
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
te

to
r 

20
17

. D
ow

nl
oa

de
d 

on
 4

.1
1.

20
25

 5
:1

0:
21

 e
 p

ar
ad

ite
s.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
How to make nan
aSabanci University, Nanotechnology Rese

34956, Turkey
bIstanbul Medipol University, School of Eng

34810, Turkey. E-mail: meralyuce@sabanci

Cite this: RSC Adv., 2017, 7, 49386

Received 21st September 2017
Accepted 13th October 2017

DOI: 10.1039/c7ra10479k

rsc.li/rsc-advances

49386 | RSC Adv., 2017, 7, 49386–494
obiosensors: surface modification
and characterisation of nanomaterials for
biosensing applications

Meral Yüce *a and Hasan Kurtb

This report aims to provide the audience with a guideline for construction and characterisation of

nanobiosensors that are based on widely used affinity probes including antibodies and aptamers and

nanomaterials such as carbon-based nanomaterials, plasmonic nanomaterials and luminescent

nanomaterials. The affinity probes and major methodologies that have been extensively used to make

nanobiosensors, such as thiol–metal interactions, avidin–biotin interaction, p-interactions and EDC–

NHS chemistry, were described with the most recent examples from the literature. Characterisation

techniques that have been practised to validate nanoparticle surface modification with antibodies and

aptamers, including gel electrophoresis, ultraviolet-visible spectrophotometry, dynamic light scattering

and circular dichroism were described with examples. This report mainly covers the reports published

between 2014 and 2017.
1 Introduction

Interaction of nanomaterials with biological entities, such as
proteins, enzymes, DNA and RNA oligonucleotides has emerged
as an interdisciplinary eld known as “nanobiotechnology”,
which refers to the methodological approaches that nano-
particles or nanomaterials are combined to create tools for
investigation of biological systems.1 Integration of nano-
materials into the sensing systems as the active elements
(transducer or detector) has paved the way for a signicant
breakthrough in the eld, resulting in stable sensing probes,2,3

enhanced detection signals in small sample volumes,4 mini-
aturised tools5 and systems for multiplex detection.6 The
discovery of nanoparticles and following development of new
instruments for nanoparticle characterisation between 1990
and 2000 has facilitated the fabrication of smart biosensing
tools in the early 2000s. The number of publications that con-
tained the keyword “nanoparticles” reached from a few
hundred to hundreds of thousands within nearly two decades.
Antibodies, the primary affinity reagents of the bio-analytical
techniques over a century, have started accompanying the
nanoparticles in the 1990s with a few thousand reports in the
literature. The next generation synthetic affinity reagents called
aptamers has followed the antibody-nanoparticle reports with
hundreds of reports within the same period — since the
aptamer discovery was only in 1990.7,8 The number of
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03
publications with affinity probe-conjugated nanoparticles has
considerably increased over the years, representing around 8%
of the total number of the publications made with the nano-
particles, according to the Google Scholar online database
search (conducted in July 2017). The total number of reports
that included the keywords “antibody and nanoparticle”
appeared to be around 129 890 while it was 68 740 for the
keywords “aptamer and nanoparticle”. The nanomaterials that
were functionalized with either affinity probe in these papers
have varied from carbon-based nanomaterials (i.e., carbon
nanotubes, graphene, fullerene) to plasmonic (i.e., gold nano-
particles) and photoluminescence nanoparticles (i.e., quantum
dots and upconverting nanoparticles). Among those, carbon-
based nanomaterials have seemed to be dominating the
reports for both antibody and aptamer groups (around 45%),
which has been immediately followed by plasmonic gold
nanoparticles and luminescent nanoparticles such as quantum
dots and upconverting nanoparticles. On the other hand,
overall percentage of the reports with quantum dots in both
probe groups was considerably high (20–25%) as compared to
the percentage of other individual nanoparticles, such as
upconverting nanoparticles (4–5%), graphene (13–17%),
fullerene (5–12%) or carbon nanotubes (14–23%).

Carbon-based nanomaterials are the most commonly used
nanomaterials in biological studies due to their versatile surface
characteristics, electrical and optical merits.9,10 Combined with
structural variations, the production method signicantly
affects nanomaterial's optical properties. For carbon nano-
tubes, similar size characteristics can show metal-like,
semiconductor-like properties or chiral properties depending
on their tubular axis indices and folding shapes. In case of
This journal is © The Royal Society of Chemistry 2017
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graphene, the electrical and optical properties of the material
can signicantly change depending on the production method
that embraces liquid phase exfoliation, Hummers method and
chemical vapour deposition method. Each of these methods
introduces a variety of defects in the two-dimensional structure
of the material as well as new surface properties that are useful
for surface biomodication. Incorporation of carbon nano-
materials, such as single wall carbon nanotubes,11,12 multiwall
carbon nanotubes,13 chiral nanotubes, graphene, graphene
oxide,14 reduced graphene oxide,15 carbon or graphene
quantum dots16,17 into the biosensing platforms as signal
transducers is a eld growing rapidly. The biosensors fabricated
with carbon-based nanomaterials could be classied as elec-
trochemical biosensors, optical biosensors and piezoelectric-
based biosensors. Carbon nanomaterial-based biosensor
types, structural and physical properties of the sensing nano-
materials, key detection mechanisms and the recent advance-
ments in the eld can be found in the study reported by Tran
and Mulchandani18 and Pasinszki et al.19

Noble metals such as gold and silver offer unique and robust
optical properties for biosensing eld.3,20 They are widely utilised
in a plethora of biosensing platforms as signalling or signal
enhancing elements. The unique optical properties of the noble
metals arise from their ability to maintain surface-bound
collective oscillation of electrons, called surface plasmon, on
their dielectric–metal interfaces at visible to near infrared
spectrum. Under certain size regimes, the surface-bound plas-
mon can be conned locally and can be excited resonantly at
particular wavelengths of the incoming electromagnetic radia-
tion. Localised surface plasmon resonance (LSPR) is highly
susceptible to the changes of refractive index in the dielectric
medium, and the resonance wavelength changes are highly
conned in the vicinity of the nanoparticle surface. LSPR
response can be easily tuned by using various geometries of
nanoparticle substrates21,22 or directly in solution23 depending
on the application of interest. Merging the unique optical
properties of plasmonic nanomaterials with target-specic
nature of affinity probes has constituted the base for plas-
monic nano-biosensing.24 General working mechanisms of the
plasmonic nanoparticles, including Surface Plasmon Resonance
(SPR), Localized Surface Plasmon Resonance (LSPR), Surface
Enhanced Raman Scattering (SERS) and the recent applications
of plasmonic nanoparticles in biosensing, cancer diagnosis,
drug delivery, photodynamic and photothermal therapy have
been reviewed recently by Lim and Gao25 and Daraee et al.26

Luminescent nanoparticles, for example, upconverting
nanoparticles are lanthanide or actinide-doped nanoscale
ceramic crystals that have been utilized in biosensing applica-
tions since the last decade.27 Upconverting nanoparticles
absorb and convert two or more low energy incident photons
into a single higher energy photon emission. Usually, absorp-
tion energy of photons is realised using a higher concentration
of dopant ions in the infrared region in order to avoid possible
auto-uorescence originating from biological entities in the
ultraviolet-visible (UV-Vis) region. The uorescent emission of
higher energy photons occurs at specic visible spectrum
wavelengths following the excitation with an infrared light
This journal is © The Royal Society of Chemistry 2017
source. Full-Width Half-Maximum values (FWHM) of the uo-
rescent emission is signicantly narrower than the ones
generated by quantum dots.28 Semiconductor quantum dots, on
the other hand, are only several nanometers in size that can be
engineered easily to produce a variety of different uorescent
emission signals in the visible spectrum. Size, surface proper-
ties and optical behaviours of quantum dots have enabled their
use in several elds including energy,29 biosensing30 and bio-
imaging.31 Inorganic uorescent nanoparticles have been
immensely used in different sensing mechanisms including
direct uorescence, uorescence resonance energy transfer,
bioluminescence resonance energy transfer, chem-
iluminescence energy transfer, photon-induced electron trans-
fer and electrochemiluminescence. General structures of the
uorescent inorganic nanomaterials, fundamentals of the
molecular sensing strategies and a useful sensing optimisation
guideline can be found in the recent review paper by Ng et al.32

The key methods used to functionalize these nanomaterials
with antibodies and aptamers have been classied as thiol–
noble metal interaction, streptavidin–biotin interaction, p–p
interaction and NHS–EDC carbodiimide chemistry. Meanwhile,
validation of surface bio-functionalization is performed by
techniques such as UV-Vis spectrophotometry, Circular
Dichroism (CD), Dynamic Light Scattering (DLS) and Gel Elec-
trophoresis (GE). In this report, we reviewed the key methods
used for surface biomodication of nanomaterials with anti-
bodies and aptamers as well as the most common character-
isation techniques that have been implemented for validation
of the nanoparticle biomodication. Structures and properties
of the affinity probes including antibodies and aptamers were
briey introduced, and core principles of the characterisation
techniques were presented to provide the audience with
a complete guideline for a successful surface modication and
validation experiment.
2 Affinity probes for nanoparticle
surface biomodification

Two major group of affinity probes that have been vastly used
for surface functionalization of nanomaterials are protein-
based antibodies and oligonucleotide-based aptamers. The
antibodies were used to be the core affinity reagents of the
sensing and imaging assays until the discovery of aptamers at
the beginning of the 1990s. Both affinity molecules differ in
their nature, structure and production methods and yet have
their advantages and disadvantages, which are described below.
2.1 Antibodies

The discovery of antibodies dates back to the pioneering
research published by Emil Behring, and Shibasabura Kitasato
from Robert Koch's Hygiene Institute in 1890.33 Behring and
Kitasato reported that a lethal dose of diphtheria toxin could be
neutralised in one animal by injecting a serum obtained from
another animal actively immunised against diphtheria toxin.
The production of the diphtheria antiserum to a large scale was
achieved by Paul Ehrlich whomoved to Koch's Institute in 1889.
RSC Adv., 2017, 7, 49386–49403 | 49387
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Ehrlich suggested that the toxicity was due to the protein side
chains, that are what we know as “antibodies or Immunoglob-
ulins” today.34

The prototype antibody Immunoglobulin G (IgG) is a 150 000
dalton “Y” shaped glycoprotein, comprising of two light (L) and
two heavy (H) chains of amino acids. Each heavy chain and light
chain contains one variable region (V) that are connected to the
constant regions (C). The variable regions of the antibody are
situated at the tips of “v” part, and they are responsible for the
target-specic binding or antigen-specic binding (Fab,
antigen-binding fragment). Each antibody has a unique amino
acid sequence or “paratope” residue at the variable region as
a result of the recombination of genes, to which the antibody
binds to a specic site or “epitope” on the antigen molecule by
complementarity in shape — supported with hydrogen bonds,
electrostatic interactions, van der Waals forces and hydro-
phobic interactions.35 Thus, the variable regions make the
antibodies suitable molecules for target-specic sensing and
imaging applications. Possible variations of amino acids in
different lengths in the variable Fab region has paved the way
for the production of a wide variety of antibodies against several
antigens or specic targets. Today, around 300 companies sell
over two million antibodies for research purposes.36 According
to the report by Ecker et al.,37 around 70 monoclonal antibody
products developed only for therapeutic uses are expected to be
on the market by 2020, and the combined worldwide sales are
predicted to be around USD 125 billion. The global market for
antibody production was reported as USD 7.4 billion in 2016,
and it is expected to reach USD 22.6 billion by 2025, according
to the report by Grand View Research, Inc.38

Although the antibody market is proliferating, stand-
ardisation of the production methods is necessary as there are
serious concerns in the literature regarding the batch-to-batch
variations during large-scale productions, causing conicting
and non-reproducible results in research.36 Structural insta-
bility of the antibodies due their organic amino acid assembly is
another limiting factor in research conducted on-site or under
varying experimental conditions. Antibodies need to be handled
with caution during the assays to conserve their 3D structures,
and so the target-specic binding properties. Antibodies require
specic thermal conditions as well as buffer conditions, which
ultimately connes the efficient utilisation of antibodies for on-
site sensing applications. At this point, the conjugation of
antibodies with nanoparticles could be useful in both ways;
rst, increasing the physiochemical stability and serum half-life
of the antibodies and the second, giving a target-specic probe
character to the nanoparticles.39
2.2 Aptamers

Aptamers are short, synthetic RNA, single-stranded DNA
(ssDNA) or peptide chains that are selected from combinatorial
libraries to target a molecule of interest through an in vitro
iteration process, known as “Systematic Evolution of Ligands by
Exponential Enrichment, SELEX”. The aptamers were rst
discovered in 1990 by two independent research groups,
Ellington & Szostak7 and Tuerk & Gold.8 As we reviewed
49388 | RSC Adv., 2017, 7, 49386–49403
previously,40 target-specic aptamer selection can be made in
several in vitro ways, unlike to conventional antibody produc-
tion methods, only requiring an initial randomised library (with
around 1013�14 unique sequences) anked by primer binding
sites and the puried target molecules. The randomised oligo-
nucleotide library is enriched by iterative cycles of incubation
with the target, elution of the binding sequences and ampli-
cation of the binding sequences for the next iteration, during
which stringency of the steps can be tuned to nd the best
target-binding aptamer candidates. Aptamers can be selected in
vitro from random oligonucleotide libraries for a variety of
target molecules ranging from ions like Hg2+ and Cu2+,41 small
chemical moieties or molecules like clenbuterol hydrochlo-
ride,42 bacterial surface proteins,43 virus proteins,44 enzymes,45

cell surface markers,46 and entire bacterial cells.47 Aptamers
shows unique secondary structures like helixes and loops based
on their nucleotide sequences, and a combination of these
structures constitute a tertiary structure that allows aptamers to
bind to their targets in a lock and key structure through van der
Waals forces, hydrogen bonding and electrostatic interac-
tion48–50 — similar to the interactions between antibodies and
antigens (shape complementarity).

In contrast to the antibodies, aptamers can be chemically
synthesized in large scale with negligible batch-to-batch varia-
tion, and they can be modied or labelled at any desired
nucleotide point for further applications, such as sensing,46

imaging,51 targeted drug delivery52 and therapeutics.53 The size
of aptamers is determined by the number of nucleotides in the
chain. Therefore, they could be signicantly lighter in weight
than the antibodies. For instance, an aptamer of 50 nucleotides
is around 15 kDa whereas a typical antibody such as IgG is
around 150 kDa, revealing the advantages of the aptamers over
the antibodies for targeting hidden epitopes or small target
molecules. Additionally, the shelf-life of aptamers is greater than
the shelf-life of antibodies as a result of their synthetic structure,
and aptamers can easily survive at different environmental
conditions, allowing long-term storage at ambient conditions
and on-site applications. According to the market analysis per-
formed by Markets and Markets in 2015,54 the key companies in
the global aptamer market are AM Biotechnologies, LLC (U.S.),
Aptagen, LLC (U.S.), Aptamer Sciences, Inc. (South Korea),
Aptamer Solutions (U.K.), Ltd., Aptus Biotech S.L. (Spain), Base
Pair Biotechnologies, Inc. (U.S.), NeoVentures Biotechnology,
Inc. (Canada), SomaLogic, Inc. (U.S.), TriLink BioTechnologies,
Inc. (U.S.), and Vivonics, Inc. (U.S.). The global market value is
expected to reach USD 244.93 million by 2020.

Despite their ease of use and low cost, aptamers have some
disadvantages such as relatively lower sensitivity for the targets
compared to the antibodies, overall negative charge due to the
phosphate backbone that makes the structure hydrophilic, and
the small size that makes the aptamer susceptible to renal
ltration.55,56 Attachment of aptamers to nanoparticle surfaces
may translate this disadvantage into an advantage, also imparts
probe properties to the nanoparticles. A detailed comparison of
antibodies and aptamers was previously reported by Zhou and
Rossi.55 In Table 1, we prepared a similar comparison list for
informative purposes.
This journal is © The Royal Society of Chemistry 2017
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3 Nanoparticle surface
biomodification techniques

Key surface modication techniques that have been extensively
practised to functionalize nanomaterial surfaces with biological
entities such as antibodies and aptamers have appeared to be
falling into four broad classes as: thiol–noble metal surface
interaction (41%), streptavidin–biotin interaction (33.7%), p–p
stacking interaction (23.8%) and NHS–EDC carbodiimide
reaction (1.4%), according to Google Scholar publication data-
base for 1990–2017 time period (search was conducted in July
2017). The number of publications in the eld increased in
a logarithmic trend by the time, and the thiol–gold nanoparticle
surface interactions have dominated the eld since gold is one
of those ancient nanomaterials that has been used for centuries
for medicinal purposes.57 Modication of colloidal gold parti-
cles with an antibody for the rst time was done in 1971 by
British researchers Faulk and Taylor who published the method
for direct electron microscopy visualisation of Salmonellae
surface antigens.58 On the other hand, the discovery of the
strong interaction between avidin and biotin dated back to 1975
(ref. 59) whereas p-stacking interactions and EDC coupling
technique became popular in the late 1990s60,61 during which
nanotechnology was an emerging concept in the eld of science
and technology. Each of these major surface biomodication
techniques is described below with examples from the current
literature.
3.1 Modication with thiol compounds

The inherently strong interaction between thiol compounds
(–SH, mercaptans or sulydryl groups) and noble metal
surfaces has allowed scientists to engineer self-assembled
monolayers (SAM) on gold and silver nanoparticle surfaces for
Table 1 Comparison of nucleic acid-based aptamers and amino acid-b

Properties Aptamers

Chemical composition ssDNA, RNA, peptide
Size 5–30 kDa approximately �2 nm
Structure Rich secondary structures such

loop, bulge, hairpins and G-qu
Affinity mechanisms 3D interactions via hydrogen b

electrostatic interactions and v
forces (shape complementarity

Targets Ions, nucleic acids, proteins, w
and chemicals
Applicable in all size regimes

Selection 1–3 months development cycle
Automated SELEX systems can

Cost In vitro, solid-phase chemical s
Low cost for short aptamers

Physical stability High-temperature resistance
Can be lyophilised for extende

Chemical modications Wide range of chemical modi
sugar ring, base, and 30 & 50 en

Chemical stability High chemical resistance again
through chemical modication

This journal is © The Royal Society of Chemistry 2017
various biosensing applications. SAM of thiol molecules is
simply prepared by submerging a clean noble metal substrate
into a diluted solution of the desired thiol chemical. The non-
reactive (inert) nature of gold has enabled the use of alkane
chains with various terminal groups and formation of a vast
range of functional groups on gold surfaces.62,63 The simple
alkane chains create hydrophobic surfaces of gold, whereas the
others with, for example, hydroxyl (OH) and carboxylic acid
(COOH) terminal groups can form very hydrophilic surfaces.
The strength of a single thiol–gold bond is dependent on several
factors like pH of the solution, incubation time, quality of the
thiol compound as well as the surface properties of the gold
material itself.64 Assembly of a monolayer on gold requires
a clean surface which can be achieved with sequential washes of
the material in acetone, methanol, ethanol or piranha solu-
tion.65 Ultraviolet-ozone66 or oxygen plasma treatments are also
used to dispose of any organic residue on the gold surface.
Ultraviolet ozone treatment was foundmore successful than the
oxygen plasma treatment method for cleaning nanostructured
gold surfaces, which is in contrast to the bulk lms of gold.67

As presented in Table 2, a wide range of thiol compounds is
available to prepare gold surfaces for biomodication. For
example, 1,6-hexanedithiol being a dithiol, bears two –SH
groups that are essential to attach nanoparticles or metallic ions
to SAM surface.68 11-Mercaptoundecanoic acid has one –SH and
one –COOH group that can be activated further with NHS–EDC
reaction to covalently bind biological entities like antibodies
onto the desired gold surface.69 4-Aminothiophenol bears one
–SH group and one –NH2 group linked to a benzene ring that
was employed as RAMAN signal reporter along with a thiolated
aptamer probe.70 On the other hand, DNA and RNA oligonu-
cleotides (aptamers) can be chemically modied with preferred
thiol groups to functionalize the gold surfaces directly with
affinity probes.64,70 In such cases, a spacer of carbon atoms or
ased antibodies

Antibodies

Protein
100–180 kDa, �10–15 nm

as stem,
adruplex

a-Helix, b-sheet

onding,
an der Walls
)

3D epitope-based binding sites also
shape complementarity

hole cells, toxins, Limited to immune response

Minimum target size �600 Da
4–6 months development cycle

achieve �1 week
ynthesis In vivo production

High cost
Sensitive to temperature

d shelf life Requires strict refrigeration
Limited shelf life

cations;
ds

Limited chemical modications

st enzymes
s

Low chemical resistance
Low pH resistance

RSC Adv., 2017, 7, 49386–49403 | 49389
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Table 2 Examples of thiol compounds that are used to functionalize gold surfaces for biosensing applications (2016–2017)

Gold type Thiol type Target Affinity probe Ref.

Gold electrode surface 1,6-Hexanedithiol, 1 mM, 3 h Thrombin Aptamer, 50-SH-(CH2)6 GGT TGG
TGT GGT TGG-30

64
6-Mercaptohexanol 1 mM, 1 h
Benzoquinone, 50 mM, 2 h
Thiolated aptamer, 2 mM, 2 h

Gold-silver nanorods
(15–55 nm)

4-Aminothiophenol, 1 mM, 3 h Human protein tyrosine kinase-7
expressed on Hela (cervical
cancer) cells

Aptamer, 50-uorescein-ATC TAA
CTG CTG CGC CGC CGG GAA AAT
ACT GTA CGG TTA GA (T)10-SH-30

70
Thiolated aptamer, 2.5 mM, 12 h

Gold nanoparticles
(5 nm)

Thiolated aptamer, 100 nM, 1.5 h Lysozyme Aptamer, 50-SH-(T)10-ATC TAC
GAA TTC ATC AGG GCT AAA GAG
TGC AGA GTT ACT TAG-30

72
Thiolated PEG, 200 nM

Gold nanoparticles 1-Pentanethiol Circulating tumour cells Antibody, human EpCAM
biotinylated goat antibody and
anti-cadherin 11 (CDH11)

69
11-Mercaptoundecanoic acid
12-Mercaptododecanoic acid
N-Hydroxysuccinimide ester (to
bind neutravidin)

Gold nanorods
(15–52 nm)

Thiol-terminated
carboxypolyethylene glycol

The activated leukocyte cell
adhesion molecule (ALCAM),
CD166

Antibody, Activated Leukocyte Cell
Adhesion Molecule (ALCAM)
antibody

73

Thiol-terminated
methoxypolyethylene glycol
(2.5 : 1 and 2 : 1 M ratio of COOH-
PEG-SH and mPEG-SH was
incubated in water with NPs)

Colloidal gold
nanoparticles (40 nm)

Direct incubation with NPs in
buffer with a pH around 9

Campylobacter jejuni subsp. jejuni
ATCC® 33291

Antibody, rabbit polyclonal and
mouse monoclonal antibody
against C. jejuni

74

Gold NPs deposited on
a chip array surface

The thiol-modied aptamers were
incubated with the chip surface
for 12 h in water

Total and glycated haemoglobin
(HbA1c) in whole human blood

Thiol-modied aptamers 75
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thymine/adenine nucleotide chain is added to the oligonucle-
otide chain (usually before the –SH residues) in order to prevent
steric hindrance effects at the nanoscale. It should be noted that
the spacer groups may interfere with the affinity of the oligo-
nucleotide aptamers in either way. For instance, Waybrant
et al.71 investigated the change in the affinity of fractalkine
binding aptamer (FKN-S2) in different tail and spacer structures
that included the aptamer samples with no spacer, different
polyethylene glycol spacers (PEG4, PEG8, PEG24), alkyl spacers
(C12 and C24), and oligonucleotide spacers (T10 and T5: and A10).
Based on the radioactive competition binding assay results, the
A and T oligonucleotide spacers gave the highest affinity to the
aptamer while the hydrophobic alkyl spacers signicantly
decreased the binding affinity. The tail structure of hydrophobic
dialkyl C16 also reduced the binding affinity over 7-fold as
compared to the free FKN-S2 aptamer.

Thiol compounds with a hydrophilic –OH groups at one end
are usually employed in reactions at excess amounts as
competitors when forming SAMs on gold surfaces with other
functional thiol compounds. For example, 6-mercaptohexanol
or 11-mercaptoundecanol can be used with 11-mercaptounde-
canoic acid or 4-aminothiophenol to form a monolayer of
–COOH or –NH2 groups on gold surfaces, respectively, to anchor
biomolecules or other nanoparticles. In such reactions, thiol
compounds with free –OH groups naturally arrange in between
the other thiol compounds covering the entire metal surface to
avoid non-specic interactions.76,77 In Fig. 1, structures of some
49390 | RSC Adv., 2017, 7, 49386–49403
of the thiol compounds that are used to modify gold nano-
particle surfaces with protein-based and oligonucleotide-based
affinity probes were illustrated. A complementary list of thiol
compounds and the methods for modication of colloidal
inorganic nanoparticles can be found in an earlier report by
Sperling and Parak.78 The fundamentals of thiol and dithiol self-
assembly process on planar surfaces, irregular surfaces and on
the nanomaterials were previously reviewed by Vericat et al.68

who additionally elaborated the chemical reactivity and thermal
stability of the SAMs in aqueous and ambient conditions. There
are also examples of some gold nanoparticles that were func-
tionalized with aptamers without the need for thiol molecules.
In one report, for instance, aptamers were incubated with gold
nanoparticles to construct different types of nanoparticle
branches that produced different colours based on the number
of aptamers attached.79 Finally, the aptamer-decorated gold
nanoparticles functioned as colourimetric probes for detection
of ochratoxin A, cocaine and 17b-estradiol with nanomolar
sensitivity. Ochratoxin A was also detected with high sensitivity
in grape juice and wine samples by using silver nanoparticles
incorporated into a polyoxometalate-functionalized reduced
graphene oxide electrode, without an immobilised affinity
probe.3

3.2 Modication with avidin–biotin interaction

The non-covalent interaction between avidin and biotin is
known as one of the strongest bonds in nature with
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Surface biomodification of gold NPs with thiol derivatives. Chemical structures were not drawn to their original scales. (1) 11-Mercapto-1-
undecanol, (2) 11-mercaptoundecanoic acid, (3) protein bound to 11-mercaptoundecanoic acid with amide bond, (4) DNA bound to 11-mer-
captoundecanoic acid with amide bond, (5) DNA directly bound to gold surface through a carbon spacer and thiol group at one end, (6) DNA
directly bound to the surface through a poly A tail and thiol group, (7) DNA bound to the gold surface through a partially complementary DNA
strand with thiol modification, (8) protein bound to gold surface through an amide bond with 4-aminothiophenol, (9) dithiol molecule, (10)
thiolated PEG, (11) mercaptopropionic acid.
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a dissociation constant (Kd) around 10�14 mol L�1.59 Streptavi-
din (also known as vitamin H or vitamin B7) is a tetrameric
protein with four identical biotin binding sites. Neutravidin, on
Table 3 Examples of streptavidin–biotin interactions that were used to
2017)

NP type Preparation of NP surface A

Upconverting NPs with
streptavidin coat on the
surface

Incubation of NPs directly with
streptavidin solution

A
m

QDs with streptavidin
modication

QDs with covalently attached
streptavidin was acquired commercially
from Invitrogen Life Technologies

A
a
c
a

Cellulose paper and exible
plastic chips with printed
graphene-modied silver
electrodes

Paper chips were incubated directly with
a solution of streptavidin

A

Gold NPs (citrate coated) Streptavidin-coated magnetic beads were
commercially obtained and incubated
with the affinity probes

P
a
a
t

CNT carpet (vertically
aligned CNT carpet with
neutravidin modication)

Amine groups of neutravidin and COOH
groups of the CNTs were coupled with
NHS–EDC chemistry in MES buffer

A

Gold NPs Gold NPs was incubated with a solution
of streptavidin for 30 minutes at 37 �C;
unbound molecules were removed by
centrifugation

B

Gold NPs Streptavidin and gold NPs were coupled
with NHS–EDC chemistry in MES buffer

B
a

Upconversion NPs Upconversion NPs were functionalized
with biotin and used to cover the
streptavidin-coated surface uniformly for
the detection

B

This journal is © The Royal Society of Chemistry 2017
the other hand, is a de-glycosylated form of avidin with a neutral
isoelectric point and it has the same specic binding affinity
towards biotin molecules.
functionalize nanoparticle surfaces for biosensing applications (2015–

ffinity probe Target Ref.

ptamers with 30 biotin
odication

Enrooxacin, a high-potency
antibacterial agent

90

ptamers attached with
biotinylated, short
omplementary sequence for
nchoring purposes

Ricin toxin chain A and light
chain of botulinum toxin A

91

ntibody for HIV gp120 Viruses and HIV-1 nucleic
acids

92

olyclonal anti-human EGFR
ntibody used as the signal probe
nd biotinylated EGFR aptamer as
he capture probe

Epidermal growth factor
receptor (EGFR), a cancer
biomarker

93

ptamer-biotinylated Lysozyme 94

iotinylated capture p53-antibody p53 antigen as a cancer
biomarker

95

iotinylated polyclonal HIV-1 p24
ntibody

HIV-1 p24 antigens 96

iotinylated oligonucleotides Oligonucleotide sensor 97

RSC Adv., 2017, 7, 49386–49403 | 49391
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Interaction of biotin with avidin/streptavidin/neutravidin has
been immensely used in biotechnology for separation of biomol-
ecules on streptavidin-coated solid supports,80 as recently reviewed
by other groups.81 In nanotechnology, this robust interaction has
become a routine to functionalize various nanoparticle surfaces
with affinity probes, including gold nanoparticles,82 carbon
nanotubes,83 quantum dots and upconversion nanoparticles.84

Construction of nanobiosensors based on streptavidin–
biotin interaction usually begins with modication of the
nanoparticle surface with streptavidin molecules, followed by
incubation with the affinity probe that carries at least one biotin
residue to bind with the streptavidin coated nanoparticle.
Modication of nanoparticle surface with streptavidin, avidin
or neutravidin proteins can be achieved in several ways. Based
on the surface properties of nanoparticles, proteins can be
deposited directly onto the surface without the need for
a specic reagent85 or ideally, they are covalently attached to the
surface with NHS–EDC carbodiimide chemistry by forming an
amide bond.84 Glutaraldehyde method has been found effective
for surface coating.86,87 In another example,88 amine-terminated
biotin molecules were initially decorated onto carboxylated
nanotube surfaces through NHS–EDC reaction. Streptavidin
molecules were attached to the nanotube surface through the
decorated biotin residues, which eventually aided to capture the
molecules of interest with free biotin groups (i.e., biotinylated
DNA, biotinylated uorophore or biotinylated gold nano-
particles on the captured streptavidin).

In the rst method, where no chemical reagent is necessary
for streptavidin coupling, the nanoparticles are simply incubated
with the streptavidin protein in a buffer solution that is followed
by elimination of the unbound proteins from reaction media by
centrifuge or ltration. In this case, adsorption of streptavidin
molecules onto the nanoparticle surface may be explained by
electrostatic interactions, van der Walls forces, hydrogen
bonding or p–p stacking interactions.89 In the case of NHS–EDC
carbodiimide procedure, streptavidin molecules are covalently
attached to the nanoparticle surface through the amide bond
formation between EDC-activated –COOH groups and primary
–NH2 groups. Eventually, the nanoparticle surface covered with
streptavidin molecules becomes available for modication with
desired biotin-labelled affinity probes, establishing a sandwich
type sensing platform. In Table 3, some examples of streptavi-
din–biotin interactions that were used to modify nanoparticle
surfaces for biosensing applications were presented. As shown in
the table, a variety of nanoparticles with streptavidin or neu-
travidin modications are commercially available and can be
directly used to make sandwich assays with biotinylated affinity
probes. The avidin–biotin technique can be employed with
almost any type of nanoparticle regardless of the material
properties, which is in contrast to thiol–noble metal interaction
technique and p-stacking interaction method, both require
specic type of nanomaterials to bind with the affinity probes.
3.3 Modication through p-stacking interactions

P-Effects are non-covalent interactions involving p electrons
which can strongly interact with other p systems or aromatic
49392 | RSC Adv., 2017, 7, 49386–49403
molecules. This type of interaction was observed between the
stacking nucleobases of DNA,98 cations like some amino acid
side chains99 and aromatic compounds stacked onto the
nanoparticles.100 The interactions containing p systems are
essential for biological processes such as enzyme–ligand
binding,101 protein–DNA binding102 and protein–RNA
binding.103 Existence of p electrons–anion interactions was also
reported in the literature,104 which holds a great potential for
construction of novel materials for sensing (i.e., ion sensing).

Presence of p electrons both in nanoparticles and biological
molecules has simplied the exploitation of this interaction to
develop smart nano-bio hybrid or conjugate systems for cost-
effective and robust biosensing applications. As presented in
Table 4, the nanobiosensors built with p systems were mainly
based on the carbon nanomaterials such as graphene and
carbon nanotube derivatives. Graphene is a carbon nano-
material composing of hexagonally arranged carbon atoms with
single-atom thickness. Carbon has six atoms which make sp2-
hybridised crystal structure in graphene and many related
carbon nanomaterials like graphene oxide, reduced graphene
oxide, fullerene and carbon nanotubes. In the sp2-hybridised
crystal structure, one s-orbital hybridises with two p-suborbital,
namely px and py which forms a planar assembly with a partic-
ular angle of 120 degrees between the hybridised orbitals,
forming a s-bond. The remaining pz-orbital stays perpendicular
to the sp2-hybrid orbitals which form a p-bond105 that lays the
foundation for engineering nano-bio conjugates with p–p

interaction.106 For example, nucleobases with aromatic rings
can bind to the graphene surface107 with electrostatic interac-
tions, hydrophobic forces and p–p stacking interactions.
Because the nucleobases in double-stranded DNA is protected
within the helix structure, the single-stranded DNA can interact
better with the carbon nanomaterials. Equally, proteins with
aromatic amino acid residues (i.e., histidine and tryptophan)
can make strong complexes with carbon nanomaterials, unless
those aromatic residues are obscured in the hydrophobic
regions of proteins.108

For example, single wall carbon nanocorns and 30 FAM
(carboxyuorescein) dye-labelled aptamers were effectively uti-
lised as uorescent sensing probes for ochratoxin A detec-
tion.109 The essential point was that the ochratoxin A-specic
DNA aptamers could go into a G-quadruplex structure upon
binding to the target. In the absence of the target, DNA
aptamers and aromatic FAM labels interacted with negatively-
charged single wall carbon nanocorn surface through p stack-
ing, leaving the uorescent dye-quenched as a result of the
uorescence resonance energy transfer (FRET) from dye to the
carbon surface.

In a similar example, nanographene was used as the uo-
rescent quencher platform for detection of dopamine using the
DNA aptamers that were chemically conjugated with uorescent
carbon nanodots.117 Aptamers were conjugated with the uo-
rescent carbon dots by EDC–NHS reaction that was later incu-
bated with the nanographene to form nano-bio conjugates
through p–p stacking and hydrophobic interactions. The
resulting conjugates did not produce uorescent signals in the
absence of target because of the surface energy transfer from
This journal is © The Royal Society of Chemistry 2017
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Table 4 Examples of p–p interactions used to functionalize nanoparticle surfaces for biosensing applications (2014–2017)

NP type Preparation of NP surface Affinity probe Target Ref.

SWCNT (oxidised and
ltered)

Aptamers were incubated with SWNTs in
Dulbecco's phosphate buffered saline
with CaCl2 and MgCl2 at a relatively high
concentration

Aptamer Sgc8c,
uorophore-labelled

Cell membrane protein
tyrosine kinase-7

110

SWCNT (near-infrared
emissive nanotubes)

The aromatic character of the Cy3 dye
caused dye stacking to the SWNT surface.
Aptamers also assembled onto the
surface through stacking

Aptamers with alternating
AT nucleotide repeats at 50

to bind with SWCNTs and
with a 30 terminal Cy3 dye

RAP1 GTPase and HIV
integrase proteins

111

CNTs The detection was based on the non-
covalent assembly of the FAM dye-
labelled aptamers on CNTs in a buffer
solution for 15min that was induced byp
stacking of DNA bases on CNTs

Aptamers with uorescent
FAM dye at 50

Kanamycin 112

Graphene oxide
nanosheets

3 mL of 100 mg mL�1 GO-solution and 10
mL of 100 nM ATP or GTP aptamer stock
solution were mixed in PBS-based
binding buffer for around 5 min

Aptamers with uorescent
Cy5 and FAM
modications

ATP and GTP in MCF-7
breast cancer cells

113

Graphene oxide used as
the uorescence
quenching agent

10 nM FAM-ssDNA solution was
incubated for 15 min at room
temperature, and 20 mL of GO (0.1 mg
mL�1) was then added to this mixture for
another 5 min

Aptamer with 50 uorescent
FAM label

Bisphenol-A 114

Graphene oxide FAM-labelled theophylline binding
aptamer was mixed with GO suspension
to a nal concentration of 100 nM and
incubated at room temperature for an
hour

Aptamer with 50 uorescent
FAM label

Theophylline in serum 115

Graphene oxide 0.04 mg mL�1 of graphene oxide was
mixed with different concentrations of b-
lactamase aptamer in Tris–EDTA buffer
for around 10 minutes

Aptamer with 50 uorescent
FAM label

b-Lactamase in milk 116
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carbon dots to the nanographene whereas the uorescent signal
was recovered in the presence of target dopamine. In another
example, Xia et al.14 reported a method using graphene oxide as
the uorescent quenching platform and N-terminal uorescein
isothiocyanate (FITC)-labelled peptide aptamers as the affinity
probes for detection of human chorionic gonadotropin (a
biomarker for pregnancy and some cancer types). It was
demonstrated that some amino acids including lysine, histi-
dine, glutamic acid and aspartic acid had negligible effects on
uorescent quenching efficiency while the other amino acids
including arginine, phenylalanine, tryptophan, tyrosine and
four proteins (bovine serum albumin, immune globulin G,
recombinant human erythropoietin and thrombin) disturbed
the interaction between the peptide aptamer and graphene
oxide surface, thus recovered the signal. Additionally,
isothermal titration calorimetry technique revealed that elec-
trostatic interactions and p–p systems played a major role in
the strong interaction between some amino acids and graphene
oxide, in which the amino acids inuenced the conjugation
either individually (for lysine, arginine, histidine, phenylala-
nine, and tyrosine) or co-operatively (tryptophan).118

3.4 Modication through EDC–NHS chemistry

Carbodiimide chemistry is the most common method to cova-
lently modify free carboxylic acids with primary amine groups
This journal is © The Royal Society of Chemistry 2017
for labelling and surface functionalization purposes. The most
common carbodiimide is the water-soluble N-(3-dimethylami-
nopropyl)-N0-ethylcarbodiimide (EDC). EDC is usually employed
together with N-hydroxysuccinimide (NHS) to accelerate the
reaction rate and the nal coupling efficiency. EDC activates the
free carboxyl groups on one molecule to bind with primary
amine groups of the other molecule, constituting an amide
bond. NHS or its water-soluble analogue (sulpho-NHS) reacts
with the carboxyl groups, forming a stable amine-reactive NHS
ester intermediate to be coupled with the primary amines at
physiologic pH conditions. The intermediate produced by NHS
is signicantly more stable than the O-acylisourea that is
produced in reactions only with EDC. Thus, NHS is frequently
included in EDC reactions. Because none of these compounds
leave residues on the nal conjugate structure, carbodiimide
molecules are considered as zero-length cross-linkers.119 Unlike
the previous modication methods, EDC–NHS carbodiimide
reaction produces a strong covalent bond between the reaction
compounds reinforcing the lifetime of the conjugation. Because
all proteins (for example, antibodies) are composed of amino
acids that contain primary amine and carboxylic acid groups,
NHS–EDC reaction can be used to bind biomolecules to any
surface comprising a primary amine or carboxylic acid groups.
Similarly, DNA or RNA molecules (for example, aptamers) can
be synthesised chemically with free carboxylic acid or primary
RSC Adv., 2017, 7, 49386–49403 | 49393
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amine groups at the desired nucleotide points, facilitating their
coupling onto the functionalized material surfaces through
EDC–NHS chemistry.75,94,112,120

As presented in Table 5, EDC–NHS chemistry has been
widely used to functionalize nanoparticles with affinity probes
to construct nanobiosensors. In some cases, other modication
techniques like thiol–noble metal interaction and p-stacking
systems were combined with EDC–NHS chemistry in order to
fabricate sophisticated nano-bio conjugates. For example, in
the study reported by Zhu and Lee,121 carbon nanotubes and
silver nanoparticles were employed together to develop a nano-
biosensor for the detection a-1 antitrypsin, a biomarker for
Alzheimer's disease. The authors treated the nanotubes with
perylene tetracarboxylic acid, which had a pyrenyl group that
Table 5 Recent examples of NHS–EDC chemistry used to functionalize

NP type Preparation of NP surface Affi

Carbon nanotubes and
a-1 antitrypsin
modied silver NPs as
signal enhancers

Nanotubes were rst
functionalized with a pyrenyl
group of perylene tetracarboxylic
acid/carbon nanotubes through
p–p stacking, which produced
–COOH groups on the tubes to
link with 50 NH2-aptamers
through EDC–NHS. Silver NPs
were rst treated with
mercaptopropionic acid through
the thiols which produced free
–COOH on the surface to
covalently link with antibodies
using EDC–NHS chemistry

An
ph
wit

Graphene lms
transferred onto silicon
surfaces to make eld
effect transistor devices

EDC and sulpho-NHS were used to
couple PEG/ethanolamine (as the
spacer), and PEG/aptamer to the
carboxyl groups of the pyrene
butyric acid treated graphene
device surfaces

Apt
spa

Carbon dots EDC without NHS was used to link
carboxylic carbon dots with 50 NH2

modied aptamers in PBS buffer

Apt
mo

Gold NPs Carboxylated gold NPs were
activated with EDC and NHS to be
modied with the side chains of
the protein

An
ant

Quantum dots with free
carboxylate groups on
the surface

Carboxyl-terminated quantum
dots were activated by EDC/
sulpho-NHS mixture in PBS buffer
and _incubated for 2 h. Unbound
aptamers and the quantum dots
were removed using a centrifugal
lter unit

Apt
mo

Quantum dots
(ZnS:Mn)

Quantum dots were rst treated
with mercaptopropionic acid to
form free –COOH groups on the
surface, which was later treated
with EDC and NHS to bind amino
terminated aptamers

Apt
mo

Upconverting NPs with
free carboxylate groups

Carboxyl group terminated
upconverting nanoparticles were
incubated with amine terminated
aptamers in the presence of EDC
and sulpho-NHS

Apt
mo

49394 | RSC Adv., 2017, 7, 49386–49403
could stack on the nanotubes through p–p interaction and free
–COOH groups that were further used to modify the nanotubes
with 50 NH2-aptamers through EDC–NHS chemistry. In another
report, naive silver nanoparticles were treated with a mercapto-
propionic acid solution that had thiol groups at one end to bind
with the silver nanoparticles and free –COOH groups on the
other end for conjugation with the biomolecules. Free –COOH
groups of the silver nanoparticles were activated through EDC–
NHS reaction to attach antibodies that eventually served as the
signal probes for the detection of a-1 antitrypsin. In such
reactions, the amount of the affinity probe (aptamers or anti-
bodies) should be signicantly high in molar concentration to
ensure the uniform coating of the nanoparticle surface.
nanoparticle surfaces for biosensing applications (2016–2017)

nity probe Target Ref.

tibody with an alkaline
osphatase label and aptamer
h 50 NH2 modication

a-1 antitrypsin (a
recognised biomarker
for Alzheimer's disease)

121

amers with 50 NH2 and C6
cer modication

Prostate-specic
antigen (PSA)

124

amers with 50 NH2

dication
Dopamine 117

tibody of prostate-specic
igen

Prostate-specic
antigen

125

amer with 50 NH2 and C6
dication

Thrombin 126

amers with 50 NH2

dication
Acetamiprid residues 120

amers with 50 NH2

dication
Foodborne pathogens 28

This journal is © The Royal Society of Chemistry 2017
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In a recent study conducted by our group,28 the surfaces of
carboxylic acid-coated upconverting nanoparticles and carbox-
ylic acid-coated quantum dots were activated by EDC–NHS
carbodiimide reaction to decorate the nanoparticle surfaces
with foodborne pathogen-specic DNA aptamers that had
primary amine groups at 50 end. These uorescent nano-bio
conjugates served as the signal probes for simultaneous detec-
tion of two different pathogens. The luminescent nano-
biosensors fabricated in the study were characterised by GE,
DLS, CD and UV-Vis spectroscopy techniques to validate the
presence of target-specic aptamers on the nanoparticle
surfaces, which is essential for nanobiosensor studies. The
advancements in the development of nanoprobes for detection
of pathogenic bacteria,122 and several other food contami-
nants123 has been covered in the recent literature.
4 Characterisation of nanoparticle
surface biomodification

Characterisation studies are performed to validate presence and
activity of the affinity probes that are coupled with the nano-
materials. During the surface biomodication of nanomaterials,
Fig. 2 Characterisation of antibody and aptamer-functionalized gold nan
absorption spectra of näıve (blue), antibody-conjugated (green) and agg
resonance shift of the gold NPs after conjugation with antibodies. Reprin
Copyright 2008. (b) UV-Vis absorption spectra of gold NPs (black) and
localised surface plasmon resonance signal of the gold NPs upon suc
permission from Elsevier. (c) UV-Vis absorption spectra of (a) aptamer-qu
absorption spectrum shift of the quantumdots after conjugation to the ap
of Chemistry.

This journal is © The Royal Society of Chemistry 2017
an excess amount of affinity probe is typically used to saturate
nanomaterial surface which eventually prevents non-specic
interactions of the probes. In the second step, unreacted
affinity probes and unreacted nanoparticles in the reaction
medium are separated from the probe-conjugated nano-
materials. Because the unreacted components would compete
with nanosensors to bind with target molecules non-specically
and severely undermine the performance of the nanosensors,
leading to a narrower detection window and higher limit of
detection values. Therefore, several wash-out steps with centri-
fugation or commercial lters are recommended to discard the
unbound reaction components. Purication of the conjugated
probes from the reaction medium is followed by the character-
isation of the sensor probes. Näıve nanomaterials and unconju-
gated affinity probe samples also participate in characterisation
studies as the key control samples. Here we briey described the
basic principles of the most common nanobiosensor character-
isation techniques with examples from the recent literature.
4.1 Ultraviolet-visible absorption spectrophotometry

UV-Vis absorption spectroscopy is a standard tool for the
characterisation of nanobiosensors. Many of the core
oparticles (NPs) with UV-Vis spectrophotometry technique. (a) UV-Vis
regated gold NPs (red). The inset shows the localised surface plasmon
ted by permission from Macmillan Publishers Ltd: [Nature Protocols],127

aptamer-functionalized gold NPs (red). The inset shows the shift in
cessful conjugation. Reprinted from ref. 128, Copyright (2017), with
antum dot conjugates and (b) näıve quantum dots. The inset shows the
tamers. Reproduced from ref. 129 with permission of The Royal Society
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nanomaterials used in nanobiosensor construction studies can
be distinctively identied and quantied by the absorption
spectroscopy. Affinity probes, oligonucleotide-based aptamers
and protein-based antibodies, also show typical absorption
peaks around 260 and 280 nm with UV-Vis technique and the
absorption at these specic wavelengths are used to calculate
molar concentrations and purities of the samples in buffer
solutions. Although this method cannot be applied quantita-
tively in the presence of affinity probes and nanomaterials with
strong UV absorption (for example quantum dots, plasmonic
nanostructures and carbon nanomaterials), it can still be used
to qualitatively identify the presence of aptamers or antibodies
on nanomaterials based on the absorbance spectrum change
upon successful surface biomodication. In such cases,
absorption peaks of the affinity probes are oen observed as
slight shoulders in the absorption spectrum of the nanoprobe,
which strongly depends on the extinction coefficient difference
and the number of functional sites on the nanomaterial avail-
able for probe conjugation. Some examples of antibody and
aptamer-functionalized gold nanoparticle probes that were
characterised by UV-Vis absorption spectroscopy were repre-
sented in Fig. 2a and b,127,128 respectively.

As seen in the gure, the functionalization of the gold
nanoparticles with affinity probes resulted in a red shi in the
localised surface plasmon signal of the nanoparticle since the
refractive index of the affinity reagent was signicantly larger
than the refractive index of the surrounding media. Besides, the
DNA shoulder in the absorbance spectrum around 260 nm in
Fig. 2b conrmed the successful surface modication of the
Fig. 3 Characterisation of nanobiosensors with gel electrophoresis te
incubated with a range of monovalent streptavidin molecules. The resu
a staining step. Purified conjugates shown in the top right image appeare
Reprinted with permission from Macmillan Publishers Ltd: [Nature M
quantum dots with biotinylated A22 aptamer (against the hemagglutinin o
(b) QD and A22 aptamer at 1 : 1, lane (c) QD and A22 at 1 : 2; lane (d) Q
Reproduced from ref. 137 with permission of The Royal Society of Chemi
quantum dots in the electrophoretic environment. Reproduced from ref

49396 | RSC Adv., 2017, 7, 49386–49403
gold nanoparticles. The plasmonic nanostructures usually show
exponentially increased refractive index sensitivity in the
nanoscale vicinity of their surface. In fact, the functionalization
of plasmonic nanostructures with aptamers can be further
validated using the complementary oligonucleotide sequences
since the refractive index (n) difference between ssDNA (nss �
1.46) and dsDNA (nds � 1.54)130 can be easily detected in
nanomolar range.131

In the Fig. 2c,129 UV-Vis absorption spectrum of näıve
quantum dots and aptamer-functionalized quantum dots were
represented where a distinct oligonucleotide shoulder around
260 nm in the spectrum was detected. Unlike the absorbance
behaviours of aptamer-conjugated plasmonic gold nano-
particles, aptamer-functionalized quantum dots showed a blue-
shi that was indicated the disruption of the core nanoparticle
structure upon aptamer modication. The slight expansion in
FWHM of the quantum dots upon aptamer conjugation was
another evidence for successful surface biomodication.28 The
change in the core structure of the quantum dots upon surface
biomodication could also affect their behaviours under an
electric eld that is discussed later in electrophoresis
subsection.

4.2 Gel electrophoresis

GE remains to be one of the most fundamental characterisation
technique for biochemistry and molecular biology. Depending
on the size and surface charge, biomolecules such as DNA, RNA
and proteins can be easily separated with high resolution in
porous agarose or polyacrylamide matrix under an applied
chnique. (a) 6-His tagged Cd/Se–Zn/Cd/S core–shell quantum dots
lting nano-bio conjugates were directly visible under UV light without
d as sharp single electrophoretic bands without residues or aggregates.
ethods],136 Copyright (2008). (b) Modification of streptavidin-coated
f influenza A virus) at increasing concentrations (lane (a) QD alone, lane
D and A22 at 1 : 3; lane (e) QD and A22 at 1 : 4 ratios, respectively).

stry. (c) Näıve quantum dots move faster than the aptamer-conjugated
. 138, MDPI open access content.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Electrophoretic behaviour of upconverting nanoparticles
modified with aptamers. (a) Modification with an excess amount of
aptamer in the reaction medium (nanoparticle aptamer ratio was
1 : 20). Aptamer-conjugated upconverting nanoparticles at different
sizes accumulated at the upper part of the gel whereas the unreacted
aptamers (lighter in size) accumulated at the bottom of the gel. (b)
Modification with a standard amount of aptamer in the reaction
medium (1 : 10 nanoparticle aptamer ratio was). Aptamer-conjugated
upconverting nanoparticles at only one size accumulated at the upper
part of the gel whereas the unreacted aptamers (lighter in size)
accumulated at the bottom of the gel. (c) Purification of the conju-
gated upconverting nanoparticles from the reaction medium with
filtration. Aptamer-conjugated upconverting nanoparticles at one size
accumulated at the upper part of the gel. The band for unreacted
aptamers disappeared after the purification step.
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electric eld. The velocity of the biomolecules within the matrix
is governed by the pore size of the matrix, applied voltage and
the specic electrophoretic mobility of the macromolecules.
Careful optimisation of the gel electrophoresis parameters can,
in fact, provide an extraordinarily high resolution that could
differentiate between DNA samples with a few nucleotide
difference in size. A wide range of gel staining options can be
utilised for visualisation of numerous specimens, depending on
the purpose of the application. On the other hand, these
staining procedures can be skipped for some nanoparticles (i.e.
quantum dots) that show intrinsic uorescent signals upon
exposure to the UV light.

Nanoprobes can also be analysed effectively with gel elec-
trophoresis technique due to their small sizes, physical and
intrinsic optical properties.132 The fundamentals of gel electro-
phoresis for nanoparticles and nanoprobes were well-
established in the last decade.133–135 Electrophoretic mobility
of the nanoparticles depends not only on their size but also the
zeta potential characteristics of the particles. In Fig. 3a,136

electrophoretic behaviours of the quantum dots conjugated
with monovalent streptavidin molecules at various concentra-
tions were represented. As the concentration of streptavidin
protein was increased in the biomodication medium, the
number of electrophoretic bands for quantum dot–streptavidin
conjugates decreased, and nally became one sharp electro-
phoretic band that was carrying the nanoparticles-conjugated
with the ideal amount of streptavidin molecules.

In fact, competition between size and surface charge (zeta
potential) of nanoparticles could lead up to peculiar gel elec-
trophoresis results that are oen observed in quantum dot gel
samples. As represented in Fig. 3b,137 the streptavidin-coated
quantum dots formed several different conjugates when they
were incubated with the biotinylated aptamers at various
concentrations. One could expect to see a slower movement of
the aptamer-conjugated quantum dots in the gel as compared
to the näıve nanoparticles because the nanoparticles became
heavier in size upon bio-conjugation. On the contrary, the
aptamer-conjugated quantum dots moved faster than the näıve
quantum dots, which might be explained by the increased
negative charge on the surface due to the phosphate backbone
of the coupled oligonucleotides. Another explanation could be
the destruction of the core structure of quantum dots during the
aptamer coupling where a layer of the atoms may have le the
structure. That eventually may have caused a decrease in the
overall nanoparticle size and an increase in the velocity of the
conjugated particles in the gel environment. In Fig. 3c,138

a common behaviour was observed for the quantum dots-
conjugated with aptamers. As theoretically expected, the
conjugation resulted in an increase in the size and decrease in
the mobility of the conjugated quantum dots. In such situa-
tions, DLS technique might be useful to control the hydrody-
namic size of the particles before and aer conjugation
reaction.

In Fig. 4, the electrophoretic behaviour of carboxylic acid-
coated upconverting nanoparticles that were functionalized
with 50-NH2 aptamers through EDC–NHS chemistry in our
laboratory was presented. Aptamer-conjugated upconverting
This journal is © The Royal Society of Chemistry 2017
nanoparticles and the unreacted aptamer molecules were
visualised on 1% agarose gel under UV light exposure following
the standard ethidium bromide staining. In Fig. 4a, an excess
amount of aptamers were employed in the reaction for complete
saturation of the upconverting nanoparticle surfaces. The
conjugated upconverting nanoparticles at various sizes and the
unreacted aptamers appeared as discrete bands on an agarose
gel. One the molar concentration of the aptamers in the reac-
tion was decreased by half, a single and thick band of the
conjugated upconverting nanoparticles was observed along
with a faint band of the unreacted aptamers at the bottom of the
gel (Fig. 4b). The purication of the conjugated nanoprobes
from the unreacted aptamers by ltration resulted in a sharp
single band, as can be seen in Fig. 4c.

4.3 Circular dichroism

CD spectroscopy is used to evaluate dichroic behaviour of
materials over UV, visible and near-infrared spectrum.
Dichroism concept originates from the chiral materials that
interact with different states of circularly polarised light. CD
spectroscopy is simply the polarisation-based UV-Vis absorp-
tion spectroscopy, utilising right or le-circularly polarised
incident light instead of unpolarized light. Although UV-Vis
RSC Adv., 2017, 7, 49386–49403 | 49397
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Fig. 5 Circular dichroism spectra of aptamer-conjugated luminescent nanoparticles. Reprinted from ref. 28 with permission from Elsevier. (a)
Spectrum for näıve Cd/Te quantum dots (black), spectrum for ssDNA aptamer against Staphylococcus aureus (blue) and spectrum for aptamer-
conjugated quantum dots (red). (b) Spectrum for näıve NaYF4:Yb,Er upconverting nanoparticles (black), spectrum for ssDNA aptamer against
Salmonella typhimurium (blue) and spectrum for aptamer-conjugated upconverting nanoparticles (red).
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absorption spectroscopy method remains to be one of the most
robust techniques for characterisation of macromolecules, the
high extinction coefficient of nanomaterials in UV spectrum
Fig. 6 Characterisation of nanoparticle surface biomodification with dy
näıve gold NPs (pink), anchor DNA oligonucleotide-conjugated gold NP
gold nanoparticles (blue). Gel electrophoresis shows the electrophoretic
American Chemical Society, open access content. (b) Size distribution
quantum dots (lower panel).140 Copyright 2011 Tiwari et al., publisher an
profile of upconverting nanoparticles (black) and antibody-conjugate
permission of The Royal Society of Chemistry.

49398 | RSC Adv., 2017, 7, 49386–49403
renders the evaluation of nanobiosensors challenging. Because
most of the nanoprobes utilised in biosensing applications do
not show dichroic behaviour in the UV spectrum, CD
namic light scattering technique. (a) Hydrodynamic size distribution of
s (red) and hybridised RNA–anchor DNA oligonucleotide-conjugated
behaviours of the conjugated gold nanoparticles.139 Copyright 2014,
histogram of quantum dots (upper panel) and antibody-conjugated
d licensee Dove Medical Press Ltd. (c) Hydrodynamic size distribution
d upconverting nanoparticles (red). Reproduced from ref. 141 with

This journal is © The Royal Society of Chemistry 2017
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spectroscopy can easily surpass overlapping absorption
responses and deliver precise structural information. CD tech-
nique is oen used to analyse the secondary structure of
macromolecules (i.e., proteins, nucleic acids) and non-racemic
mixtures of small chiral molecules (i.e., amino acids) under
various experimental conditions. Biological molecules like DNA
and proteins exhibit highly dichroic response due to their chiral
Table 6 Summary of methods used for characterisation of aptamer or a

Technique Type of NP Advantages

UV-Vis
absorption
spectroscopy

Nanomaterials with
high extinction
coefficients

Highly sensitive qualitative
and quantitative
measurements, easy to
operate, low sample
consumption

Gel
electrophoresis

Nanomaterials with
sizes below the pore
size of the gel,
nanomaterials with
a (�) or (+) surface
charge

Electrophoretic separation
of conjugated nanoprobes
and non-conjugated
nanomaterials, separation
of probes with different
sizes and surface charges,
low sample consumption,
easy to operate

Circular
dichroism
spectroscopy

Nanomaterials with
chiral coatings (e.g.
protein, nucleic acids)

Highly sensitive to the
chiral moieties, no
background noise from
most of the nanomaterials,
secondary structure
changes can be tracked
upon anchoring on
nanomaterials, structural
changes of the probes upon
binding to the
nanoparticles can be
directly observed, easy to
operate

Dynamic light
scattering

Nanomaterials
preferably in spherical
shapes and smaller
than 1000 nm in size,
nanomaterials that do
not exhibit absorbance
at the incident laser's
wavelength

Sub-nanometer mean size
detection, accurate size
distribution
determination, low sample
consumption, easy to
operate

This journal is © The Royal Society of Chemistry 2017
monomers and constituents, unlike many nanoparticles.
Therefore, CD technique can be performed to evaluate confor-
mational changes of antibodies and aptamers upon binding to
the nanomaterials. As presented in Fig. 5,28 CD spectra of
quantum dots (a) and upconverting nanoparticles (b) resulted
in zero ellipticity since they did not show any chiral properties
(black lines). However, unconjugated ssDNA aptamer samples
ntibody-functionalized nanoparticles

Disadvantages Expected results Ref.

Overlapping absorption
proles with biomaterials
can affect quantication
quality

DNA and protein
conjugation of
nanoparticles results in an
absorbance shoulder at 260
and 280 nm, respectively.
In general, overall
absorbance spectrum of
the nanoparticle is
expected to be different
from those conjugated with
the probes, conjugation of
plasmonic nanoparticles
additionally cause a shi in
LSPR signal and may result
in particle aggregation

28 and
142–145

Optimisation of gel
parameters for precise
separation could be
cumbersome, for example,
quantum dots may lose
their uorescent properties
in gel buffers containing
ethylenediaminetetraacetic
acid (EDTA)

Change in electrophoretic
mobility conrms
successful conjugation, the
level of functionalization
can be tracked along with
non-functionalized
nanoprobes and excess
unbound biomolecules,
conjugation can be directly
conrmed with specic
DNA/protein staining
methods, nanoparticles
with intrinsic uorescent
properties can be directly
visualized without staining

28, 142,
143, 146
and 147

Lower availability, requires
samples at higher
concentrations to reveal
the structural properties

Most of the nanoparticles
do not show chiral
properties. Thus, CD
spectrum of nanoparticle is
collected around zero,
affinity probes are chiral
molecules with well-
characterized CD peaks in
negative and positive
ellipticity regions,
nanoparticle surface
biomodication results in
a distinct change in the CD
spectrum of the samples

28, 144,
145 and
147–149

Sample solutions are
expected to be as diluted as
possible and
monodisperse, colloidal
stability of the samples is
also required to prevent
false positives data

Change in hydrodynamic
radius of the nanoparticle
sample due to attachment
of biomolecules, effects of
functionalization on size
distribution prole

28,
142–144,
and 148

RSC Adv., 2017, 7, 49386–49403 | 49399
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presented peaks around 220 and 280 nm due to their chiral
properties (blue lines). The spectral difference between the
näıve aptamers, nanoparticles and the aptamer-conjugated
nanoparticles showed the changes in the helix structures of
the DNA molecules, indicating the successful biomodication
of the nanoparticle surfaces (red lines).
4.4 Dynamic light scattering

DLS technique combined with zeta potential measurements
offers an extensive repertoire for nanobiosensor character-
isation. DLS technique exploits the Brownian motion of the
particles that are dispersed well in a solution. Temporal uc-
tuations of light and scattering events due to the movement of
particles in solution are oen analysed using photon autocor-
relation function that can reveal hydrodynamic radii, size
distribution and concentration of the samples. DLS technique
is based on three fundamental requirements: (a) spherical
shape of the scattering particles, (b) sufficiently dilute solution
of the sample to refrain multiple scattering events and (c) the
absence of interfering absorption events or purity of the sample
solution. It is imperative to dilute the solution of nanoprobes
(i.e., 1 : 1000) to obtain reproducible results with DLS tech-
nique. At high concentrations of the particles, multiple scat-
tering events could result in articially low mean size
measurements. Additionally, viscosity dominates the size
measurement and result in articially high mean size. Apart
from that, dispersion quality of the colloidal particle or bio-
nano conjugate solution is necessary for the accurate evalua-
tion of the nal data. Nanoprobe absorption prole is oen
neglected in DLS measurements due to the integrated 633 nm
red laser in standard DLS instruments. However, it could result
in failed measurements for specic nanoparticle types. For
example, quantum dots with deep-red uorescent emissions
absorb the incident laser light with high extinction coefficient,
thus, prevent the data acquisition. Since DLS method exploits
Rayleigh scattering, the scattering intensity is directly propor-
tional to d.6 The presence of dust, artefacts or agglomerates
severely jeopardises the accuracy of size distribution results.
Therefore, disposable and sterile cut-off syringe lters can be
used to remove unwanted artefacts. Additionally, DLS could
only analyse the colloidal system in logarithmic size due to the
incorporated data analysis method. In an ideal monodisperse
colloidal nanoprobe solution, DLS should reveal slightly larger
size distribution for bio-conjugated samples than the näıve
nanoparticle sample. The difference in the determined size
originates from the functionalization of the nanoprobes and the
hydration shell of nanoprobes originating from the
surrounding solvent molecules. As presented in Fig. 6, func-
tionalization of nanoprobes with oligonucleotides and proteins
increased the hydrodynamic radii of the nanoprobes that
conrmed the successful functionalization of nanoparticle
samples. In the case of aptamers, a sharp increase in the mean
nanoprobe diameter can be seen as a result of the free aptamer
tails that are in contact with the solvent molecules. Example of
such interaction was shown in Fig. 6a139 in which the DLS data
were further validated with gel electrophoresis technique. The
49400 | RSC Adv., 2017, 7, 49386–49403
nanoparticles with DNA and DNA + RNA conjugations became
heavier in size. Thus, theymoved rather slowly in the gel. In case
of antibody samples, the increase in the hydrodynamic size
distribution of the conjugates possibly originated from the bulk
size of the antibodies as can be seen in Fig. 6b and c.140,141 DLS
and zeta potential measurements are quite precise and easy to
use for nanoprobe stability monitoring, as well. Periodic DLS
measurements can reveal the colloidal stability of the func-
tionalized nanoparticles over a dened period. Combined with
the other methods, validation of the surface biomodication
can be achieved for various nanoparticles.

A summary of these characterisation techniques is presented
in Table 6.

5 Conclusion

There are several methods established in the literature for
nanobiosensor construction, mainly differing in affinity probe
type, nanoparticle type, sensing principle, selectivity, repeat-
ability, assay time and the nal cost. In this report, the most
recent and versatile methods for nanoparticle surface bio-
modication and characterisation were reviewed. Prevalent
affinity reagents for nanobiosensor construction including
antibodies and aptamers were described, the key surface bio-
modication techniques and characterisation tools were
explained in the context of the recent literature. Based on the
reviewed reports, carbon-based nanomaterials along with plas-
monic gold nanoparticles have been found to be the most uti-
lised nanomaterials for nanobiosensor construction, which has
been followed by the luminescent nanoparticles such as
quantum dots and the upconverting nanoparticles. In line with
these ndings, p–p bonds and thiol–noble metal interactions
have been classied as the leading methods for surface bio-
modication aer avidin–biotin interaction and EDC–NHS
carbodiimide methods. Finally, characterisation of the surface
bio-modication by UV-Vis absorption spectrophotometry, DLS,
CD and GE techniques were discussed, several examples from
the literature were presented with some technical details. The
development of reliable and affordable nanoparticle-based
biosensors for on-site detection and clinical applications are
expected to grow signicantly by the discovery of aptamers for
novel biomarkers and biocompatible nanoparticles. This report
outlines the key methodologies for nanoparticle surface bio-
modication that could be a useful source for graduate students
and academics in the eld of nanotechnology and
biotechnology.
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