillo-Carrion, 2014). These proteins can
also block the undesired toxic effects of the templating
agents in biomedical applications (Khiyami et al., 2014;
Yasun et al., 2015).

Dopamine has also been exploited for synthesizing
PtNPs modified with the antibodies, producing a PtNP-
poly(dopamine)-antibody composite (Vazquez-Gonzalez
and Carrillo-Carrion, 2014). Conjugation of additional
antibodies was achieved after adhesion or hybridization
of a glutaraldehyde cross-linker to the surface. A spherical
apoferritin cage has also been used to template PtNPs of 8
nm in diameter, so that biohybrids can show more cellular
activity compared to the PVP-stabilized PtNPs (Vazquez-
Gonzalez and Carrillo-Carrion, 2014).

3.1.3. Semiconductor quantum dots

Quantum dots (QDs) are nanocrystalline particles
having an intrinsic luminescence feature. QDs are usually
synthesized by doping III-V or II-VI group elements
to form semiconductor alloys such as ZnS, ZnSe, CdS,
CdSe, CdTe, or InP. Being considerably smaller than
other plasmonic nanoparticles gives QDs unique photonic
and electronic properties. However, since they are larger
than the conventional organic dye molecules and protein
markers that are used as biotags, they were initially
considered to only be applicable to electronics. As the
optical properties of QDs showed more functionality
and larger quantum yields (QYs) compared to the
conventionally employed fluorophores, they became the
center of interest in tagging the biological molecules.
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In bioapplications, the broad absorption profiles
overlap with the photophysical properties that continuously
work against the UV, narrow, size-direct proportional,
and symmetric photoluminescence spectra scattering
in wavelengths. They are fairly robust against chemical
abrasion. Other important features of QDs include, but are
not limited to, significant photostability (as QYs show),
a substantial active Stokes shift, and the highest known
multiphoton action (Velev et al., 1998).

Both center-only and center/shell-based QDs aim to
protect the large energy band gap for improving fluorescent
properties. On the other hand, passivating the core and
preventing leaching are the two main fabrication methods
for QDs to increase QY and decrease their toxic effects.
Center/shell/shell QDs, center/alloy/shell QDs, and some
other structural possibilities are also being currently used
in biological applications. Here, we have predominantly
focused on Se and Te alloys of Cd core or core/shell
QDs, since they are widely employed in recent biological
applications, while research for near-IR emitting features
for other examples of QDs, including type III-V InP or
InAs/ZnCdS, is still ongoing (Velev et al., 1998; Vickreva
et al., 2000; Verderio et al., 2014). Monodispersed QDs
have been synthesized in high quality by the reduction
of organometallics with nonpolar coordination ligands
in organic media. Following synthesis, the hydrophobic
surface of QDs was functionalized with hydrophilic
ligands to gain hydrophilicity to be dispersed well and to
demonstrate their features in aqueous solutions.

QDs are commercially available from different
vendors, but many research groups still choose to produce
their own QDs and functionalize their surfaces by biotin,
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amines, carboxyls, avidin, and oligonucleotides to generate
biohybrid particles for their desired biological application.

When the synthesis routes of the QDs are examined
in detail, there are two main strategies adopted for the
fabrication of QDs. The first is the exchange of the two
functional group ligands, driven by mass action, that
binds the QDs at one site, generally by using thiol bonds,
giving high solubility feature. The other is coating QDs
with amphiphilic block copolymers to encapsulate the
hydrophobic surface and generate a hydrophilic outer
layer (as seen in Figure 4) (Algar et al.,, 2011). Despite
the polymer layer on the QD surface, the subsequent
bioconjugations can, via cap exchange techniques, access
the surface of the QDs. QD features are highly dependent
on the chosen fabrication strategy. While the method
applied for encapsulation yields larger sizes with higher
QYs, the cap exchange typically results in lower QY and
smaller QDs. When generating biohybridized QDs, it is
significant to consider these factors because they can affect
biological applications such as FRET interactions, cellular
transports, diagnosis in vivo, and distribution (Velev et
al.,, 1998; Vickreva et al., 2000; Knoblauch et al., 2014;
Verderio et al., 2014).

The surface functionalization of QDs to obtain their
biohybrids can be classified into six subgroups based upon
the type of the attachment used or the variety of surface
ligands that are tethered. These methods involve: 1)
covalent attachment of the ligands and intended functional
groups on QDs; 2) electrostatic attraction between
excited QDs and oppositely charged biomolecules; 3)
physical interactions among the inorganic surface of
the QDs, thiol groups, and polyhistidine sequences of
biomolecules; 4) noncovalent, high-affinity bindings,
such as between streptavidin-pretreated QDs and
biotin-labeled biomolecules; 5) enzyme-catalysis; and
6) templating via biosubstrates. Unfortunately, some of
these approaches can cause uncontrolled mutlivalency
on the surface of QDs, which result in undesirable cross-
linking. For example, aptamers within one QD can bind
to the same target biomolecule (i.e. a protein with more
than one homogeneous binding site) and might decrease
the signal intensity (Mayoral et al., 1997; Liu X et al., 2010;
Lukianova-Hleb et al., 2012; Martinolich et al., 2012;
Mkenzie et al., 2012; Monguzzi et al., 2014; Montano et al.,
2014; Luo et al., 2015; Madden et al.,, 2015; Mahyad et al.,
2015; Matea et al., 2015; Mishra et al., 2016).

Thus, the surface modification of QDs with the listed
affinity tags and biomolecules (such as in proteins, peptides,
DNAs carbohydrates, and drugs) allows the biohybrid to
be employed in different biological applications, as shown
in Figure 5 (Zrazhevskiy and Gao, 2013; Cutler et al,
2013).

3.2. Metal oxide NPs

3.2.1. Iron oxide
There are two main forms of iron oxides (IOs): magnetite
(Fe,0,) and its oxidized form, maghemite (y-Fe,O,). One
of the widely employed types of nanomaterials with
diameters between 1 and 100 nm are iron oxide NPs
(IONPs). Much attention was drawn to their significant
features, which make IONPs very suitable for potential
technologic applications in materials engineering and
biological sciences (Griesser et al., 2002; Harris, 2004;
Fudouzi and Sawada, 2006; Gioux et al., 2010; Gabudean
et al., 2012; Giorgetti et al., 2012; Frank et al,, 2013; Garg
et al., 2013; Gatto et al., 2013; Hasany et al., 2013; Ghosh
and Collie, 2014; Gonella and Dai, 2014; Hashemizadeh
and Huyeh, 2014; Hassan and Singh, 2014; Gui et al., 2015;
Guisbiers et al., 2015; Harris et al., 2015; Helmbrecht et
al., 2015; Garg, 2016). Since they are relatively nontoxic to
human organs, magnetite and maghemite are selected to be
used in biomedical applications. Iron oxides are partially
biodegradable materials and therefore are practical for in
vivo applications. One popular application of IONPs is
high sensitivity biomolecular MRI for treatment and clinic
diagnostics. However, this application requires IONPs to
be coated with ligands such as diols, alkyl amines, and
macro-chain fatty acids. In their therapeutic applications,
reactive oxygen species with controlled local toxicity could
destroy disease-causing tissue, with diminished side
effects compared to conventional chemotherapy strategies.
On the other hand, because of their remote controllability
with an applied constant external magnetic field and their
antitumor activity, hyperthermia below 40 °C can be
complemented with drug loading, and this synergy could
be more advantageous than conventional antitumor drugs.
The spin state of magnetic particles determines their
reactivity. The relationship between the electromagnetic
wavelength of radiation with magnetic properties and
the paramagnetic cores of the complex was found via
experimentation. Controlling the kinetics of radical
systems by magnetic fields and altering the level of toxicity
(oxidative stress) in a malignant tumor is possible. Since
tumor tissues are undefended against oxidative stress
and high levels of local toxicity in tumor area, these 10
structures can prevent the growth of cancer cells. They can
be designed as therapeutic agents that prevent abnormal
growth of tumor cells. Also, the multifunctionality gained
by biomolecule hybridization allows IONPs to be used
in magnetic nanotherapy, tumor targeting, and medical
imaging as theranostic applications for personalized
treatments. If the sizes of ferromagnetic substrates are
smaller than the size of magnetic domains, supermagnetism
happens on the nanoscale (Ho et al,, 1990; Heo et al.,
2009; Herold et al., 2012; Hermanson, 2013; Helmbrecht
et al., 2015). Superparamagnetism (SP) takes place in the
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Figure 4. Schematic of the chemistry of core-shell QDs. (A) Ligand bindings at the QD surface are depicted. (B) Unification of a blue
amphipol with the inorganic QD red ligands. (C) Ligand groups are given: i) thioalkyl acids, ii) PEGylated ligands, iii) zwitterionic
ligands, iv) dihydrolipoic acid ligands and v) PEGylated, vi) zwitterionic, and vii) modular derivatives like viii) multidentate-charged
and ix) multidentate PEGylated ligands. (D) The amphipol shells: i) phospholipid micelles, ii) hydrophilic polymer backbones modified
with alkyl chains, iii) triblock copolymers, and iv) alternating copolymers that turn into acids or v) are modified with PEG chains. (E)
Copolymers with pendant PEG oligomers and i) dithiol or ii) imidazole groups. Discrete moieties for (a) QD binding, (b) solubility,
and (c) biological link points are green. The arrows are used for a conceptual progression instead of synthetic pathways and chronology.
Reprinted (adapted) with permission from Algar et al. (2011). Copyright (2011) American Chemical Society.
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Figure 5. Current examples of multiple QDs. (a) Five different colors of QD provide immunostaining of cell surface biomarkers and
hyperspectral imaging, with subsequent decoloring and recoloring: i) assay protocols; ii) symbolic 5-color image (scale bar = 50 mm);
iii) approval of 5 different coloring. Reprinted (adapted) with permission from Zrazhevskiy and Gao (2013). Copyright 2013 Nature
Publishing Group. (b) Hyperspectral SPT with QDs: i) single particle emission spectra for 8 colors of QD; ii) obtained trajectories for the
different colors of single QDs. Reprinted (adapted) with permission from Cutler et al. (2013). Copyright 2013 the Creative Commons

Attribution License.

single magnetic domain. The kinetic energy carried to
the system from thermal vibration energy is enough to
reverse magnetization. Therefore, SP materials indicating
paramagnetic features can also show significant magnetic

susceptibility. When placed into a magnetic field, their
magnetic moments tend to align along the applied field,
but they do not retain any net magnetization once the
external magnetic field is eliminated. Biopolymers like
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polysaccharides, including dextran and chitosan (CHI),
are the most commonly used dispersants to modify the
surfaces of SP materials to obtain stable colloidal solutions.
The dimension and coating type of IONPs determine
their biodistribution while labeling the tissues of interest
(Holtz and Asher, 1997; Holland et al., 1998; Howes et al.,
2014). Thus, IONPs are designed as MRI contrast agents.
Recently, it was demonstrated that IONPs can be used as
energy transporter agents for thermal therapy applications
of cancer (Hussain et al., 2014) and other biomedical
applications (Hvastkovs et al., 2012). The thermal therapy
approach has already shown some clinical success where
cancer cells were cauterized with temperatures above
46 °C. IONPs can be biocompatible after certain surface
modifications. They are deactivated by the liver as an iron
pool, and then they are totally removed in 2 days (Jang et
al., 2008; Janib et al., 2010; Im et al., 2011; Baldassarre et
al,, 2015).

IONP synthesis is achieved by the most economic
and widespread synthetic method, called the Massart
method, where a defined stoichiometric ratio of Fe(II) and
Fe(III) salts is precipitated in solution conditions to make
YFe,O, NPs (Hasany et al., 2013; Ferreira et al., 2016). This
technique can be used to fabricate massive amounts of
highly monodispersed population of IONPs. This crystal
development employs a pretreated templating method
where reverse micelles (Qiu et al., 2012), liposomes
(Peretz and Regev, 2012), dendrimers (Jethmalani et
al., 1997), phospholipid vesicles (Tekin et al., 2007), or
apoferritin protein cages are used as confining agents
(Kostiainen et al., 2013). The synthesis of monodispersed
IONPs usually relies on certain arranged conditions of the
reaction medium (pH, temperature, concentration, etc.).
On the other hand, thermic degradation of organometallic
Fe reactants offers a simple way to fabricate highly
monodispersed and crystalline IONP particles (Hagenson
and Doraiswamy, 1998; Lei et al., 2011; Jia et al., 2015; Lee
et al,, 2016). Thermal methods are generally achieved in
organic solvents with high boiling points. There are also
other methods available to fabricate IONPs than the ones
explained here (Jang et al., 2008; Linn et al., 2009; Luo et
al,, 2015).

In general, biofunctionalization of IONPs can be
achieved with either direct hybridization to the native oxide
surface or indirect hybridization to the stabilization layer.
One of the most important steps in the IONP fabrication
process is to use surface stabilizers or ligands to prevent
aggregation of colloids during the reaction process. These
stabilizers might also be mixed via postfunctionalization
methods with IONPs. There are various stabilizers utilized
for IONP surfaces such as carboxylates, phosphates,
polymers, and inorganic materials like silica and gold
materials (Jang et al., 2008; Linn et al., 2009; Luo et
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al., 2015). Colloidal repulsion provided by the similar
molecular layers can either be electrostatic (Kalsin et al.,
2006) or steric (Adams et al., 1998) in nature. It is again
necessary to emphasize that these coating shells have
a significant role in intended biomodifications of the
IONPs, so they have a dual beneficiary role for the surface
modification of IONPs. The coatings and shells on IONP
surfaces are generally exploited as the binding sites for
chemical/biological functionalization since the IONP
surfaces are usually inert and inaccessible.

3.2.2. Silicon dioxide

Although current attention mainly focuses on the
fabrication techniques of metal colloidals, silica NPs (SiO,
NPs) were one of the earliest artificial NP materials to
be examined in detail (Pan et al., 2013). Because of their
biocompatibility, large surface areas, and facile surface
modifications, SiO, NPs have contributed to a wide range
of biological applications such as drug delivery (Park
and Hamad-Schifferli, 2010; Pereira et al., 2014) and
diagnostics (Peretz and Regev, 2012). Encapsulation of
fluorescent dyes is one of the most important roles of SiO,
NPs for bioimaging purposes. Huge loads of fluorophore
molecules can be encapsulated in SiO, particles to act as
a superfluorescent NPs (Kainz et al.,, 2010; Pergantis et
al,, 2012; Tan et al,, 2012; Zhu et al., 2014; Helmbrecht
et al,, 2015; Luo et al,, 2015). On the other hand, this
encapsulation is also applicable to NPs that are not
biocompatible. SiO, layers can be polymerized on the
surface of those toxic particles to form a shell to generate
biocompatible hybrid NPs (Pokhrel et al., 2014; Pla-Roca
et al., 2015; Del Mercato et al., 2016; Filip et al., 2016; Li et
al., 2016; Piella et al., 2016). Fabrication techniques, such
as hybrids, are actually quite hard to achieve by applying
silane chemistry, but many SiO, NP biohybrids are still
synthesized and employed due to their utility (Polavarapu
etal., 2014).

The Stober method is the most common synthetic
route employed to fabricate SiO, nanoparticles. In this
method, organic silanes, such as tetralkyl silyl esters,
are hybridized with trace amounts of ammonia in an
alcoholic solution (Prevo and Velev, 2004; Pan et al,
2013). The polymerization of -O-Si-O- silanes takes
place in the presence of ammonia that acts as a capping
agent, stabilizes nanoaggregation, and determines the
dimension and morphology of the SiO, NPs. Even though
many other methods are also available, most SiO, NPs
are still exclusively fabricated using this procedure (Park
et al., 2009; Ahmadivand, 2012; Ahmadivand et al., 2012;
Vazquez-Gonzalez and Carrillo-Carrion, 2014; Wen et al.,
2014).

There are several examples mentioned below
regarding the spin coating technique based on the Stéber
method. One of the colloidal templating approaches is
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the fabrication of arrays of Au half-shells with preferential
upright orientation, as shown in the schematic outlining
the templating process in Figure 6 (Liu et al., 2010).
Silica colloidal particles with unordered NCP structure
prepared by the spin-coating technology are manipulated
as a structural template in this method. The sharp edges of
the upright-oriented half-shells and the small gaps between
close shells might both work as electromagnetic “hot
spots” to enhance the electromagnetic field to reach very
high SERS enhancement factors (up to 10'). Nagpal et al.
proved that smooth-templated structures with optimum
surface-plasmon-propagation length are critical for
plasmonic composite chip devices and can be fabricated
by patterning methods, since the anisotropic engraved
silicon pyramidal pits are very smooth and homogeneous
(well-oriented) (Yang H et al., 2013; Nomura, 2012; Liu et
al., 2015). Also, reverse silicon pyramids can be utilized to
pattern polymer pyramids instead of templating pure Au
nanopyramid arrays (Lyshevski, 2005; Askar et al., 2013;
Liu XF et al.,, 2013; Liu X et al., 2015). Metal films can
coat polymer structures to fabricate functional plasmonic
nanoarrays. The scanning electron microscope images
show Au half-shells prepared with different thicknesses and
upright-oriented: 30 nm thick (Figures 6A and 6B) and 70
nm thick (Figures 6C and 6D) (Liu et al., 2010). These sharp
metal nanoshells have promising beneficiary roles for
optics, data storage, and biosensor applications based on
photonic materials having a curvature radius of less than
5nm.

3.2.3. Titanium dioxide

Titanium dioxide NPs (TiO, NPs) have been used in a
broad range of research fields, such as pigments (Im et
al., 2005), optics (Haynes and Van Duyne, 2001; Chen X
et al., 2008; Dou et al., 2012), sensors (Bhatia et al., 2013;
Cennamo et al., 2013; Chung et al.,, 2013), and cosmetics
(Im et al., 2005). Recently, as a significant photoactive
ingredient, they have been employed to improve solar cells
(Nel et al., 2009; Chen et al., 2012; Banerjee et al., 2015)
and photocatalytic reactions (Sun et al., 2006; Manera et
al., 2012; Xiao, 2012). However, their applications in the
biomedical field are still underdeveloped due to concerns
about their biosafety (Homola, 2006; Liu X et al., 2013), or
in other words, due to their long-term toxic effects (Han
et al,, 2011; He et al., 2011). The photocatalytic effects of
TiO, NPs are, however, exploited to improve bactericidal
composites (Jokinen et al., 1998) and photoactivated cancer
treatments (Rabarot et al, 2003; Banerjee et al., 2015).
Moreover, TiO, NPs have physicochemical characteristics
that can be simply utilized for sensor studies like
photoelectrochemical sensors for gas detection (Homola,
2008; Howes et al., 2014). TiO, NPs can be fabricated by a
variety of methods (Chen et al.,, 2011; Chen et al., 2012).
In the commonly used sol-gel technique (Maduraiveeran
and Ramaraj, 2013), some inorganic Ti reactants, like
titanjum tetraisopropoxide (a titanium alkoxide, Ti(OR),
(R = alkyl)), are chosen to lead the formation of Ti-O-
Ti polymer chains. Nonhydrolytic synthesis (sol-gel
technique) is another method of fabrication that uses

Figure 6. The templating procedures schematically given for fabricating metal half-shells upright-oriented by using randomly arranged silica
colloidal monolayers. SEM images show Au half-shells prepared with different thicknesses and upright-oriented: (A and B) 30 nm. (C and D)
70 nm. All metal half-shells are obtained from 300 nm silica spheres. Reprinted (adapted) with permission from Liu et al. (2010). Copyright

2010 Royal Society of Chemistry.
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capping agents (Kajihara and Yao, 2000). There are other
less common synthetic routes, such as solvothermal,
oxidation (De Azevedo et al.,, 2006), hydrothermal (Sun
et al.,, 2005; Xing et al., 2015), chemical vapor deposition
(Lee et al, 2007), physical vapor deposition (Johnson
and Walsh, 2011), electrodeposition, sonochemical, and
microwave-assisted synthesis to fabricate TiO, NPs (Chen
TH et al., 2008; Yallappa et al., 2013; Ali et al., 2015; Amiri
et al., 2015; Helmbrecht et al., 2015). The techniques used
for the hybridization of biomolecules to their surfaces
have been examined and partially summarized in reports
(Pieranski, 1983). One simple way of modifying the
surface is conjugation with silanes (Boulares-Pender et al.,
2009; Zeira et al., 2009; Algar et al., 2011; Maduraiveeran
and Ramaraj, 2013). This conjugation is typically carried
out with strong donor ligands, but the Ti-O bond is still
extremely powerful (He et al., 2011; Banerjee et al., 2015).
For example, by using (3-aminopropyl)triethoxysilane
in anhydrous dimethyl sulfoxide, TiO, NPs can be
functionalized with amino groups (Vilela et al., 2014).
Generally, while changing their optical and catalytic
properties, catechol ligand derivatives can form stable
bonds on TiO, surface (Jokinen et al., 1998; Manera et
al., 2012; Xiao, 2012; Park et al., 2013). These groups can
then be used for further surface functionalizations with
biomolecules. For example, TiO, NPs functionalized with
dihydrophenylacetic acid can form amide bonds with
biomolecules through EDC/NHS chemistry. Thus, this
conjugate can be hybridized with antibodies to be employed
in targeted photoactivated cytotoxicity applications for
A172 and U87 brain cancer cell lines (Yokel et al., 2013). It
has been proven that dopamine can also be a valid generic
linker that can functionalize the surface of TiO, NPs with
amines (Manera et al., 2013). For this purpose, dopamine
was employed as a heterobifunctional linker for tethering
the oligonucleotides and biotin to the surface of TiO, NPs
(Yasun et al., 2012; Bong et al., 2015). TiO, NPs can form a
durable complex with phosphates and phosphonates (Tien
etal,, 1997). This hybridization technique has been utilized
for the interaction of Gd ligands for MRI probes (Susumu
et al,, 2007; Muller and Batchelli, 2013). Phosphonates
and bisphosphonates can build covalent bonds with TiO,
NPs in the form of the -P-O-Ti-O-P- coordination type,
which provides high loading levels (Susumu et al., 2009).

3.3. Polymeric nanomaterials
Natural polymeric nanomaterials are biological substitutes
for synthetic materials, and they are derived from
polysaccharides,  polynucleotides,  oligonucleotides,
proteins, or polypeptides (Arsenault et al., 2004).
Biopolymeric nanomaterials are fabricated with
various methodologies such as evaporation of emulsion/
solvent, solvent displacement, complex coacervation, and
salting out to have a polymeric nanomaterial formation
(Ruhl et al., 2003; Wang et al., 2008; Urban, 2014).
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Moreover, ionic gels, opposite coulombic charges
among  polyelectrolytes, and basic self-assembly
are different routes for their synthesis based on the
electrostatic interactions and amphiphilic features (Linn et
al,, 2009; Lima-Tenorio et al., 2015). Immunogenicity and
toxicity can be induced by the contents of the synthetic
nanomaterials, but many biopolymer-based nanomaterials
can be biodegradable and are generally considered to
be minimally toxic compared to their artificial rivals.
However, there are still challenges encountered during
their fabrication, such as purity of biopolymers and batch-
to-batch reproducibility. Biopolymeric nanomaterials
obtained from natural polymers, such as polycarbonates
and primary and secondary proteins, have been exploited
in various medical applications, such as therapeutic
delivery and bioimaging (Lee et al., 2004; Li Y et al,
2011; Li et al,, 2013; Li et al., 2016). They can embody
various functional moieties for biomodification with
natural biosubstrates. As examples, internal and external
photoluminescent labeling, cross-bonding, physical
adsorption, mutagenesis, and genetic unification can be
given. Multifunctional nanomaterials are designed to
increase the efficiency of the final complex to be used in
bioapplications. Biopolymers are convenient candidates for
the fabrication of multifunctional nanomaterials with their
highly modifiable various functional moieties. Therefore,
briefly, these structures will be examined throughout the
following sections. Only representative examples and the
features of the corresponding polymers (Figure 7 (Massey
et al., 2015)) are chosen here for illustrative purposes
within this vast field.

3.3.1. Polysaccharides

Polysaccharide molecules are composed of repeating
mono- or disaccharide monomers that arelinear, branched,
and even cyclic in nature. Since a number of these
biomolecules have previously been applied in micrometer
sizes, they are primarily known as NPs. CHI is the most
common polysaccharide nanomaterial functionalized
with biosubstrates (involving drug molecules) for
biomedical applications such as gene delivery and for oral
and ocular therapeutics (Lyshevski, 2005; Lynch et al.,
2007; Lukianova-Hleb et al., 2012; Fen and Yunus, 2013;
Luo et al., 2015; Mansur et al., 2015; Luo et al., 2016).
Besides facilitating the electrostatic self-assembly of DNA
because of their highly cationic nature, CHI molecules
are highly popular due to their primary amines that form
the polymer backbone. Other polysaccharides have been
accepted as NPs, although their potential hybrid sites have
more restriction than CHI. Alginate (ALG) is generally
prepared as caps, bowls, beads, and microspheres for
biomedical applications, (Shim et al., 1999), except for
its hybridization with CHI. However, ALG is weakly
accepted as a nanomaterial. Biological cellulose and starch
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Figure 7. Advantageous properties and features of Pdots. Reprinted (adapted) with permission from Massey et al. (2015). Copyright

2015 Elsevier.

molecules are the most commonly known carbon-based
polymer sources. Starch NPs (Milionis et al., 2014) and
cellulose nanocrystals (Zhang et al.,, 1999; Bhattacharya
et al, 2010) have usually been employed as biohybrids
in the potential applications of molecular visualization
and biosensors. One of the most commonly used
polysaccharide materials is hyaluronan (HAA), known as
hyaluronic acid. HAA, similar to ALG, has been utilized
as microspheres for drug delivery applications. However,
it is currently being functionalized as a NP (Mansur et
al., 2015). Since it was proven that tumor cells excessively
express some HAA receptors, HAA nanomaterials have
attracted significant attention for being natural probes
(Bowers et al., 2005; Martinolich et al., 2012; Matea et
al., 2015). Also, polysaccharides generally embody active
groups consisting of amines, hydroxides, and carboxylic
acids that might be used for biohybridizations; however,
capsulation is the most commonly used technique for
hybrid biomolecules to date.

3.3.2. Proteins and polypeptides

Various protein-based particles have previously been
prepared in microns with polysaccharide-based
nanomaterials. Gelatin, as the most common derivative of
collagen, and albumin, as the most abundant protein in
plasma, can form materials and be obtained from harvested
precursors, but self-assembled polypeptide structures are a
broad and more utilized class of materials. For example,
specific protein molecules and peptide structures, tertiary
protein molecules (Jang and Kim, 2011; De Backer et al,,
2015) (integrated with surfactants), casein (Tielemans et
al., 2006; Qiu et al., 2012; Seisenbaeva et al., 2012; Yasun et
al., 2015), various ionic structures, or two-faced peptides
(Breitling et al., 2009; Coppage et al., 2012; Knez et al,
2013) will form self-assembled nanoscale structures in

laboratory conditions (Newcomb et al., 2012). Protein
cages offer different interior and exterior functional regions
that can be utilized for different modifications and are one
of the polypeptide-based materials that are increasingly
being offered for bioapplications (Bhattacharya and
Mukherjee, 2008; Mukherjee et al., 2014; Devetter et
al., 2015; Kumar et al.,, 2015). Other commonly known
protein structures involve heat shock proteins, ferritin,
and viral-coat materials. Ferritin and viral-coat materials
are explained in the current sections. Owing to their
biocompatibility, biosafety, biodegradability, and general
low toxicity, protein-based nanomaterials have attracted
significant interest in drug delivery applications (Nomura,
2012; Nygaard et al, 2012; Nishiguchi et al., 2015).
Thus, chemical and affinity tag functionalization of
those protein-based materials can open new directions
in targeted therapeutics and bioimaging with negligible
cytotoxicity.

3.3.3. Synthetic polymer NPs

The popular and complex areas of polymeric nanomaterials
cover both classical polymeric substrates and dendritic-
type structures. The subject of a number of current
reviews is the impulsion force behind employment of
these nanoparticles in drug and gene delivery (Baffa et al.,
2009; Bartel, 2009; Matea et al., 2015; Cheng et al., 2016).
Generally, while recently decreasing their toxicity through
reduction of the necessary dose, the NPs employed for
drug delivery should be dispersible, robust, and have
reasonable retention times.

Even though multifunctionality is not unique to
polymer-based NPs, their polymerization can offer a broad
range of different structures as well as different functional
moieties because they can be synthesized with various
isomers and monomers (Zhao et al., 2016).
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On the other hand, polymer-based NPs can be used in
sensor platforms due to their physical or chemical changes
in response to a stimulus, which can then be utilized as a
signal transduction. For example, these stimuli can be the
changes in environmental temperature, pH, and enzyme
activity. On the other hand, these stimuli-induced changes
or the responsive nature of the polymer-based NPs can
be exploited in controlled therapeutic applications such
as drug delivery and release. Usually, polymer-based
NPs include a benefit over lipid systems, as they can be
prepared to be chemically durable even in dilute solutions.
NP structures specifically provide advanced biomolecules
delivery abilities, comprehensive insulation from the
physical environment, and more capabilities over drug
delivery while non-cross-polymer net structures have
been exploited to transfer drug and gene molecules (Xiao
etal.,, 2015).

3.3.3.1. Classic polymer NPs

As recently reviewed (Baxter et al., 1997; Brands et al,,
2005; Chen et al., 2005; Chen et al., 2006; Budkowski et
al,, 2009; Samusev et al., 2011; Aime and Coradin, 2012;
Budkowski et al., 2012; Gui et al., 2015; Xiao et al., 2015),
classic polymer NPs can be fabricated by using a fixed
ratio of monomer and initiator for both hydrophobic and
hydrophilic surfaces by utilizing different techniques. For
example, polyglycolic acid, polylactic acid, and polylactic-
co-glycolic acid (PLGA), hydrophobic functional groups,
are synthesized from polyesters. One of the common
materials also involves polyvinyl chloride and polystyrene
(PS). Attaching carboxylic acid groups to their bulk
surfaces develops hydrogen interaction and improves
polarity of solutions, especially at low MW.

PLGA, along with a few other corresponding systems,
is already used in some biomedical devices approved by
the US FDA. The common hydrophilic substrates for
nanomaterials involve polylysine, polyethyleneimine,
poly(amidoamine), poly(N-isopropylacrylamide),
poly(alkyl cyanoacrylate), polyethylene glycol, and
poly(methyl —methacrylate). Polymeric nanobowls,
nanocrescents (Liu et al., 2013), and nanofibers have also
been fabricated and have many technological applications
in biodiagnostics, while polymer nanosystems have been
receiving considerable interest so far (Dziubakiewicz et al.,
2013; Elsabahy and Wooley, 2013; Farkhani and Valizadeh,
2014). The abundance of monomers and polymer initiators
is one of the most important advantages that contribute to
polymeric NP development.

3.4. Hybrid NP materials

Composite NPs consisting of many systems are fabricated
or built with at least two or more different materials. The
composite NPs are distinct NPs that demonstrate unique
features of the NPs that form them. Because of the variety
of these materials and distinct chemical materials used for
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their biohybridization (albeit generally similar to those
already explained herein), this topic is out of the scope of
this review. Recently reviewed prototypical examples of
these NPs are here for illustration. Many nanomaterials
are designed to have particular, significant properties that
would not exist within composite systems built from a
single material.

Group II-IV semiconductor nanocrystals are designed
as center/shell structures: for example, CdSe/ZnS, CdSeS/
ZnS, and CdTe/ZnS. These systems involve two or more
distinct structures prominent in biological uses (Dalton
et al,, 1999; Jiang, 2001; Nitta and Steiner, 2005a, 2005b;
Gatto et al.,, 2013; Jia et al., 2015; Zhao et al., 2016).
Semiconductors have significant hybrid materials for
point of control diagnosis techniques that exploit large
fabricated consumer devices that are preferred to bulky
scientific instrumentation. As seen in Figure 8 (Petryayeva
et al,, 2014), quantitative and laminated FRET-based
structures are shown with economic UV visible light
sources as an illustrative example (Lyshevski, 2005;
Gadegaard et al., 2006; Montano et al., 2014). Here, the
QD structures allow detection of the broad and strong
absorption ranges by utilization of a visible LED light for
stimulation, which is acquired by the built-in visible color
filters of the smartphone camera without noise. Their
direct application to this field provides lower absorption
and wider emission from fluorescent molecules.

An approach designed by Spillmann et al. has been to
improve self-assembled polymeric liquid crystals to keep
the interactions of a fluorescent hybrid molecule for the
NP under control (Zhu et al., 2014). To determine vinyl
functional ends attached to the ends of functional groups
of the molecule and integrated with colloids, a perylene
derivative (PERC11) was prepared by a solution, including
emulsion, then completed by thermal polymerization. The
synthesized NPs, with diameters between 50 nm and 300
nm, were then centrifuged to receive a sample showing
<10% polydispersity, and then these were size-selected.
More significantly, the obtained emission spectrums could
be examined by monitoring the aggregation of the perylene
molecule and its concentration (Figure 9) (Spillmann et
al., 2009).

To improve cellular targeting and potential sensor
applications, a bioinspiring technique was improved to
obtain “nanocorals” (Basche et al., 2015). The nanocorals
were obtained by using CP polystyrene nanoarrays that
were etched by plasma ions to cause shrinkage and surface
fissures.

After the nanostructures are coated with an Au coating
of characteristic thickness, they are removed from the
support material with a sonicator. Antibodies for anti-
HER?2 were attached to the PS patterns, and the structures
showed attachments to breast cancer cell line BT474. The
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Figure 8. Current examples of QDs with novel assay formats. (a) cFRET probe is given for the parallel detection of thrombin activity and
concentration: i) probe design and sensing mechanism; ii) data discriminating between thrombin, trypsin (an enzyme with thrombin-
like activity), and lysozyme (a nonproteolytic enzyme); iii) data showing that whereas the peptide reaction to thrombin activity is altered,
a bilateral inhibition, the aptamer reaction to thrombin concentration is unchanged by argatroban. Reprinted (adapted) with permission
from Petryayeva et al. (2014). Copyright 2014 American Chemical Society. (b) FRET-based homogeneous assays for proteolytic activity
utilizing the red-green-blue (RGB) color filters of a smartphone camera: i) assay format; ii) representative smartphone images for
four samples at five time points; and iii) comparison of copy assays between a fluorescent plate reader and smartphone RGB imaging.
Reprinted (adapted) with permission from Petryayeva et al. (2014). Copyright 2014 American Chemical Society.

antibody bonding on the PS pattern is significantly helpful
due to only needing washing and incubation.

The thickness and roughness of the Au surface is
a determinant factor for SERS measurement. PS as a
templating material was also used to make magnetically

directed nanocapsules that could pass through tumors
and deliver drugs on demand (Jiang et al., 2009). IONPs
of 10 nm were incorporated into PS spheres, so they
were covered with a silica shell. The anticancer drug was
encapsulated within the particle, since the PS structure
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Figure 9. Liquid crystalline NPs. (A) Molecular structures of liquid crystal NPs are shown in (a) perylene tetracarboxylate diimide
derivative PERC11, liquid crystalline diacrylate cross-linking agent DACTP11, and polymerizable carboxylate surfactant ACI0COONa.
(b) Also cross-linking agents DABP11 and HDA. (B) Dye and cross-linking agent interaction is depicted. The dye to cross-linker ratio
is proportional to formation and a red shift in the emission spectrum. (C) The ratio of PERC11 to cross-linker in the nanocolloids is
proportional with controllably red shifts the emission spectra. 0.6 (green), 1.5 (yellow), 2.5 (orange), and 4.8 (red) mol % of PERC11 are
found place in emission spectra of populations. (D) Fluorescent nanocrystal-NeutrAvidin connected to biotinylated antiricin antibody
to form a sandwich immunoassay. Reprinted (adapted) with permission from Spillmann et al. (2009). Copyright 2009 American

Chemical Society.

was either dissolved or melted. The magnetic features
were then developed in two techniques: actively canalizing
drug capsules against a tumor cell bulk and operating the
penetration of the drug from the less porous silica shell.

4. Coatings

An interesting alternative method is based on a precoated
surface with a thin gold layer for functionalizing IONPs.
By a variety of methods, the IO-core Au-shell NP (IONP@
Au) systems have been improved (Kiatkamjornwong et al.,
2002; Kim et al., 2011; Harris et al., 2015). Most techniques
are achieved by the crystallization of Au grains over an
IO nanocrystal and gold plating based on electrolysis.
The gold coating is more permanent than polymers or
monomolecular ligand shells directly bound to the IO
nanoparticle’s shell. Moreover, Au shell structures have
intriguing optical properties (Kim et al., 2014) and show

688

distinct magnetic properties with IONPs (Kim et al., 2011).
The IONP@Au obtainment process can be modified by
using classical hybridization methods, upon preparation
of the Au layer, to promote the rapid formation of Au-S
bonds (Bowden et al, 1999), for example by applying
dithiobis(succinimidyl propionate), which can provide
amine reactive succinimidyl fragments by thiolation of
antibodies on the gold shell of IONP@Au after the first
modification step with the heterobifunctional group
(Kiatkamjornwong et al., 2002; Kim et al., 2014).
IONP@Au was initially functionalized with a
mercaptopropionic group to form carboxyl acid groups on
the surface, where antibodies can be hybridized through
EDC/NHS chemistry with a Ni(II)-NTA structure
for keeping His-tagged proteins (Adams et al, 1998;
Christman et al., 2006; Ahmed et al., 2014) (Figure 10)
(Deng et al., 2009). Cysteine-containing peptides have
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Figure 10. (a) Au-coated and (b) Ag nanostructure coated silica beads are shown in TEM images. (c) The immunoassay on a glass slide
is represented. Reprinted (adapted) with permission from Deng et al. (2009). Copyright 2009 American Chemical Society.

also been directly attached to the Au shell through thiolate
chemistry (De Juan-Franco et al., 2013). A surface covered
by boronic acid functional groups, as another example, was
prepared on the structure of IONP@Au by hybridization to
a moderate mercaptopropionic group. The following step
for boronic acids was practical hybridization application
of diols under briefly basic conditions (Aubin-Tam and
Hamad-Schifferli, 2008).

Initially, Au colloid was prepared as a seed to build
a covalent bond with (3-aminopropyl)trimethoxysilane
covering silica microspheres (400 nm and 5 um in
diameter; Figure 10a (Deng et al., 2009)), and also covered
by a silver shell overcoating (Figure 10b (Deng et al.,
2009)). An IgG rabbit antibody was used as an example

of immunoassay and then labeled with Alexa Fluor 430 to
examine the capability of these nanostructured systems to
increase fluorescence signals on glass surfaces (Figure 10c
(Deng et al., 2009)). The enhancement factor established
on the fluorescence spectra on the surface of silica beads
without modification was also measured as the ratio of
the checked fluorescence intensity on the silver shell
of silica beads. First, the fluorescence intensities were
obtained from the wells structured with deposited Ag and
unmodified silica beads on glass slides. These structures
were also used as control samples without immunoassay.
Then remarkable fluorescence results of Alexa Fluor
430-labeled IgG antibodies were obtained from one well
after immunoassay hybridization and followed by washing.
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Figure 11. (a) Samples with 3 min of Ag enhancement and (b) samples without Ag enhancement, indicated by laser scanning microscopy
images. Reprinted (adapted) with permission from Deng et al. (2009). Copyright 2009 American Chemical Society.

They were compared with obtained fluorescence intensities
of the original Alexa Fluor 430-labeled protein suspensions
under similar experimental conditions. The extent of the
protein hybridization (hybridization efficiency) on the
surface of silica beads with and without Ag coating was
calculated. After this process, the obtained fluorescence
intensity from the wells for one biosubstrate, found by
matching hybridization efficiency, was interpreted to
obtain the accepted fluorescence intensity. The result was
equal to the fluorescence intensity required to uniformly
cover the whole glass substrate for the distinct samples.
Finally, the checked fluorescence intensities from the
pattern immunoassay over silica particles were compared
with the signal boost from silver coating the silica particles.
The mean enhancement from 400 nm silica particles with
3 min of enhancement from Ag was 8.5. The enhancement
factor was about 10.1 for large 5 pm silica particles, with 3
min signal acquisition after silver enhancement.

To show enhancement of fluorescence intensities from
the samples with Ag coating at a 405 nm wavelength,
laser scanning microscopy was utilized. The fluorescence
intensities obtained from silver-coated areas were higher
than those obtained from the silica particle surface only
when the signal acquisition time was continued up to 3 min.

In Figure 11 (Deng et al., 2009), the fluorescence
enhancement is shown. Also, the flow cytometry
results of the immunoassay system are demonstrated.
The enhancement was improved by controlling the
fluorescence-intensity histograms of silica beads coated
with Ag nanostructures and control samples.

5. Conclusions and perspective

In chemical and biological fields, the unique physical/
chemical features and functionality of nanosystems
are exploited and manipulated for desired aims. At
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the intersection of materials science, nanoscience, and
biology, colloidal biohybrid systems provide a practical
advancing research field. Advanced medical diagnosis
and therapeutic applications, including drug delivery
and detection of proteins and genes, can be achieved
and improved with the use of biohybrid nanoparticles
because NPs and biomolecules generally have similar size
scales. For example, single nucleotide polymorphisms
and trinucleotide repeats are especially significant for the
detection of disease-related genes and early diagnosis.
Detection techniques based on nucleic acids also have
significant research potential. On the other hand, it is
crucial to improve analytical techniques that are sensitive,
practical, and cheap for all these needs as well. This review
presents the current improvements of nucleotide- and
protein-detection approaches, based on nanomaterials,
used in some analytic methods including colorimetry,
fluorescence-based methods, electrochemistry, microarray
methods, SERS, and QCM methods. Samples involving
a variety of components and biological species are more
complex mixtures to be examined. Thus, monitoring or
detecting the molecule of interest in bodily fluids (i.e.
blood, serum, plasma, and urea) is quite challenging. Before
detection, the use of these methods requires pretreatment
processes, such as separation, purification, accumulation,
and amplification. Significantly, the pretreatment processes
might be improved and simplified at the same time by the
convenient employment of nanomaterials. These current
improvements provide great prospects for clinical studies
on next-generation disease-detection methods based on
nanobiohybrid systems.
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