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Abstract
Gold nanoparticles (AuNPs) are an important component in the field of biomedical diagnostics. Because of its unique physico-
chemical properties, AuNPs have been widely used in biomedical applications such as photothermal cancer therapy, drug
delivery, optical imaging, labeling, and biosensing. In this review, we have described synthesis and characterization techniques
for AuNPs with recent advancements. Characterization of AuNPs has played an important role in directing its application in
various fields and elaborated understanding of its functioning. The characterization techniques used for the analysis of AuNPs
utilize its intrinsic properties, such as surface plasmon resonance (SPR) and size-dependent shift in absorption. These properties
of AuNPs are furthermore used for the characterization of bioconjugated AuNPs. Surface conjugation of the AuNPs with
biomolecules is explored widely for its use in numerous biosensing applications. Biosensor-based diagnostic devices use
AuNPs conjugated with a sensing probe for the detection of a specific analyte. AuNPs are also commonly used as a colorimetric
sensor in various point-of-care diagnostic techniques. Lateral flow immunosensing (LFIS) technique utilizes AuNPs for the rapid
and sensitive detection of various analytes. LFIS is a paper-based detection technique, where the sample containing the analyte
flows through the membrane, interacts with immobilized counterparts, and produces results using a detection probe. AuNPs are
used as color markers in LFIS, and the presence of an analyte is indicated by the appearance of colored lines on the membrane.
The color is a result of the accumulation of AuNP complexes containing the analyte and probe. Effect of characterization
parameters of AuNPs on the sensitivity of LFIS, advantages, and disadvantages of using AuNPs for LFIS are discussed
concerning the recent reports. Recent applications of AuNPs in LFIS development for the detection of various biomarkers are
summarized comprehensively in the table. The reviewmay offer significant insight into the utility of AuNPs for application in the
LFIS technique for future development.
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Introduction

Nanotechnology is a comparatively new field in research
which has been emergent since its introduction as a separate
but interdisciplinary subject. Nanomaterial has characteristic

properties, which are attributed to its small size and quantum
effects. Special physical and chemical properties include high
surface to volume ratio, different optical properties from their
bulk counterparts, surface plasmon resonance, photothermal
effects, fluorescence emission, etc. These unique physical and
chemical properties of nanomaterial have enabled their use in
a variety of applications such as optical imaging, cancer ther-
apeutics, medical diagnostics, and drug delivery as shown in
Fig. 1 [1–9]. The nanomaterial is fabricated using a variety of
components, among which metal nanoparticles have gained
much importance. Gold nanoparticles (AuNPs) have been
proved to be useful for imaging, cancer therapy, and drug
delivery [10, 11]. AuNPs have been used for the development
of electrochemical immunosensors for detection of Zika virus
proteins [12]. Iron nanoparticles, i.e., iron oxide nanoparticles,
have been used as nanocarriers to encapsulate anti-HIV drugs
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for the treatment of nueroAIDS [13]. The antibacterial prop-
erty of silver metal has been explored in terms of nanoparti-
cles. For example, Banerjee et al. [14] used bimetallic gold-
silver core-shell nanoparticles for enhancing the antibacterial
activity against several pathogenic microorganisms.

The recent trend in the field of diagnostics has been
inclined towards the development of biosensors for rapid
detection of diseases or disease-causing agents. Numerous
biosensors have been developed using the nanobiotech-
nology platform. Nanobiosensors are widely used for di-
agnostics applications such as the detection of allergens in
food, toxicants in contaminated water, and antibodies or
antigens in blood. The most effective and rapid mode of
detection is provided by paper-based biosensors, such as
dipstick assays and lateral flow immunoassays (LFIS)
[15–17]. The research and development in LFIS and other
techniques have led to the evolution of point-of-care
(POC) devices in the field of medical diagnostics. These
easy-to-use devices are portable and cost-effective, have a
low limit of detection, and can be used in resource-limited
settings. LFIS is the most widely used POC technique
because of a simple methodology and cost-effective
large-scale production ability. The well-known forms of
simple LFIS are the pregnancy test kit and glucose bio-
sensor, which are abundantly available in any drug store

around the world. The prime objective of producing a
POC device is to make it effortless, rapid, and having a
desirable low limit of detection. All these objectives will
be fulfilled if nanotechnology is merged with medical
diagnostics.

For the development of POC devices using the LFIS tech-
nique, the most commonly used nanomaterial is AuNPs.
AuNPs are the preferred choice because of ease of synthesis,
optical properties, biocompatibility, bioconjugation ability,
etc. Although another nanomaterial, i.e., quantum dots and
latex beads, have been used for overcoming some of the lim-
itations shown by AuNPs, AuNPs have been the most widely
used nanoparticles for LFIS. Numerous methods have been
developed for the synthesis of AuNPs, which can be broadly
categorized into chemical [18–21], physical or mechanical
[22–24], and biological [25–27] methods of synthesis.
Synthesis platform for AuNP is selected in such a way that it
reduces its cost and time of preparation, also considering its
effectiveness in producing well-shaped and monodispersed
particles. Analysis of the synthesized nanoparticles is of im-
portance since the appropriate characterization of the nanopar-
ticles may enable its application in the development of novel
nanobiosensor. Along with the advancements in synthesis
methods, the characterization of AuNPs has also been
improved.

Fig. 1 Schematic representation of the various applications of gold nanoparticles
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Conjugation of AuNPs with biological molecules (i.e.,
bioconjugation) enabled its utilization as nanobiosensors.
Bioconjugation involves the addition of proteins and nucleic
acids on the surface of nanoparticles. The interaction is based
on the affinity between the functional groups present on both
the interacting entities. The electronic milieu on the surface of
the nanoparticle helps to establish non-covalent bonding with
the proteins [28]. The non-covalent bonding involves ionic
and hydrophobic interactions, while the covalent bonding in-
volves chemisorption, the reaction of functional groups
through linkers such as 1-Ethyl-3-[3-dimethylaminopropyl]
carbodiimide and N-hydroxysuccinimide (EDC-NHS), adapt-
er molecules such as biotin-avidin, and dative bonding [29].
Commonly used techniques for characterization of AuNPs
and bioconjugated AuNPs are ultraviolet-visible (UV-Vis)
spectroscopy, dynamic light scattering (DLS), zeta potential,
Fourier-transform infrared spectroscopy (FTIR), atomic force
microscopy (AFM), scanning electron microscopy (SEM),
high-resolution transmission electron microscopy (HR-
TEM), energy dispersive spectroscopy (EDS), X-ray powder
diffraction (XRD), etc. In this review, we have summarized
the prominence of using AuNPs in LFIS along with the recent
applications and its advantages as well as the limitations. This
report also overviews the recent advancements in terms of
synthesis methods of AuNPs, bioconjugation methods, and
characterization techniques.

Synthesis and characterization of gold
nanoparticles

AuNPs are the most commonly used metallic nanomate-
rial in the field of biosensing and diagnostics. The unique
properties of AuNPs such as surface plasmon resonance
(SPR), biocompatibility, and high surface to volume ratio
and fluorescence quenching have attracted the attention of
researchers for developing devices with high sensitivity
and low limit of detection. Over the years, numerous in-
vestigations have led to the development of various pro-
t o co l s f o r t h e syn th e s i s o f AuNPs and th e i r
characterization.

Methods for the synthesis of gold nanoparticles

Several methods have described the synthesis of colloidal
AuNPs with a high level of monodispersity. The first re-
port regarding the synthesis of AuNPs was by Faraday in
1857. Subsequently, many techniques have been used to
prepare AuNPs with the narrow size distribution.
Generally, procedures for the synthesis of AuNPs can be
divided into three categories, (1) physical synthesis, (2)
chemical synthesis, and (3) biological synthesis.

Physical synthesis

Physical methods for synthesis of AuNPs include γ-irradia-
tion, laser ablation, UV-irradiation, microwave irradiation,
sonochemical methods, thermolytic process, photochemical
process, etc. The physical methods of synthesis offer greater
flexibility towards the modification of the surface properties
of AuNPs and the controlled synthesis of different sizes of
AuNPs. The microwave irradiation method was used to pre-
pare AuNPs of sizes 1–10 nm [24, 30]. The sono-
electrochemical method was utilized to prepare the size-
controlled synthesis of AuNPs in the size range of 2–15 nm
[31]. Among the physical methods, laser ablation is the com-
monly used method for the synthesis of AuNPs having appli-
cation in LFIS. Laser ablation has been used as the method for
synthesis primarily because of the unique surface chemistry
created on the AuNPs reduced with laser-assisted wave-
lengths. The surface of particles produced by the laser is par-
tially oxidized and acts as electron acceptors. Therefore, these
surfaces can easily bind with molecular moieties containing
electron donor groups, such as thiols [32]. AuNPs synthesized
using laser ablation have been used to develop sensitive bio-
sensor devices using DNA-AuNP conjugates. Zimbone et al.
[33] conjugated laser synthesized AuNPs with DNA, mediat-
ed by thiol groups, which was characterized using DLS and
UV-vis spectroscopy.

Chemical synthesis

The most commonly used technique for the synthesis of
AuNPs is the chemical reduction of gold chloride using sodi-
um citrate, which was introduced by Turkevich et al. [34] and
was further modified by Frens et al. [35]. For this synthesis
process, sodium citrate acts both as a reducing agent and a
capping agent. Upon reducing the trivalent-gold (Au3+) to
zero-valent-gold (Au0), the citrate ions are adsorbed by the
surface of AuNPs and imparting negative charge and stability
subsequently. Different sizes of AuNPs are obtained by vary-
ing the volume of sodium citrate (1%) [35]. Various reducing
agents are used for the synthesis of varying sizes of AuNPs.
For example, Rahme et al. [20] have used three different re-
ducing agents to produce AuNPs in the range of 4–150 nm.
The smallest particle size (< 10 nm) was obtained using strong
reducing agents like sodium borohydride. For particle size of
20–30 nm, the authors have used sodium citrate as the reduc-
ing agent, which resulted in particles with high polydispersity.
Hydroxylamine-o-sulfonic acid (NH2OSO2OH) was used as
the reducing agent, which produced particles of sizes 40–
150 nm.

AuNPs have also been synthesized using the seeded
growth method introduced by Brown and Natan [36]. In this
method, the dimensions and shape of nanoparticles can be
controlled by allowing smaller particles to grow into larger

Drug Deliv. and Transl. Res.



particles. The AuNPs produced using the seeded growth
method are more monodispersed than particles produced by
the citrate reduction method. Hydroxylamine (NH2OH) plays
a central role in the seeded growth method. It acts as the
reducing agent and prevents the production of new nuclei of
Au. The surface of AuNPs thus produced are covered with
NH3OH

− groups, which help in the diffusion of Au3+ ions on
the surface. This causes the formation of larger sized and
stable AuNPs coated with NH2

− groups. Makhsin et al. [21]
synthesized AuNPs of sizes 20, 30, and 40 nm with the citrate
reduction method and seeded growth method. The AuNPs
produced using the seeded growth method were found to be
more monodispersed with a lower polydispersity index (PDI;
PDI ≤ 0.079) as compared to AuNPs produced using the cit-
rate reduction method (PDI ≤ 0.177). AuNPs of size 4 nm
were prepared using sodium borohydride as the reducing
agent and was used as the seed. Different volumes of
AuNPs seed solution was used to optimize the preparation
of AuNPs of size 10 nm. The prepared AuNPs were charac-
terized using UV-vis spectroscopy that showed wavelength
maxima at 517 nm [19].

Biological synthesis

Tremendous improvement has been made in the synthesis
methodology of nanoparticles using physical and chemical
platforms. Despite the advances made and the advantages that
it has to offer, there is a persisting reluctance to use chemical
and physical methods of synthesis. This is mostly because of
the use of potentially harmful chemicals and extreme physi-
cochemical conditions. Biological synthesis of AuNPs has
emerged as a perfect alternative and green approach, making
the process implementable, cheaper, and safer [37].

Synthesis using plant and cells/cell-free extracts of micro-
organisms is the most common method of biosynthesizing
AuNPs [25–27]. A simple and rapid method was developed
by Noruzi et al. [25], where they used cypress plant extracts
and reduced gold salts to obtain AuNPs in room temperatures.
The authors found that the average particle size of the AuNPs
was dependent on the extract concentration and extract pH.
The effect of different parameters on the shape and size of
biosynthesized AuNPs was also studied by Kumari et al.
[37]. In this study, authors have attempted to understand the
effect of temperature, pH of cell-free extract, and the concen-
tration of both the extract and gold salt, on generating different
shapes and sizes of AuNPs reduced with fungal cell-free ex-
tract of Trichoderma viride. It was found that AuNPs of size
3–10 nm had the highest catalytic activity among the other
different sized nanoparticles produced by modulating various
physical parameters. Baek et al. [38] used Citrullus lanatus,
i.e., watermelon, which is readily available cheaper source for
the synthesis of AuNPs in a size range of 20–140 nm.

Synthesis of AuNPs by fungal species has gained much
interest compared to synthesis using bacterial counter-
parts. This is because most fungal species secrete extra-
cellular enzymes that act as the reducing agent. Ahmad
et al. [39] pointed out some advantages of using extracel-
lular enzymes for the synthesis of nanoparticles in solu-
tion. The nanoparticles might be immobilized in different
matrices or in thin film form, which would not have been
possible if the nanoparticles were bound to biomass. The
author used a cell-free extract of Fusarium oxysporum to
produce silver nanoparticles. The protein extracts of
Rhizopus oryzae were used to synthesize AuNPs of size
5–65 nm and analyzed for their catalytic activity [40]. To
reduce metal salts, most of the bacterial species first need
to internalize it, which becomes a significant limitation
because the bacter ia need to be metal tolerant .
Biologically synthesized gold nanocomposites were used
for biosensing applications. Zhang et al. [41] have used
bacterial cellulose (BC) nanofibers as biotemplates for the
fabrication of gold nanoparticle-bacteria cellulose (Au-
BC) nanocomposites. These Au-BC nanocomposites were
used for the development of an H2O2 biosensor with a
low limit of detection.

Characterization of gold nanoparticles

Over the years, numerous methods have been developed for
the synthesis of AuNPs, which are applied in different fields.
Depending on the experimental requirements and further ap-
plications, the synthesized AuNPs must be appropriately char-
acterized for further use. Characterization of nanoparticles is a
complex and critical parameter, in the sense that it cannot be
defined by metrics such as chemical composition and concen-
tration. This is because nanoparticles, unlike conventional
chemicals, have unique physical and chemical properties that
demand exceptional parameters to characterize them. There
are two general approaches for the characterization of nano-
particles: spectroscopic method and microscopic method.
Spectroscopic methods utilize the physical properties such as
electronic behavior on the surface of nanoparticles, which is
mostly due to the quantum effects in the nanoscale dimension.
Techniques likeUV-vis andDLS are commonly used for spec-
troscopic characterization of nanoparticles. Other spectro-
scopic techniques include FTIR, nuclear magnetic resonance
spectroscopy (NMR), XRD, etc. Microscopic methods, on the
other hand, include techniques like AFM, SEM, and HR-
TEM. These techniques provide information on the size, mor-
phology, and dispersion state of the nanoparticles and serve as
a means of visualizing the nanoparticles.

Spherical AuNPs are the preferentially used nanoparticles
for biosensing applications. Their characterization and analy-
sis are crucial for using them as molecular probes for the
detection of various biological markers. The commonly used
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techniques for characterization of AuNPs are UV-vis spectros-
copy, DLS, and zeta-potential. Other high-end techniques like
AFM, NMR, FTIR, and HR-TEM were used mostly for char-
acterization of conjugated nanoparticles. There are numerous
reports where authors have used a combination of techniques
for a comprehensive characterization of AuNPs. UV-vis spec-
troscopy uses the phenomenon of SPR, which enables the
AuNPs to absorb light at a specific wavelength. Also, the
absorption peak changes according to the size of nanoparti-
cles. Lou et al. [42] have used UV-vis spectroscopy for the
characterization of AuNPs synthesized using the citrate reduc-
tion method. Four different sizes of AuNPs of an average
diameter of 14, 16, 35, and 38 nm were synthesized and char-
acterized using UV-vis spectroscopy, which showed four dif-
ferent absorption peaks of 519, 522, 528, and 532 nm, respec-
tively [Fig. 2i (A)]. Bioconjugation with antibodies was also
analyzed, where a significant red shift was observed in UV
spectra when the AuNPs were conjugated with antibodies
[Fig. 2i (B)].

Another important technique used for the characterization
of nanoparticles is DLS that measures the hydrodynamic di-
ameter of the AuNPs. Zimbone et al. [33] used DLS along
with UV-vis spectroscopy to characterize laser-generated
AuNPs and found that both the techniques are fast, reliable,

and convenient, for analysis of DNA-AuNP conjugation
through measurement of their hydrodynamic properties. Zeta
potential is used to determine the charge present on the surface
of AuNPs. Singh et al. [43] have reported DLS for the char-
acterization of biosynthesized AuNPs. The AuNPs were syn-
thesized using aqueous leaf extracts of macroalgae, Padina
gymnospora. The hydrodynamic diameter and polydispersity
index was measured using DLS. The average diameter was
found to be 35.35 ± 0.5 nm with PDI of 0.463 [Fig. 2ii]; zeta
potential was found to be − 23.33 ± 1.20 mV.

Besides, these conventional techniques, AFM and HR-
TEM, have also been reported for analysis of AuNPs and
differentiation between bare AuNPs and antibody-
conjugated AuNPs. Tripathi et al. [44] reported HR-TEM
and AFM for the characterization of AuNPs and
bioconjugated AuNPs. AFM is an excellent tool for analysis
of the topography of nanoparticles. It can be used for the
visualization of the nanoparticles in a 3D mode that enhances
the details regarding the size, shape, and dispersion of nano-
particles. AFM has been used extensively for the study and
manipulation of colloidal gold and their functionalization
(Fig. 2iii). Malarkodi et al. [45] have reported XRD analysis
of eco-friendly synthesized AuNPs. The cubic face-centered
AuNP crystal structure was confirmed using XRD, where four

Fig. 2 Different techniques used for the characterization of AuNPs. i UV
spectra of non-conjugated and conjugated AuNPs, respectively [Modified
and reprinted with permission from (Lou et al., 2012) [42], Copyright
2012, Royal Society of Chemistry]. ii Size distribution pattern in DLS 5
[Reprinted with permission from (Singh et al., 2014) [43], Copyright
2014, Springer]. iii Shows surface analysis of AuNPs and conjugated
AuNPs by AFM [Reprinted with permission from (Tripathi et al., 2012)
[44], Copyright 2012, Elsevier]. iv Shows the XRD spectra of AuNPs
with four different peaks at 38.2°, 44.7°, 64.5°, and 78.3° indexed at

planes of (111), (200), (220), and (311) confirming the crystal structure
of AuNPs [Reprinted with permission from (Malarkodi et al., 2013) [45],
Copyright 2013, Malarkodi et al.]. v Shows the TEM images of AuNPs
and conjugated AuNPs [Reprinted with permission from (Wang et al.,
2014) [46], Copyright 2014, Plos one]. vi Shows FE-SEM images of
synthesized tipped flowerlike AuNPs using different volumes of AuNP
seeds (20 nm), (A) 0.13 ml, (B) 0.07 ml, and (C) 0.02 ml [Reprinted with
permission from (Zhang et al., 2015) [47], Copyright 2015, American
Chemical Society]

Drug Deliv. and Transl. Res.



prominent peaks were present at 38.2°, 44.7°, 64.5°, and 78.3°
indexed as planes (111), (200), (220), and (311), respectively
(Fig. 2iv).

TEM analysis was used as a conventional characterization
technique for AuNPs byWang et al. [46] (Fig. 2v). It is a type
of electron microscopy in which the electron beams are trans-
mitted across the sample to form the image instead of
reflecting against the surface of the sample as in the case of
SEM. It is an excellent tool for determining the average diam-
eter of AuNPs. Chandra et al. [48] used TEM for the measure-
ment of the average diameter of AuNPs, which were used for
the fabrication of an electrochemical biosensor for the detec-
tion of multidrug-resistant cancer cells in biological matrixes.
Taranova et al. [49] used TEM along with DLS to characterize
AuNPs and their conjugates. In another work, scanning-TEM
(STEM) along with energy-dispersive X-ray spectroscopy
(EDS) and electron diffraction techniques has been used for
the characterization of nano-drug carriers [50]. SEM has also
been used for the surface studies of AuNPs. FE-SEM provides
topographical and detailed information at a higher magnifica-
tion and resolution. It provides a better depth of field com-
pared to conventional SEM. Zhu et al. [51] used SEM for
analysis of self-assembled bis(2-thienyl)-1H-pyrrole-1-(p-
benzoic acid) (DPB) on AuNPs and hydrazine-AuNP-
aptamer bioconjugates. The authors developed an electro-
chemical biosensor for the detection of breast cancer cells.
Wang et al. [52] used SEM analysis for the morphological
study of the formation of Au-Ag hollow nanoparticles.
Zhang et al. [47] used FE-SEM along with TEM and UV-vis
spectroscopy for characterization of flower-like AuNPs
(Fig. 2vi).

Bioconjugation of gold nanoparticles

In the field of biosensors and diagnostics, where nanoparticles
are used as probes, the nanoparticles are functionalized/
conjugated with a biological molecule. In the LFIS tech-
niques, the nanoparticles are conjugated with a detection mol-
ecule, which binds with the analyte and a capture molecule
immobilized in the test zone detects this complex. To improve
the sensitivity of the assay, multiplex LFIS was developed for
the detection of multiple analytes in the same strip [53, 54].
This is achieved through conjugation of antibodies against
their specific analytes to the nanoparticles and their simulta-
neous detection in the test zone.

Bioconjugation techniques and its mechanism

Bioconjugation involves an interaction of chemical/functional
groups from nanoparticle and the biomolecule. The interaction
may be physical or chemical, depending on the type of mole-
cules used. These interactions of nanoparticles with the

biomolecules may be enhanced by incorporating different
functional groups or ligands to the interacting surface. This
increases the stability of the interaction. He et al. [55] reported
conjugation of thiolated DNA to AuNPs surface, where sodi-
um dodecyl sulfate (SDS) was used to enhance the interaction.
Thiolated DNAwas used for conjugation with laser-produced
AuNPs. These laser-produced AuNPs provided electrostati-
cally stable and oxidized surfaces, which aided the attachment
of thiol groups [33]. Polyethylene glycol (PEG) is also report-
ed to be conjugated onto AuNPs [56]. The introduction of
PEG increases the biocompatibility and stability of the nano-
particles. It also prevents the nanoparticles from aggregation
in solution, thus acting as a capping agent. Polymers are also
reported to be conjugated with AuNPs, where the terminal
group of the polymer was reduced to a thiol and mixed with
AuNPs to prepare glycopolymer-substituted AuNPs [57].
Since most of the analytes are of protein origin, the production
of antibodies against them is a necessary step. There are nu-
merous reports where antibodies or antigens are conjugated to
AuNPs for the development of LFIS. Antibodies are the most
commonly used biomolecule for conjugation with AuNPs.
For the detection of a particular analyte, specific antibodies
against them are selected, which are bound to the AuNPs as
the detection probe. For example, the anti-clenbuterol anti-
body was conjugated with Au-Ag hollow nanoparticles for
the detection of clenbuterol [52]. In another work, monoclonal
antibodies against cytomegalovirus were conjugated with
AuNPs as the detection probe [58]. Alternatively, in the case
of some infectious diseases, the antibodies, which are pro-
duced by our body, become the target analyte. In these cases,
the antigens, which are specific for the antibodies, are conju-
gated with the AuNPs as the detection probes. For the detec-
tion of the human tetanus antibody in blood serum, tetanus
antigen conjugated with AuNPs was used [59]. Immunoglob-
ulins against Treponema pallidumwere detected using TPN17
and TPN47 antigen, which were conjugated to AuNPs [60].
Antibodies and other functionalized groups are adsorbed on
the nanoparticles surface non-specifically through electrostat-
ic interaction between the negatively charged nanoparticle
surface and the positively charged amino acids at a specific
pH. Antibodies are conjugated to nanoparticles through non-
covalent interactions such as hydrophobic interaction and ion-
ic interactions and dative bonding. The electrical double layer
(EDL) is a characteristic feature of colloidal nanoparticle sus-
pensions. During conjugation of antibodies with AuNPs, this
EDL plays a vital role in the interaction. This double layer
consists of two parallel layers of ions (Fig. 3). The first layer
coincides with the surface of the nanoparticle and corresponds
to the surface charge of the nanoparticles (which is mostly
negative). The second layer is in the fluid and electrically
screens the first layer. The EDL results in the production of
other electrical layers around the nanoparticle surface, such as
a diffuse layer, stern layer, and slipping plane. The interaction
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between all these electrically charged layers and the charges
present in the antibody surface results in the successful con-
jugation [28].

For covalent conjugation of antibodies to the surface of
AuNPs, researchers have used various linkers such as a
biotin-avidin linker and EDC-NHS linker. The anti-HER2 an-
tibody was conjugated with AuNPs through a PEG-linker
[o r t hopy r i dy l d i su l f i d e -po lye thy l eneg lyco l -N -
hydroxysuccinimide (OPSS-PEG-NHS)], which was attached
to the surface of nanoparticle through a sulfur-containing
group at the PEG linker [61]. Similarly, EDC is also used as
a linker for attaching proteins to the surface of nanoparticles
[62]. Biotin-avidin linkage is another covalent conjugation
method for binding biological molecules to the surface of
nanoparticles. The avidin ligands are functionalized onto the
nanoparticle surface for providing ample functional groups so
that the molecules with biotin can bind with a stable interac-
tion [63].

Characterization techniques for bioconjugation

Bioconjugated nanoparticles form the basis of the develop-
ment of sensitive probes that are employed in immunosensing.
The stability and biocompatibility of these conjugates are im-
portant parameters, which have to be taken into consideration
while developing a biosensor. Therefore, characterization
techniques are important concerning synthesis as well as
bioconjugation of AuNPs; schematics are shown in Fig. 4.
The characterization of bioconjugated nanoparticles is crucial
for its further application as detection probes in LFIS. The
prepared bioconjugates need to be stable and efficient for
interacting with other biological molecules. During conjuga-
tion, the surface properties, along with the inherent biological
properties of the conjugate, should be conserved and analyzed
simultaneously.

UV-vis spectroscopy is a conventional technique used for
the determination of bioconjugation. Here, the change in the
absorption peak is detected when the nanoparticles are
adsorbed wi th pro te ins o r o the r b iomolecu les .
Bioconjugation changes the oscillation pattern of the conduc-
tion band electrons in a similar way as increasing the size of
the nanoparticle. The red shift after conjugation of the nano-
particles with proteins is due to the surface modification of the
nanoparticle with a layer of protein. This layer alters the re-
fractive index of the surface of the embedding medium [64,
65]. Also, during covalent bonding with either nucleic acid or
protein, the thiol groups or the thiol-gold bond perturbs the
conduction electron cloud in the particle. The reduced electron
density reduces the plasmon frequency or increases the plas-
mon wavelength resulting in the red shift [66].

DLS is a useful tool for measuring the hydrodynamic di-
ameter of the nanoparticles. The slight increase in the size of
the AuNPs is detected, which confirms the successful conju-
gation. Rahme et al. [20] used DLS for confirming the
functionalization of AuNPs with PEG and also its conjugation
with antibodies by monitoring the increase in hydrodynamic
diameter of AuNPs. FTIR is an excellent tool for analyzing the
interaction between antibodies and nanoparticle surface. The
IR spectra give peaks at particular wavenumbers correspond-
ing to the specific functional groups present on the analytes.
Therefore, by observing the presence or absence of functional
groups such as N–H, O–H, or C=O, conclusions can be drawn
on the interaction between nanoparticle surface and antibod-
ies. For example, the peaks at wavenumbers of 3300 cm−1 and
1645 cm−1 in IR spectra represented the O–H and C=O
groups, which are the characteristic functional groups present
on citrate-stabilized gold particles, while the melamine anti-
bodies also gave characteristic peaks for N–H, C=S, and N=O,
which confirmed the presence of antibodies. Further, when
peaks for AuNP-antimel were observed, no new peaks were
generated, and also the decreased transmittance in all the

Fig. 3 Schematic representation
of chemical binding principle for
bioconjugation of AuNPs
[Reprinted with permission from
(Chou, 2013) [28], Copyright
2013, Royal Society of
Chemistry]
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peaks indicated that no bonds were formed between AuNPs
and anti-melamine, i.e., the antibodies were electrostatically
covered over the nanoparticle surface [67]. Lou et al. [42] also
used FTIR for the characterization of bioconjugation. The
peaks corresponding to C=O stretching and O–H deformation
were characteristics of citrate-synthesized AuNP. It was found
that after antibody conjugation, O–H, C=O, and several other
N–H deformation peaks disappeared, confirming the success-
ful interaction of the protein with the nanoparticle surface.

Lou et al. [42] used EDS data to show that the antibody is
loaded onto the AuNPs. The spectra showed an S energy
spectrum at the AuNPs after conjugation with antibodies.
The small S-peak comes from the sulfur-containing amino
acid residues in the proteins. The presence of this peak con-
firms the loading of antibodies onto the nanoparticles. Tripathi
et al. [44] also used AFM surface topography for characteriz-
ing the bioconjugated AuNPs and analyzed their surface mor-
phologies in 3D; results are shown in Fig. 2iii. The analysis
showed that the root-mean-square of the roughness was less
for AuNPs (1.384 nm) compared to conjugated AuNPs
(7.861 nm). This increased roughness represented the conju-
gation of antibodies onto the surface of nanoparticles. Nara
et al. [68] also used AFM for the roughness analysis of con-
jugated and non-conjugated AuNPs. Lou et al. [42] used TEM
for visualizing four different antibody-gold conjugates. The
presence of a thin layer of low electron density was observed
around the nanoparticle representing the conjugated antibod-
ies. The thickness of the layer was determined to be 4 nm,
which corresponded with the size of the conjugated immuno-
globulins. The confirmation of conjugation is provided by a
presence of halo zone with low electron density around the

AuNPs (shown in Fig. 2v), which is compared with the non-
conjugated AuNPs [46].

Almost all the characterization techniques utilize the differ-
ent properties such as size, shape, and surface features be-
tween non-conjugated and conjugated AuNPs to confirm the
effective binding of the biological molecules to the AuNPs.
Although several reports are elucidating the characterization
of bioconjugation, there is a lack of data showing the differ-
ence in the size of conjugated AuNPs compared to non-
conjugated AuNPs, when it comes to the various reports of
the development of LFIS. This inadequacy of data represen-
tation needs to be overcome for building a better and compre-
hensive report on LFIS. For example, when TEM is used for
the analysis of conjugation, a clear difference in size should be
mentioned along with the observation of the halo zone of
antibodies around AuNPs. This will be helpful in better un-
derstanding of the result and will clearly show the outcome of
conjugation or functionalization. Moreover, an additional
characterization technique such as SDS PAGE, which has
been used by Borse et al. [69], for bioconjugation of quantum
dots, may show the way for a thorough analysis of AuNPs
conjugation.

Gold nanoparticles for lateral flow
immunosensing

Colloidal AuNPs are the most common choice of the nano-
particles for LFIS. LFIS technique is based on immunological
reactions where an antigen is detected by specific antibody
tagged with various markers such as AuNPs, latex beads,

Fig. 4 Schematic representation of synthesis and bioconjugation methods and techniques used for characterization
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carbon dots, and quantum dots. Depending on the detection
type, the LFIS is categorized in the qualitative, semi-quantita-
tive, and quantitative methods [70–72]. LFIS has become an
indispensable method in the field of diagnostics, which ex-
hibits a low limit of detection, high sensitivity, high specific-
ity, robustness, low cost, etc. The AuNPs are synthesized as a
colloidal gold solution containing monodispersed and well-
defined spherical AuNPs. Studies have been performed where
AuNPs as colloidal gold solutions were used for the develop-
ment of lateral flow devices or immunochromatographic strips
to detect a variety of compounds and enzymes. Colloidal gold
was conjugated with different types of detection probes (either
antigen or antibodies) to detect various analytes like immuno-
globulin G (IgG) against Treponema pallidum [60], enzymes
like microbial transglutaminase (MTGase) in frozen food
samples [73], cortisol in human serum [68], Staphylococcus
aureus in food samples [74], human serum albumin in urine
samples for diagnosis of microalbuminuria [75], and nitrofu-
ran metabolites in fish samples [53]. The detection of the
analytes was carried out using AuNPs of varying sizes. The
variation in sizes of AuNPs has a profound effect on the sen-
sitivity of LFIS and affects the conjugation efficiencies. Thus,
controlling the size and shape of synthesized AuNPs becomes
an essential parameter for increasing the efficiency of
bioconjugation and for increasing the sensitivity of detection
of LFIS.

Size and shape of gold nanoparticles

The colloidal AuNPs are synthesized in varying sizes, depend-
ing on its application. AuNPs of size between 20 and 50 nm
are most commonly used for LFIS; besides many authors have
reported the use of smaller sized AuNPs, e. g., 10–15 nm [19,
59, 76–78]. AuNPs with an average diameter of 40 nm pro-
vided excellent surface properties and low steric hindrance,
which are ideal to be used for bioconjugation [79]. The effect
of change in the size of AuNPs on the conjugation efficiency
and sensitivity of LFIS has been studied earlier [42]. Four
different sizes of AuNPs were prepared (i.e., 14 nm, 16 nm,
35 nm, and 38 nm) and conjugated with monoclonal antibod-
ies that are specific for the detection of hepatitis B virus sur-
face antigens. It was found that AuNPs having a size of 16 nm
were more efficient for conjugation, as it required a minimum
concentration of antibodies that also prevented aggregation.
However, the detection sensitivity was lower than that of the
AuNPs of size 38 nm. Rahme et al. [20] have used various
reducing agents to obtain different sizes of AuNPs, which
affect the efficiency of bioconjugation. The weak reducing
agent, i.e., hydroxylamine-o-sulfonic acid (NH2OSO2OH),
was used to prepare AuNPs of 60, 90, and 150 nm, whereas
very small-sized AuNPs (i.e., 4 nm) were prepared using two
relatively stronger reducing agents such as sodium citrate and
sodium borohydride. Bioconjugation of apolipoprotein E and

bovine serum albumin (BSA) was performed successfully
with AuNPs of sizes 15 nm, 30 nm, and 90 nm.
Colorimetric biosensors were also developed using AuNPs
to detect thrombin and fibrinogen in human blood samples
[80]. Three different sizes of AuNPs were prepared, i.e.,
13 nm, 32 nm, and 56 nm. The sensitivity of AuNPs of size
56 nm was found to be lower because of its large size and
reduced stability due to steric hindrance during conjugation.
On the other hand, higher sensitivity was obtained for the
AuNPs of size 13 nm due to a smaller size and high aggrega-
tion capacity.

Depending on the experimental requirements, different
shapes of AuNPs have been used along with variations in
sizes. Petrakova et al. [81] have used gold nanoflowers along
with gold nanospheres to develop a bicolor test zone in the
lateral flow strip. The gold nanoflowers of sizes 43, 44, 68, 65,
76, and 89 nm showed blue color upon aggregation, and gold
nanospheres of sizes 73 and 75 nm showed characteristic red
color in the detection zone of the strip. In another study, hier-
archical flower-like AuNPs were prepared to detect E.coli
O157:H7. Using a one-step process, three types of flower-
like AuNPs were prepared, such as tipped flower-like, pop-
corn-like, and large-sized flower-like AuNPs [47]. After the
three types were compared for sensitivity, tipped flower-like
AuNPs exhibited high sensitivity for the detection of E.coli
O157:H7. The use of surface-enhanced Raman scattering
(SERS) based flower-like gold-silver core-shell bimetallic
nanoparticles has also been reported to detect β-adrenergic
agonist brombuterol in swine meat and urine samples [82].
Optical DNA biosensor was developed for the detection of
Chlamydia trachomatis pathogen with the use of gold nano-
rods (GNRs) as the molecular probes [83]. Thus, the size and
the shape of AuNPs are considered important factors in deter-
mining the sensitivity of LFIS. Optimization of particle size
and shape is required to overcome the challenges regarding
the sensitivity of LFIS.

Advantages of using AuNPs for LFIS

Among the group of noble metals, AuNPs are commonly used
as the detection marker for biosensing applications. This is
due to the unique physical, chemical, and optical properties
of AuNPs, along with relative ease of preparation and manip-
ulation. The most interesting property is the surface behavior
of AuNPs. AuNPs exhibit the SPR phenomenon, where the
oscillation of electrons in the conduction band causes a spe-
cific absorption peak when irradiated with visible light.
Depending on SPR, the characteristic red color of AuNPs
forms the basis of detection while using lateral flow biosensor
devices. The SPR phenomenon is strongly dependent on the
dielectric constant of the environment, along with the shape
and size of nanoparticles [84]. This environmental dependen-
cy represents a significant advantage in biosensing
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applications. The change in electron density or the oscillation
frequency results in color change as well as a change in the
absorption wavelength that can be detected by employing
techniques and instruments such as UV-vis spectrometry and
DLS. Fluorescence quenching is another property of gold
nanoparticle that is used for immunoassays. Due to the phe-
nomenon called Forster resonance energy transfer (FRET)
from donors to acceptors, there is fluorescence quenching of
the fluorescent probe, and this phenomenon has been used to
develop immunosensing methods using molecular acceptors
in sandwich ELISA format. However, the energy transfer ef-
ficiency reduces when the distance between the acceptor and
donor is greater than 5–7 nm. Since the distance of acceptor
and donor in conjugated protein-antibody complexes is larger
than 10 nm, the efficiency of energy transfer is limited. The

use of gold nanoparticles in these fluorescence quenching
techniques was found to be very effective [85]. The high effi-
ciency of fluorescence quenching by AuNPs is due to a small-
er size, because of which, the energy transfer takes place eas-
ily. Also, since AuNPs have no defined direction of the dipole,
the energy transfer can take place in any orientation of the
donor relative to the surface of AuNP.

AuNPs can be tuned or modified with ease, which facili-
tates its use as an excellent material for bioconjugation. The
spherical AuNPs have a high surface to volume ratio due to
which adsorption of the biomaterial becomes feasible. Also,
functionalization of the particle surface with streptavidin or
biotin has been found to improve the conjugation efficiencies
along with the increase in sensitivity of LFIS [86]. The sensi-
tivity of the lateral flow assay was also improved by

Fig. 6 Schematic representation of a label-free strategy for the detection of foodborne pathogens using positively charged AuNPs. [Reprinted with
permission from (Bu et al., 2019) [93], Copyright 2019, Elsevier]

Fig. 5 Schematic illustration of signal enhancement strategy using
carbon nanofibers (CNF) in the paper strip. (A) The surface of the test
line has more aggregated AuNPs due to the introduction of CNF. (B)

Position of test line (TL) and control line (CL) on the strip [Reprinted
with permission from (Quesada-González et al., 2019) [92], Copyright
2019, Elsevier]
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conjugating horseradish peroxidase (HRP) with AuNP, creat-
ing a double marker system for the detection of nucleic acids
[55, 87]. The functionalization and conjugation of biomole-
cules with AuNPs are possible because gold has high compat-
ibility with biological molecules compared to other metal
nanoparticles used for biosensing. Thus, due to the optical
properties, relative ease of synthesis, and flexibility in surface
modification for functionalization and conjugation, AuNPs
are mostly preferred for lateral flow biosensing devices.

Disadvantages of using AuNPs in LFIS

Despite having numerous advantages, there are certain param-
eters to be considered before the utilization of colloidal
AuNPs in LFIS. The major limitation exhibited by the
AuNPs, for application in LFIS, is the low optical signal and
low sensitivity. The recent developments in LFIS have fo-
cused on increasing the sensitivity and signal amplification
strategies to overcome the challenges shown by AuNPs [88].
The signal amplification of gold nanoparticles is usually car-
ried out using various size/shape of AuNPs, coupled with
biorecognition steps such as DNA/RNA hybridization or
protein-protein interaction. Also, dual sandwich ELISA using
AuNP tags for both detection and the target antigen is a prom-
inent technique used for signal amplification. For example, Si
et al. [89] tagged the AuNPs with detection antibody, and the
capture antibody was conjugated with biotin. The presence of
a target antigen in the sample would form a bridge between the
biotinylated capture antibody and AuNP-tagged detection an-
tibody forming a dendritic nanoparticle complex. The signal
intensity has been maximized due to the formation of the
complex. For increasing the sensitivity, multiplex assays have
been developed using gold nanoparticles. The signal generat-
ed by AuNPs is colorimetric and does not require a handheld
reader, i.e., the result can be observed with naked eyes. Thus,
the interpretation is qualitative, which can either give a posi-
tive or negative test result [90]. This limitation of using col-
loidal gold as the marker has been overcome by using other
materials such as quantum dots, carbon dots, latex beads, and
magnetic nanoparticles, which not only increases the sensitiv-
ity but also can be used for quantitative interpretation.

Application of gold nanoparticles in immunosensing

Owing to the advantages, colloidal AuNPs have found its
place among the most common and preferred nanomaterial
used in the field of biosensors and diagnostics. Numerous
biosensing applications have been developed using colloidal
AuNPs. Biomedical applications such as cancer imaging and
detection employ AuNPs in major proportion. Recently,
AuNPs with surface-enhanced Raman scattering were used
for in vivo cancer imaging in mice where 60 nm AuNP core
was encapsulated with 15-nm-thick silica shell where theT
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Raman reporter was embedded [91]. As with the case of
immunosensing, paper-based methods are most widely be-
cause of their ease of handling. But it also presents drawbacks
such as low colorimetric signal. Recently a strategy was de-
veloped to tackle this drawback. Cellulose nanofibers were
embedded inside the paper, which would concentrate the
amount of capture antibody on the surface and hence will
increase the signal in the test line when bound with AuNPs
[92]. Figure 5 shows the incorporation of cellulose nanofibers
into the paper and how it has helped to increase the signal in
the test line. Another recent work focuses on label-free detec-
tion of foodborne pathogens with the use of positively charged
AuNPs, which combines with a negatively charged bacterial
cell wall, and then this complex is captured on the test line
with proper antibodies [93]. Figure 6 shows the schematic
illustration of the label-free approach for detection of
foodborne pathogens.

Tables 1, 2, and 3 describe the LFIS applications involving
AuNPs with emphasis on the type of conjugation material,
techniques used for the bioconjugation, and characterization
of nanoparticles and conjugated nanoparticles. The tables en-
list LFIS techniques developed utilizing gold nanoparticles for
application in human and animal healthcare, food safety, and
environmental monitoring.

Summary and future perspective

Gold nanoparticles have been used since long for the devel-
opment of paper-based biosensing platforms such as LFIS.
Due to its exceptional physical and chemical properties, its
characterization by application in biosensing has been of
prime interest among researchers. From the literature, it is
evident that the chemical method for the synthesis of AuNPs
is most commonly used. The proper analysis must be carried
out using different characterization techniques for a better un-
derstanding of the AuNPs that have been used for the appli-
cation. Conjugation of a biomolecule with AuNPs is obliga-
tory to utilize in biosensing applications. Tables 1, 2, and 3
present the application of colloidal AuNPs for the develop-
ment of biosensors and LFIS having utility in various areas.
The emphasis was on various characterization techniques re-
ported in the literature to analyze the size, shape, and polydis-
persity of AuNPs as well as bioconjugated AuNPs. It is found
that although some reports have mentioned the details of char-
acterization such as the size and shape of nanoparticle synthe-
sized, its polydispersity, the difference in size when conjugat-
ed with protein, etc., data representation is insufficient for the
characterization of bioconjugated AuNPs. To demonstrate the
successful conjugation of AuNPs with the biological mole-
cules, an array of techniques such as FTIR, AFM, HR-TEM,
EDS, and SDS PAGE along with the conventional techniques
of UV-vis spectroscopy, DLS, and TEM should be used. The

future studies for the development of LFIS should have de-
tailed information on the characterization techniques for both
nanoparticle synthesis and its bioconjugation.
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