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Preface to ”Spectroscopy-Based Biosensors”

Biosensors are analytical devices capable of providing quantitative or semi-quantitative

information by using a biological recognition element and a transducer. Depending upon the nature

of the recognition element, different surface sensitive techniques can be applied to monitor these

molecular interactions. In order to increase sensitivities and to lower detection limits down to even

individual molecules, nanomaterials are promising candidates. This is possible due to the potential

to immobilize more bioreceptor units at reduced volumes and their ability to act as transduction

elements by themselves. Among such nanomaterials, gold nanoparticles, quantum dots, polymer

nanoparticles, carbon nanotubes, nanodiamonds, and graphene are intensively studied. Biosensors

provide rapid, real-time, accurate, and reliable information about the analyte under investigation

and have been envisioned in a wide range of analytical applications, including medicine, food safety,

bioprocessing, environmental/industrial monitoring, and electronics. A variety of biosensors, such

as optical, spectroscopic, molecular, thermal, and piezoelectric, have been studied and applied in

countless fields.

In this book, examples of spectroscopic and optical biosensors and immunoassays are presented.

Furthermore, two comprehensive reviews on optical biosensors are included.

Annalisa De Girolamo, Vincenzo Lippolis, Chris Maragos

Editors
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Abstract: The localized surface plasmon resonance (LSPR) property of metallic nanoparticles is widely
exploited for chemical and biological sensing. Selective biosensing of molecules using functionalized
nanoparticles has become a major research interdisciplinary area between chemistry, biology and
material science. Noble metals, especially gold (Au) and silver (Ag) nanoparticles, exhibit unique
and tunable plasmonic properties; the control over these metal nanostructures size and shape allows
manipulating their LSPR and their response to the local environment. In this review, we will focus on
Ag-based nanoparticles, a metal that has probably played the most important role in the development
of the latest plasmonic applications, owing to its unique properties. We will first browse the methods
for AgNPs synthesis allowing for controlled size, uniformity and shape. Ag-based biosensing is often
performed with coated particles; therefore, in a second part, we will explore various coating strategies
(organics, polymers, and inorganics) and their influence on coated-AgNPs properties. The third part
will be devoted to the combination of gold and silver for plasmonic biosensing, in particular the use
of mixed Ag and AuNPs, i.e., AgAu alloys or Ag-Au core@shell nanoparticles will be outlined. In the
last part, selected examples of Ag and AgAu-based plasmonic biosensors will be presented.

Keywords: silver nanoparticles; synthesis; coating; alloy; core@shell; LSPR; biosensors

1. Introduction

The first use of silver (Ag) as an antimicrobial and antibacterial agent goes back to the ancient
Greek and Roman Empire [1,2]. At that time, the medicinal and preservative properties of silver were
mainly used to protect vessels from bacterial attacks and to make water and other liquids potable [1,3–5].
Globally, it was already known to be an efficient weapon against the growth of pathogen factors [6]. The
antimicrobial effect of silver arises from the interaction of silver ions with thiol groups of vital bacterial
enzymes and proteins that lead to cell death [4,5,7]. Over the past decades, silver has been engineered
into nanoparticles (NPs) (at least one dimension is smaller than 100 nm) [8]. Although metallic NPs
have been present in artefacts for a very long time [9,10], as attested by medieval stained glasses, and
even earlier as for the Lycurgus Cup of the British Museum in London, dated from the 5th century,
scientific knowledge about NPs is quite recent [11]. Synthesis of metallic NPs can be achieved according
to two distinct nanofabrication methods. On the one hand, top-down approaches involve physical
processes such as lithography or chemical processes controlled by external experimental parameters

Biosensors 2019, 9, 78; doi:10.3390/bios9020078 www.mdpi.com/journal/biosensors1
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to create nanoscale structures starting from larger dimensions to the nanometer range [12]. This can
be achieved by milling or high pressure homogenization [13]. On the other hand, the bottom-up
approaches use atoms or small molecules as the building blocks of multi-level structures to build up
more complex nanoscale assemblies or directed self-assemblies that perform various operations [14].
This method is extremely valuable since it is free of waste or unused materials [15]. This can be
achieved by controlled precipitation (or crystallization) and evaporation from a precursor [13,16].
Generally, top-down techniques produce NPs that are mostly crystalline but high energy or pressure is
required to achieve nanometer range comminution, which may also lead to contamination if a milling
medium is used. In contrast, bottom-up processes involve dissolution, followed by precipitation or
drying. The mechanical energy input is thus minimal, and the resulting NPs can be crystalline or
amorphous, depending on the synthesis conditions. Metallic NPs feature unique physical properties
such as high ratio-to-surface area and volume. Moreover, the confinement effect confers reactivity as
well as mechanical, electromagnetic, chemical and optical properties that differ from those of the bulk
metals [17–19]. Indeed, particles properties change drastically at the nanometer scale [11]. Metallic
NPs find applications in various fields, from catalysis to the detection of biological molecules in
solution [8,20]. In the biomedical field, they can be used in drug delivery, photothermal therapy, or
imaging [21–25]. In what follows, we will focus the use of NPs for biosensing applications.

Among all metallic NPs, gold (Au) and silver (Ag) nanoparticles exhibit the most interesting
physical properties for biosensing [26,27]. Even if gold nanoparticles (AuNPs) remain the most studied
for this application area because of their good chemical stability and biocompatibility [20,28,29], silver
nanoparticles (AgNPs) offer better results in terms of sensitivity [30]. One of the most characteristic
physical properties of metallic NPs is the localized surface plasmon resonance (LSPR), which is
responsible for the bright color of the nanoparticle colloidal suspensions [26,27,31–34]. Indeed, AuNPs
and AgNPs are specifically investigated for their optical properties thanks to their strong interactions
with light [35–40]. The electrons at the surface of the metallic NPs undergo a collective oscillation
when irradiated at a specific wavelength, called surface plasmon resonance (SPR), resulting in the
appearance of the electromagnetic field localized on the NPs [30,31,41]. When the oscillations of the
electromagnetic field of an incident electromagnetic wave are in resonance with those of the local
electromagnetic field of the NPs, the LSPR phenomenon occurs, which is characterized by the resonance
oscillation frequencies. Thus, LSPR is the consequence of the confinement of the electric field within
a small metallic sphere whose radius is much smaller than the wavelength [10]. This property can
be tuned by controlling parameters such as shape, size, uniformity and surface coating [27,31] and
is often used for biosensing applications in the field of biology, biomedicine and biochemistry [42].
For this purpose, AgNPs of different shapes and sizes, from the simplest to the most sophisticated,
can be readily obtained thanks to the large range of techniques now available that will be presented
later in this review for a conceptual opportunity of biosensing. Owing to their plasmonic properties,
metallic nanoparticles are also responsible for enhancing Raman scattering of molecules adsorbed
at their surface, giving rise to the so-called surface enhanced Raman spectroscopy (SERS) [32,43],
a powerful vibrational spectroscopy with impressive enhancement factors of up to 14–15 orders of
magnitude [44]. It is worthy to note that this phenomenon is very different from propagative SPR or
surface plasmon polariton (SPP) that occurs at the plane surface of large metallic structures, or on
metallic nanowires, on which one direction is regarded as infinite. Colloidal suspensions of small
spherical AuNPs (10 nm diameter) are red-colored and display an absorption band at 520 nm, while
similar AgNPs are yellow and absorb around 380 nm [45]. As these two absorption bands are in the
visible part of the electromagnetic spectrum, they allow a colorimetric detection of biomolecules by
inducing changes in the position (and possibly in the intensity) of the LSPR band.

As stated above, the position of the LSPR band of AuNPs and AgNPs depends on their size,
uniformity, shape, dispersion, composition (ratio Au:Ag), and also on the dielectric constant of the
surrounding medium [9,26,30,32,43,46,47]. Therefore, modifying any of these parameters induces
wavelength shifts. For example, size increase shifts the LSPR band to higher wavelength, i.e.,
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red-shifted [47,48]; NPs aggregation also induces a red-shift. While isotropic (spherical) NPs have a
unique absorption band, anisotropic ones can display several absorption bands [47,48]. Two formats are
typically encountered for colorimetric and plasmonic biosensors, i.e., aggregation-based assays [49–51]
and LSPR-based ones [38]. The refractive index sensitivity (RIS), expressed in nm/refractive index unit
(RIU) (nanometer per refractive index unit) is a measure of the shift in wavelength of the LSPR peak:
the more the peak is shifted for small variations of refractive index (RI), the more sensitive the biosensor
is (i.e., the highest the sensitivity is). AgNPs are described as more sensitive than AuNPs for the second
biosensing strategy [52]. Indeed, a study showed that the RIS for AgNPs and AuNPs increased from
153 to 265 nm/RIU and 128 to 233 nm/RIU, respectively, for sizes 5 to 50 nm [53]. However, combining
the two metals is very attractive and offers a wide range of possibilities.

In what follows we discuss multiple strategies to produce AgNPs of various sizes and shapes that
are both key factors contributing to the modulation of major optical properties. Then, we will explore
different coatings (organic, polymer, inorganic) on silver nanoparticles and highlight the influence
of AgNPs coating process on their fate, stability, and toxicity in a given environment as well as their
properties regarding plasmonic biosensing applications. We will also cover the use of mixed Ag and
Au NPs (i.e., AgAu alloy and Ag-Au core@shell structures) for optical biosensing. Finally, we will
present selected examples of Ag and AgAu-based plasmonic biosensors and highlight the merit of
silver-containing nanoparticles in this area.

2. Engineering Silver Nanoparticles for Biosensing: Shape-Properties Correlation

Much less effort has been put on the use of AgNPs for biosensors compared to AuNPs. Indeed,
85,570 papers are referenced in the SciFinder™ database with the keyword “gold nanoparticles”
compared to 63,770 for “silver nanoparticles”. Combined with the keyword “plasmonic biosensors”,
these numbers are reduced to 424 and 112 papers, for AuNPs and AgNPs, respectively.

The synthesis of AgNPs is achieved through chemical, physical, or biological strategies. The review
written by B. Khodashenas and H. R. Ghorbani in 2015, summarizes the wide range of synthetic
methods reported to date as a function of the desired nanoparticle’s shape [54]. We summarize in Table 1
the main strategies employed for AgNPs engineering and the related size, shape, and applications.

Table 1. Summary of the main strategies employed to synthesize silver nanoparticles (AgNPs) along
with the corresponding shape and size, as well as their respective applications.

Shapes Sizes (nm) Synthesis Methods Applications Ref.

Spheres 10–100 Chemical reduction Plasmonic and sensing; catalysis; antimicrobial [55,56]

Triangles Width: 100
Height: 50

Chemical reduction;
nanosphere lithography

(NSL)

Plasmonic and sensing; analytical devices (SERS);
photovoltaics; molecular detection

(Alzheimer disease)
[56–59]

Nanocubes 20–45 Polyol process Cysteine sensing by plasmons of silver nanocubes;
analytical devices (SERS) [54,60,61]

Nanowires Length: 60 Polyol process
Plasmonic and molecule sensing; provide conductive

coatings (transparent conductors and
flexible electronics)

[54,62,63]

Nanorods Length: 250–300
Photochemical; thermal;

oxidation reduction
growth (ORG)

Plasmonic and sensing; analytical devices (SERS) [54,64]

Nanobars Length: 100 Polyol process Plasmonic and sensing; analytical devices (SERS) [54,56]

Pyramides Edge length:
50–200 Chemical reduction Plasmonic and sensing; analytical devices (SERS) [54]

Flower-like 200–300 Wet-chemical method Analytical devices (SERS); catalysis [54,65,66]

2.1. AgNPs Synthesis by Chemical Reduction Using Citrate and/or Ascorbate

Nowadays, among the wide range of synthetic methods, the chemical reduction by the bottom-up
approach is the most common method to prepare AgNPs. The reaction is performed in either an
aqueous or an organic solvent. The commonly used method is inspired from the Turkevich synthesis for
AuNPs [67], and was first introduced by Lee’s group in 1982 [68]. It involves a silver precursor, usually
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an inorganic compound such as silver nitrate (AgNO3) that liberates silver ions (Ag+) in solution,
then, trisodium citrate (Na3C6H5O7) reduces silver and further stabilizes the resulting AgNPs [69].
However, this method often leads to polydisperse nanoparticles and several works attempted to reduce
the dispersity [69,70]. Indeed, many factors have been demonstrated to play an important role on the
size, shape and color of NPs such as temperature and acidity of the solution [71]. Actually, the acidity
of the solution has a strong influence on the AgNPs’ shape. In 2009, Dong et al. showed that the shape
of AgNPs was significantly influenced by the pH using citrate as a reducing as well as stabilizing agent
(Figure 1A) [72]. They found out that the shape of AgNPs at a high pH was a mixture of spherical and
rod-like particles while the predominant shapes were triangular and polygonal particles at low pH
(Figure 1B) [71,72].

 

Figure 1. AgNPs synthesis using citrate: (A) Experimental conditions affecting the silver nanoparticle
AgNPs shape and (B) TEM images of the AgNPs synthesized at different pH values: (i) 11.1, (ii) 8.3,
(iii) 6.1 and (iv) 5.7. Adapted from [72]. Copyright (2009), American Chemical Society.

This observation was confirmed by Qin et al. in 2010 as more spherical particles were obtained
when the pH was increased by using ascorbate as a reductant and citrate as a stabilizer [73]. Furthermore,
they demonstrated that NP size varied as a function of pH. Indeed, AgNPs were smaller due to the
increased reducing activity of citrate or ascorbic acid (AA) when the pH was increased that in turn
decreased the number of nuclei [71,73]. These studies also showed that the type of reductant affects the
shape of the AgNPs due to the pH-dependent redox potential and thus the pH-dependent reduction
rate of the precursor (Ag+). A more precise adjustment of the equilibrium between nucleation and
growth allows better control over the shape of AgNPs. The use of ascorbic acid as reducing agent
tends to afford spherical particles over the pH range between 6 and 11 conversely to citrate (Figure 2).
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Figure 2. (A) TEM images and (B) UV-vis spectra of the AgNPs prepared at pH 6.0, 7.0, 8.0, 9.0, 10.0
and 10.5 by using ascorbate as reductant. Adapted from [73]. Copyright (2010), Elsevier B.V. All
rights reserved.

Another study showed that the position of the LSPR band shifted as a function of the acidity [71].
Indeed, the LSPR band intensity increased and the band blue-shifted as the pH increased. The bands
became sharper, and the nanoparticles size decreased accordingly as demonstrated by the TEM images
in Figure 2. Finally, citrate was also used as reducing agent to form Ag nanoshell (AgNS) on a silica
sphere [74–76]. The thickness of the silver shell could be tailored by varying the number of deposition
cycles. Such a weak reducing agent was a prerequisite to the growth of a silver shell, so that the Ag
seeds grew only in size during the Ag reduction whereas no new nucleation centers were introduced,
which ensured the minimal amount of Ag colloids in the suspension accompanying the AgNS growth.

2.2. AgNPs Synthesis: Anisotropic Shapes

Investigations on anisotropic shapes and morphologies of NPs have increased during the last
decade, most often relying on the development of seed-mediated synthetic methods [77]. Such
syntheses of anisotropic NPs have attracted interest because the structural, optical, electronic, magnetic,
and catalytic properties are different from, and most often superior to, those of spherical NPs for a
comparable size [78]. In particular, the most striking properties of anisotropic and hollow NPs lie in
the appearance of a plasmon band at a longer wavelength (near-infrared region) than that of spherical
NPs [79,80]. Different shapes and sizes of AgNPs can be synthesized thanks to the large range of
techniques now available [72,77,81–85]. Inspired by gold nanorods synthesis, silver nanorods (AgNRs)
were synthesized following a process involving the reduction of AgNO3 with sodium borohydride
(NaBH4) in the presence of citrate followed by growth of seeds into NRs in the presence of AA and
cetyltrimethylammonium bromide (CTAB) [86]. In 2011, Zaheer and Rafiuddin achieved the synthesis
of flower-like silver NPs at room temperature by a wet chemical reduction strategy [87]. It involves the
use of AA as reducing agent and CTAB. Such a shape is the result of the aggregation of small NPls and
NRs. Flower-like AgNPs were used as SERS substrates and showed high sensitivity to rhodamine 6G.

Several other studies showed that it is possible to make the transition from spherical to nanowire
particles through nanorods by modulating the experimental conditions such as temperature, Ag
precursor concentration, pH of the solution, reducing agent (citric acid, AA, and NaBH4), and the
method (chemical, physical or biological) (Figure 3) [54,56,88].
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Figure 3. TEM images of silver nanoparticles with different shapes: (A) nanospheres, (B) nanoprisms,
(C) nanobars and (D) nanowires. SEM images of (E) nanocubes, (F) pyramids, (G) nanorice and
(H) nanoflowers. Adapted from [54,56]. Copyright (2009), Springer Science Business Media, LLC.

A particularly interesting morphology for the development of LSPR biosensors is that of silver
nanoplates (AgNPls), in which the lateral dimensions are larger than their height, so that they possess
an extremely high degree of anisotropy (Figure 4A). Although the systems used for LSPR biosensing
have been mainly ordered arrays of triangular NPls (TNPls) prepared by nanosphere lithography
(NSL), wet chemistry techniques are one of the most widely used methods with a tight control of
size and shape [30,89,90]. The wet chemistry approaches to synthesize AgNPls are light-mediated
methods that relate to the use of visible light as a driving force for the oriented attachment of preformed
nanoparticles. Some chemical reduction methods are based on the reduction of Ag+ on Ag seeds using
a weakly reducing agent (citrate or ascorbate), in the presence of CTAB, by analogy to the well-known
growth of Au nanorods [90,91]. AgNPls optical resonance can be tuned from 500 to 1100 nm by
precisely controlling the plate diameter and thickness [92]. AgNPls have extremely large absorbing and
scattering cross-sections across the visible and near-infrared (NIR) regions (Figure 4B) [93]; they have
applications in SERS, photovoltaics, molecular detection, and photothermal-based therapies [30,89,94].

Figure 4. (A) TEM image of AgNPls. (B) Dispersions of Ag (a) sphere and (b–h) nanoplate colloids
with different colors and corresponding UV-vis-NIR extinction spectra that reflect the ability to tune
the plasmon resonance of the nanoplates across the visible near-infrared (NIR) portion of the spectrum
(500–1100 nm). The nanoplate optical resonance and size are tuned according to different rounds of Ag
seed growth. Adapted from [90,93]. Copyright (2008, 2013), Royal Society of Chemistry.
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Nanoprisms (NPrs) seem to present a classic triangular shape, but a closer observation showed
that the triangles apexes were flat. Compared to spherical nanoparticles, NPrs with flat apexes and
(111) crystal planes, exhibited greater antibacterial property [95]. Ag triangular nanoparticles may be
also fabricated by NSL. In fact, Haes and Duyne demonstrated a very good RIS by tuning the shape
and the size, and a short-range, sensing length scale determined by the characteristic decay length of
the local electromagnetic field [57]. NSL is widely used to get mono-disperse, surface-confined Ag
triangular NPs. It is based on the creation of a single layer crystal nanosphere mask with a suspension
containing monodisperse spherical colloids (polystyrene) onto a glass substrate [96,97]. Then, a drying
step is required, and the mask is formed. After that, a film of silver material is deposited over the
support and the mask is then removed by a step of sonication in an adequate solvent, as shown in
Figure 5. The size of the nanotriangles is controlled by the diameter of the nanospheres deposited [97].

 
Figure 5. Diagram of the nanosphere lithography (NSL) mechanism. SEM image of topography of the
triangular Ag nanoparticles fabricated by NSL. Adapted from [96]. Copyright (2011), publisher and
licensee Dove Medical Press Ltd.

2.3. AgNPs Synthesis: Chemical Reduction Using Unconventional Ligands

In 2002, it was reported that silver nanocubes were synthesized with a polyol process (Figure 6A),
which involves the reduction of silver thanks to the hydroxyl groups of ethylene glycol [82]. The alcohol
acts both as solvent and reducing agent [54]. A capping agent is then added; generally polyvinyl
pyrrolidone (PVP) whose role is to build the cubic shape of the NPs [98–100]. Later, Tao et al. (2006)
found that the ratio between Ag+ and the number of repeating units of PVP defined the geometry
of the NPs [101]. The nanocube formation was favorable when the ratio was high. On the contrary,
the nanowire geometry would have been favorable. In the same year, Siekkinen et al. found out
that adding a small quantity of sodium sulfide (Na2S) or sodium hydrosulfide (NaHS) speeds up the
reaction, from 16–26 min to 3–8 min (Figure 6B,C) [102].

AgNRs were synthesized by using a method called oxidation reduction growth (ORG) [64]. Firstly,
a thin silver film is deposited on a silica surface with a relatively constant flow of argon gas. Then,
silver oxide seeds are formed during sputtering. In the sputtering process, the temperature increased
to reach 200 to 300 ◦C. Hence, silver oxide dissolved and released oxygen. It allowed silver nanorods
to grow without oxygen (Figure 7).
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Figure 6. (A) illustration of (I) Ag+ reduction by polyol process; (II) formation of Ag clusters; (III) seed
nucleation; and (IV) seed growth into nanocubes, nanorods or nanowires, and nanospheres. SEM
images of Ag nanocubes synthesized by mixing AgNO3 and polyvinyl pyrrolidone (PVP) via polyol
process: (B) without and (C) sulfide-assisted synthesis (reaction time: 45 min vs. 7 min, respectively).
Adapted from [98,102]. Copyright (2004), © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Copyright (2006), Elsevier B.V. All rights reserved.

Figure 7. (A) Synthesis of silver nanorods by sputtering process: oxidation reduction growth (ORG).
SEM images of (B) Ag nuclei and (C) AgNRs arrays. Adapted from [64].

3. Coating of Silver Nanoparticles

There are very few studies on bare AgNPs as plasmonic biosensors. One of the reasons concerns
their toxicity, even if most biosensors operate ex vivo. AgNPs toxicity was extensively described in
a book published in 2019 [103]. The second reason, and most probably the major limitation for bare
AgNPs use in biosensing, is their poor stability and less straightforward surface chemistry [104,105].
To overcome these limitations, AgNPs were coated by a large variety of compounds; the coating process
has a marked influence on the fate, stability, and toxicity of AgNPs in a given environment [106–108].
The coating of the NPs provides electrostatic, steric, or electrosteric repulsive forces between particles,
which allows them to resist aggregation phenomena [105]. In the literature, various coating methods
have been explored to cover AgNPs with an organic or an inorganic shell and highlighted the interest
of coating AgNPs for plasmonic biosensing applications (Table 2). Hence, both the nature of the coating
reactant and the thickness of the coating layer have a decisive influence on the optical properties of the
NPs. In what follows, we will present examples of AgNPs coatings and discuss their influence regarding
plasmonic biosensing. Interest will be first brought to organic-coated (excluding polymers) AgNPs,
then to polymer-coated ones in order to improve electrostatic, steric and electrosteric stabilization of
AgNPs. Finally, a brief overview of silica coating on NPs will be made.

8



Biosensors 2019, 9, 78

Table 2. Correlation between the coating nature and AgNPs stabilization mode.

Shape Type of Coating Size (nm) AgNPs Stabilization Ref.

Spherical Citrate 14–20 Electrostatic [105]
Triangular Citrate 10–20 Electrostatic [98]
Spherical Plant root extract 30–55 Electrosteric [109]
Spherical Sodium dodecyl sulfate (SDS) 26 Electrosteric [110]
Spherical Tween 80 17–42 Steric [110]
Nanocube PVP 80 Steric [111]
Nanobeam PVP 17–70 Steric [111]
Triangular Chitosan 115–123 Steric [91]
Spherical PVA 8–46 Steric [55]
Spherical Silica 55–65 Electrostatic [112]

Triangular Silica 40–50 Electrostatic [113]

3.1. Organic Coatings

AgNPs synthesis typically uses organic compounds to promote stabilization and prevent
aggregation of the particles by adsorption or covalent attachment to the particles surface. In the
literature, they are often referred to as “capping agents” when they are applied during synthesis.
It was proven that they have an effect on the size and shape control of the AgNPs [98]. Therefore,
the function of organic coating in the stabilization and the growth of AgNPs is clearly essential for
their further properties [107]. There are different possible shapes of AgNPs including quasi-spheres,
nanotubes, rods, or triangular nanoplates (TNPls) which also means different coating methods with
capping agents of various chemical nature (Figure 8) [114].

Figure 8. Silver nanoparticles core@shell structure. Adapted from [114]. Copyright (2012), American
Chemical Society.

Natural organic matter (NOM) is a quite interesting example of organic coating of AgNPs [115,116];
NOM significantly influenced the stability and the surface properties of NPs, and had in turn a direct
effect on the transport and the AgNPs toxicity in aqueous systems. In 2015, Gunsolus and his co-workers
used NOM to stabilize citrate- and PVP-capped AgNPs against aggregation [117]. AgNPs incubated
with NOM showed higher primary extinction peak intensity, which means a larger population of
monodisperse particles, and slower aggregate formation by observing the secondary extinction peak
(Figure 9). However, we could find no example of use of NOM-coated AgNPs as LSPR biosensors,
possibly because the NOM shell is too large (up to 150 nm in Reference [117]) and, as LSPR is a
short distance effect, the molecular phenomena occurring at the NOM shell no longer affect the LSPR
signal. Besides, another green method was used to synthesize organic-coated AgNPs from extracts of
soap-root plant as stabilizers and manna of hedysarum plant as reducer [118].
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Figure 9. (A) Illustration of natural organic matter (NOM) interactions with the surface of silver
nanoparticles according to the NOM’s chemical composition and the affinity of the capping agent
for the AgNP surface. Colloidal stability of (B) citrate- and (C) PVP-capped AgNPs in the absence
or the presence of NOM from various origins. Adapted from [117]. Copyright (2015), American
Chemical Society.

Many studies investigated the use of thiol-capping agents as anchoring groups for stabilizing
and protecting AgNPs [108,119,120]. The thiol-capping agents are grafted to the AgNPs surface
through Ag-S chemical bonds to form the external layer suggesting a core@shell morphology with
an Ag core surrounded by Ag2S-like shell. A study showed that stabilized AgNPs, by the organic
thiol, allylmercaptane (AM), were synthesized with different Ag/S molar ratios in the presence of
tetraoctylammonium bromide (TOAB) and NaBH4 [119] via modified Brust−Schriffin method [121]. It
has been shown that the increase in Ag/AM ratio led to an increase of the Ag2S layer thickness, and
thus larger AgNPs were obtained, while the external AM layer remained unchanged (Figure 10A) [119].
Desireddy et al. prepared ultrastable AgNPs with a uniform size from the reduction of soluble
precursor, which uses a protecting shell of p-mercaptobenzoic acid in semi-aqueous solution in the
presence of NaBH4 and a coordinating solvent. This approach showed better results regarding the
stability, purity and yield in very large quantities compared to those for AuNPs, due to an efficient
stabilization mechanism [108]. Another approach was used by Cheng et al. using thiol-modified
metal-organic framework (MOF) [120]. Herein, MOF was used as a host matrix to obtain AgNPs
by using the stabilization ability of the thiol group to prevent further aggregation (Figure 10B). By
controlling the initial loading amount of silver ions in the cages of thiol-MOF, monodispersed AgNPs
were encapsulated in frameworks by reducing Ag+ with NaBH4, while adjusting sizes of particles from
5.3 nm to 3.9 nm, which is difficult to achieve for AgNPs because of their strong tendency to aggregate.
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Figure 10. (A) Allylmercaptane-stabilized AgNPs: (i) core@shell morphology for allylmercaptane-
(AM)-functionalized AgNPs through Ag-S chemical bonds to form the external layer, (ii) XPS spectra
of Ag@AM with four different Ag/thiol ratios, and (iii) TEM images of AgNPs with Ag/AM molar
ratio equal to 2/1 (AgNPs dimensions are 9 ± 3 nm and a population of NPs aggregated of 18 ± 6 nm.
(B) Illustration of the encapsulation of AgNPs in thiol-modified metal-organic framework (MOF) as a
host matrix. Adapted from [119,120]. Copyright (2012), American Chemical Society. Copyright (2015),
Royal Society of Chemistry.

3.2. Polymer Coatings

Polymers are molecules that can adopt various conformations in solution. The chain swelling
can be modulated by the temperature [122]. This aspect of polymers properties has been investigated
because the main interest of polymer coating comes from steric interactions. Indeed, polymers, either
grafted or adsorbed on NPs, promote dispersity in the NPs solution [123]. It has long been established
that polymers with a large molecular weight and a high grafting density tend to increase the colloidal
stability [124,125].

Poly(ethylene) glycol (PEG) is one of the most studied polymers as stabilizing or coating agent
for NPs [123,126,127]. This neutral, hydrophilic and biocompatible polymer has been approved by
the Food and Drug Administration (FDA) for biomedical and pharmaceutical applications [128].
PEG improves the AgNPs dispersity in physiological conditions by steric hindrance and prevents
nanoparticles aggregation [107,115,129]. Figure 11 represents only one of many ways of PEG coating
by a green method [130]. Colloidal stabilization for PEG-coated AgNPs probably occurs thanks to the
presence of VdW interactions:

Ag+(aq) + PEG(aq) → [Ag(PEG)]+(aq)

2 [Ag(PEG)]+(aq) + CH2OH(CHOH)4CHO→ 2 [Ag(PEG)](s) + CH2OH(CHOH)4COOH
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Figure 11. Poly(ethylene) glycol (PEG) coated method of silver nanoparticles. Inspired from [130].

Another polymer, called chitosan, is widely used to coat NPs because of its good
biocompatibility [131,132]. It shows a good affinity for the Ag surface and confers a high stability and
dispersibility to the AgNPs [91,133]. It also shows shape-directing properties by influencing the shape
of the particles from spherical to triangular.

3.3. Silica Coating

Among all coating materials used for plasmonic nanoparticles capping, silica occupies a
pro-eminent position for multiple reasons [134–136]; first, silica provides a biocompatible protective
shell, tunable in thickness, preventing aggregation due to electrostatic repulsion and stable in numerous
solvents; second, silica synthesis is largely mastered especially through sol-gel and/or Stöber process to
achieve a nanometric control of the thickness, the porosity, and the homogeneity; lastly, the presence of
silanol groups on silica surface simplify the further chemical modification to introduce various surface
functionalities (e.g., COOH, CHO, NH2, or NCO) with readily available coupling agents [137,138].
The Mie theory already predicts effects of silica shell thickness on NPs optical properties in various
solvents [139]. There are several ways to coat NPs with silica, among which the modified Stöber
process that enables to control the shell growth over a short time period (Figure 12) [135,140,141].

Figure 12. Modified Stöber method for coating of AgNPs with silica.

Kobayashi, Liz-Marzán and their co-workers synthesized SiO2-coated AgNPs by sol-gel reaction
of tetraethyl orthosilicate (TEOS) [140]. They observed that the shell thickness was controlled through
TEOS concentration and observed an increasing red-shift of the LSPR band for thicknesses in the
range 28 to 48 nm. Larger silica shell thicknesses, 57–76 nm, induced a blue-shift of the plasmon
band as well as a decrease of its intensity, which means that larger silica shells promote significant
scattering at shorter wavelengths. Their findings were consistent with the theoretical spectra calculated
by the Mie theory. Coating of anisotropic AgNPs, e.g., triangular nanoplates (AgTNPls) is more
challenging as methods for silica coating of spherical AuNPs were found to be unsuitable for triangular
nanoplates [113]. Silica coating of AgTNPls was achieved through a modified Stöber approach using
TEOS as the alkoxide precursor and various primers: diaminopropane priming followed by reaction
with TEOS (Figure 13A) that allowed tuning the thickness of the silica shell in the range 7 to 20 nm, or
mercaptopropyltrialkoxysilane (either ethoxy or methoxy, MPTES or MPTMS, respectively) priming
followed by silica deposition from sodium silicate (Figure 13B). This latter method using MPTES
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conveyed the highest stability towards salt, while retaining RI sensitivity comparable to that of the
original uncoated particles (Figure 13C).

 
Figure 13. Silica coating of Ag triangular nanoplates by (A) diaminopropane priming and
(B) (3-Mercaptopropyl)triethoxysilane (MPTES) priming followed by deposition from Na2Si3O7

solution. (C) The silica shell using MPTES on triangular nanoplates (AgTNPls) allows withstanding
salts without adversely affecting refractive index (RI) sensitivity in relation to original uncoated particles.
Adapted from [113]. Copyright (2013), Elsevier Inc. All rights reserved.

The major interest of these particles is the wide tunability of the plasmonic energies which
could have great attention in the development of biosensors [134]. The interest of silica coating was
highlighted by Pratsinis and his group [142], who confirmed that silica coating prevented AgNPs
agglomeration or flocculation then investigated of the plasmonic Ag@SiO2 NPs the toxicity against a
model biological system (Escherichia coli) and concluded that it was blocked by coating nanosilver with
a silica shell about 2 nm thick. The method used for silica coating is different from those described
above as they used a flame aerosol method using hexamethyldisiloxane as silica precursor (Figure 14).
To predict the LSPR biosensing performances, they measured the lambda shift upon the adsorption of
bovine serum albumin (BSA). The response was improved but this improvement seems to arise from a
better dispersion and therefore a higher amount of protein adsorbed, even if no experimental data was
provided to confirm this hypothesis [142].

 

Figure 14. (A) Effect of a hermetic SiO2 coating on the flocculation and toxicity of nanosilver particles.
(B) Illustration of the nanosilver encapsulation with a hermetic SiO2 coating using hexamethyldisiloxane
as silica precursor in a flame aerosol reactor. (C) TEM images of the (a,b) 1.4 wt.% and (c,d) 7.8 wt.%
SiO2-coated nanosilver. Adapted from [142]. Copyright (2010), WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

To conclude this part, the benefit from silica coating is well-established, in terms of chemical and
colloidal stability and reduced toxicity. The protective silica shell has a limited effect on biosensing
ability as long as the thickness of the layer is limited to few nanometers. Some aspects of silica coating,
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for instance the porosity, were not discussed herein, but are mentioned in the relevant review cited
above. Beside these inputs from silica shells, there are no amplifying or synergetic effects in the
plasmonic response of the Ag@SiO2 NPs, conversely to coating or mixing with gold, discussed in
what follows.

4. Plasmonic Nanoparticles Based on Silver and Gold: Alloy, Core@Shell, Nanocages
and Nanoshells

Compared to the two other plasmonic nanometals, i.e., gold and copper, silver nanoparticles have
a higher theoretical refractive index sensitivity (RIS) (Figure 15) [53,143]. It has been shown that RIS
increased from 153 to 265 nm/refractive index unit (RIU), 128 to 233 nm/RIU, and 117 to 212 nm/RIU,
respectively, for AgNPs, AuNPs, and CuNPs with sizes from 5 to 50 nm. Spherical AgNPs exhibit a
stronger LSPR absorption with a peak at 400 nm, which is from five to 10 times more intense than
the gold one at 520 nm [53,143]. Despite this better sensitivity, observed both experimentally and
theoretically, AgNPs have several drawbacks for biosensing; in addition to their poor stability and
biocompatibility, they display less sensing reversibility due to light alteration, which makes their use
in repeated cycles less reliable than that of AuNPs [80].

Figure 15. (A) Calculated extinction spectra of Ag, Au and Cu spherical NPs (20 nm) in different
media. (B) Experimental extinction spectra of Ag and Au spherical NPs (10 nm) and (C) experimental
response expressed as LSPR band shift of biocytin-coated Ag and Au spherical NPs (10 nm) in the
presence of avidin. Adapted from [53,143]. Copyright (2014), Springer Science Business Media New
York. Copyright (2012), Elsevier B.V. All rights reserved.

Many improvements have come about when AgNPs were combined to other metals and
particularly to gold. Of course, the benefit from the previously discussed coating was effective
with gold, but in addition, a synergy between these two plasmonic metals allowed for a better
efficiency. This combination was mainly done by forming AgAu alloys or Ag@Au core@shell structures
(Ag@AuNPs or Au@AgNPs). The main synthesis techniques and the resulting shapes and sizes
are summarized in Table 3. In what follows, we will successively discuss AgAu alloys and Ag-Au
core@shell structures synthesis. We will also cover the use of AgNPs as sacrificial templates to build
gold nanocages (AuNC) or gold nanoshells (AuNS) for improvements of gold plasmonic biosensors.
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Table 3. Summary of the main Ag-Au bimetallic NPs structures: synthesis techniques, size and shape.

Alloy/Core@shell Shape Synthesis Technique Size (nm) Ref.

AgAu alloy Spherical Chemical co-reduction of HAuCl4
and AgNO3 with sodium citrate

10–25
(0.27 <%Au < 1.00) [144]

AgAu alloy Spherical Simultaneous laser ablation of Ag and
Au colloids 5–50 [145]

AgAu alloy Spherical Metal evaporation on glass support
and annealing (500 ◦C) 20–50 [146]

AgAu alloy Spherical UV laser radiation (193 nm) on
silicate glass 5–40 [147]

AgAu alloy Spherical
core/alloy/shell

Sodium citrate reduction of Ag+ on
AuNPs and hydrothermal treatment

16–26 (T = 120 ◦C)
16–23 (T = 160 ◦C) [148]

AgAu alloy Elliptical
(quasi-spherical)

Metal evaporation on glass support
and annealing (350 ◦C)

Vertical radius: 4–12
Horizontal radius: 6–15 [149]

AgAu alloy Nanoprisms (NPrs)
Nanosphere lithography and film

deposition by thermal evaporation on
a glass

150 (length)
50 (height) [150]

Ag@Au
core@shell Spherical Laser ablation of Au in a suspension

of Ag colloids
30 (Ag core)

0.5–4 (Au shell) [53]

Ag@Au
core@shell Nanoplates (NPls) Electrodeposition of Au shell on Ag

nanoplates (AgNPls)
50 (Ag core)

0.5 (Au shell) [151]

Ag@Au
core@shell

Hemispherical
NPls

Cycles of electrodeposition of Au shell
on AgNPls supported on ITO glass

100 (Ag core: width)
40 (Ag core: height)

1 (Au shell–20 cycles)
[152]

Ag@Au
core@shell

Triangular
nanoprisms

(TNPrs)

Chemical reduction of HAuCl4 by AA
with PVP on silver TNPrs (AgTNPrs)
by slow addition of HAuCl4 solution

60 (Ag core)
1 (Au shell) [153]

Au@Ag
core@shell Spherical Deposition of Ag (chemical reduction)

on AuNPs

10–15 (Au core)
1–10 (Ag shell)

30 (Au core)1–9 (Ag shell)
[40]

Au@Ag
core@shell Nanorods (NRs) Sodium citrate and AA reduction of

AgNO3 on AuNRs

35 (Au core: length)
10 (Au core: width)

1–6 (Ag shell)
[154]

Au@Ag
core@shell NRs

Chemical reduction of AgNO3 with
AA on seed-mediated grown in

NaBH4 on AuNRs

60 (Au core: length)
30 (Au core: width)

1–3 (Ag shell)
[155]

Au@Ag
core@shell NRs

Chemical reduction of AgNO3 with
AA on seed-mediated grown in

NaBH4 on AuNRs

60 (Au core: length)
20 (Au core: width)

4 (Ag shell)
[156]

Au@Ag(@Au)
core@shell TNPrs

Sodium citrate and AA reduction of
AgNO3 on seed-mediated grown

AuNPs supported on an ITO glass
(followed by electrodeposition of a

thin Au layer)

Initial Au@Ag TNPrs
30 (height)

Au shell very thin when it
is present

[157]

4.1. Silver-Gold Alloy Nanoparticles

Silver-gold alloy nanoparticles (AgAuNPs) are defined as a mixture of Ag and Au atoms, with no
spatial distinction between the gold and silver parts. The chemical synthesis methods mainly consist in
the co-reduction of AgNO3 and HAuCl4 with sodium citrate, which give spherical AgAuNPs [144,158].
The mole fraction of each metal in the alloy depends on the concentration of AgNO3 and HAuCl4
introduced in solution. In these conditions, small AgAuNPs (roughly 20 nm) can be synthesized [144].
Besides, simultaneous laser ablation of Ag and Au in colloidal suspension allows the synthesis of
AgAuNPs, in the same range of size (Figure 16A) [145]. Another study demonstrated the AgAu alloy
interdiffusion at the NPs interface, resulting in an intermediate alloy shell [148]. Indeed, a hydrothermal
treatment is necessary during Ag+ reduction at the surface of AuNPs for Ag diffusion in Au in order to
obtain AgAuNPs. This phenomenon is dependent on the temperature, such as the growth of the Ag
shell layer until the final structure: core/alloy/shell.
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Figure 16. (A) Pulsed laser ablation in liquid: simultaneous ablation of Ag and Au to synthesize
AgAuNPs and ablation of Au in AgNPs colloid to form core@shell structure (Au@AgNPs). Reproduced
with permission from [145]. Copyright (2014,) Springer-Verlag Berlin Heidelberg. (B) Schematic
illustration to form an intermediate AgAu alloy shell by interdiffusion at the NPs interface during
hydrothermal treatment. Adapted from [148]. Copyright (2011), American Chemical Society.

AgAuNPs are also prepared by physical techniques, such as metal evaporation (electron beam),
followed by thermal treatment which affords supported AgAuNPs on glass support [146,149]. Spherical
or quasi-spherical AgAuNPs are obtained due to evaporation of Ag and Au layers in a vacuum chamber.
Then, Au and Ag metallic atoms can be deposited on the glass substrate, following an island formation
of AgAuNPs, because of the stronger interactions between Ag and Au atoms, than with the glass
substrate [149]. The annealing post-treatment increases the crystallinity of AgAuNPs, but destroys
completely pure AgNPs, previously synthesized in the same way [146]. In this technique, the AgAuNPs
formation seems to be independent of the deposition order of the initial metallic layers on the glass
substrate. Besides, in the case of the AuAgNPs elliptical formation with metal evaporation, the LSPR
band shift is dependent on the shape, i.e., on the degree of sphericity of the AgAuNPs. AgAuNPs
were also synthesized by UV laser radiation in the near-surface region of silicate glass [147]. Finally,
nanosphere lithography allows the formation of very ordered arrays of silver-gold alloy nanoprisms
(AgAuNPrs) on glass support. It has been shown that AgAuNPs are about four times more sensitive
in RI than the equivalent supported spherical AgAuNPs with similar sizes and conditions. Moreover,
the RIS of the AgAuNPs with xAu = 0.5 is closer to pure AgNPs, i.e., very superior to pure AuNPs
RIS [150].

AgAu alloys are more stable than gold-silver core@shell nanoparticles for the same size and
shape [159]. The composition and the molar ratio between the two metals are important factors to be
considered regarding their properties. Indeed, the plasmon peak for spherical AgNPs and AuNPs is
around 400 and 520 nm, respectively, while the absorption of AgAuNPs can be tuned continuously
from 400 to 520 nm via changing the alloy composition [34,160,161]. Qi et al. showed that the alloy NPs
became less stable when Ag molar ratio increased conversely to core@shell NPs [159]. Hence, optical
properties of alloys mainly depend on the ratio of one metal compared to the other, their size and
shape. Indeed, AgAuNPs present only one peak, whose intensity and position in wavelength depend
on the molar fraction of Au, xAu [144,161]. In the case of spherical NPs of 18 nm average size, Link et
al. demonstrated that the single LSPR peak of the AgAuNPs shifted from 400 nm (pure AgNPs) to 520
nm (pure AuNPs) according to the increasing gold molar fraction [144]. Indeed, it has theoretically
predicted and experimentally observed that the LSPR band shift from 400 nm to 520 nm is linear,
and proportional to the mole fraction of gold xAu. These results are shown in Figure 17. Moreover,
theoretical simulations showed that the intensity of the peak decreases when the gold mole fraction
increases [53,145].
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Figure 17. (A) TEM image and (B) size histogram of spherical AgAuNPs with Au mole fraction
xAu = 0.8: the average size is 18 nm. (C) Experimental and (D) calculated spectra regarding the LSPR
shift of 18 nm diameter spherical AgAuNPs with varying Au molar fraction. (E) Colloidal suspensions
of AuAgNPs with increasing Au concentration. Adapted from [92,144]. Copyright (1999), American
Chemical Society. Copyright (2004), Elsevier B.V. All rights reserved.

The application of AgAuNPs to plasmonic biosensing is therefore based on the higher RIS of
alloy NPs, compared to pure nanoparticles with equivalent size and shape. Indeed, BSA can be
detected with AgAuNPs because a linearity between the LSPR red-shift and the concentration of BSA
is observed for concentration between 0.1 and 100 ng/mL, which is better than pure AuNPs [146]. The
sensitivity (i.e., the LSPR band shift) and the linearity can even be improved, with use of dopamine
coated AgAuNPs.

4.2. Silver and Gold Core@Shell Nanoparticles

Silver and gold core@shell NPs are made of two spatially distinct layers, each containing a
different element: a core, made of the first metal (Ag or Au), and a shell made of the second (Au or Ag,
respectively). The core@shell notation places core first, thus, Ag@AuNPs refers to silver core coated by
a gold shell and vice versa. The shell formation keeps the initial shape of the NPs, imposed by the
metallic core, whatever isotropic or anisotropic [162]. The gold shell has essentially a protecting role
on Ag core (Ag@AuNPs), to ensure the chemical stability of the previously synthesized AgNPs, and
thus is often very thin. In this case, Au electrodeposition on Ag core is the main technique used with
the possibility of successive voltammetric cycles to increase the thickness of the Au shell [151,152,157].
Other techniques exist, such as laser ablation of Au in a solution of Ag colloids, to generate the Ag
core, on which the Au layer grows (Figure 16A) [53,145]. Here, the growth of the Au shell thickness
is followed by UV-Vis spectroscopy, at different ablation times, according to the Mie theory, which
makes the link between shell thickness and LSPR peak position. Chemical reduction of HAuCl4 at the
AgNPls surface can also lead to very thin Au shells, by adding very slowly the gold solution [153].
The main problem in these techniques is to avoid galvanic replacement of Ag by Au, which would
destroy at least partially the Ag core. Indeed, Ag is a more reductive metal than Au. Recently, our
group introduced an original pathway to form Ag@AuNPs from hollow gold nanoshell (AuNS) [163].
Porous AuNS were prepared by galvanic replacement starting from AgNPs generating Ag+ ions in the
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process (Section 4.3 see below). Increase of pH in the presence of these AuNS triggers the reduction of
Ag+ that preferentially occurs at the inner walls of AuNS. The reaction initially relies on the presence
of residual Ag+ inside the AuNS as well as in the surrounding solution, and it proceeds upon external
addition of Ag+ until a solid Ag core is formed inside the AuNS to form Ag@AuNPs (Figure 18). Then,
subsequent reduction of Ag+ occurs on the external surface of the solidified AuNS (Ag@Au@AgNPs).
Controlling the Ag content in AuNS allows tuning the LSPR band position at the desired wavelength
for biosensing applications.

 

Figure 18. (A) Illustration of the reduction and growth process of Ag on the inner and outer surfaces of
porous gold nanoshell (AuNS) with increasing amounts of Ag+ in the surrounding medium. STEM
elemental mapping (Ag, Au, and overlay) of AuNS obtained after adding Ag+: (B) [Ag+] = 0.16 mM
and the corresponding elemental profile along the white hatched line and (C) [Ag+] = 0.32 mM and the
corresponding elemental profile along the white hatched line. The black ellipse in (C) highlights the
reduction and growth of Ag at the external surface once the inner volume is completely filled. Adapted
from [163]. Copyright (2019), American Chemical Society.

Regarding the synthesis of Au@AgNPs, the chemical reduction of AgNO3 at the AuNPs surface is
the main technique used. This requires a reducing agent, which is very often citrate/ascorbate, to form
spherical and rod-shaped core@shell structures by Ag chemical deposition on Au core [154–156,161,162].
Besides, a very thin Au layer can be electrodeposited after the Au@AgNPs synthesis, making a peculiar
structure, called Au@Ag@AuNPs [157]. Liz-Marzán et al. also realized successive reduction of AgNO3

and HAuCl4 in the presence of AA and CTAB on preformed Au seeds to obtain multilayer bimetallic
nanoparticles (Au@Ag, Au@Ag@Au, and Au@Ag@Au@Ag NPs) [164]. According to the Mie theory,
for isotropic nanoparticles due to the hybridization between two different plasmonic nanoparticles, the
LSPR spectrum should display two peaks, one coming from the core@shell interface between the two
metals, and the other one coming from the surface of the shell [53,165]. The position of the former
peak mainly depends on the core metal, while the position of the latter one mainly depends on the
shell metal, but also on the thickness of the shell layer. As described previously, pure AgNPs have an
LSPR extinction peak around 400 nm, and more intense than pure AuNPs. It can be expected that
the optimal LSPR properties should occur for very thin Au shells regarding Ag@AuNPs, whereas the
Ag shell can be thicker for Au@Ag NPs. Indeed, Zhu et al. demonstrated that the peak of Ag@Au
nanowires red-shifted and the intensity decreased when the Au shell thickness increased. In addition,
the shell peak is almost inexistent for low Au shell thicknesses. While the peak blue-shifted when the
thickness of Ag shell was increased, and the shell peak was more intense for Au@Ag nanowires [166].

Besides, the anisotropic core@shell NPs such as NRs, for which the synthesis was widely
described [161,162], the peaks coming from the core@shell interface and the shell surface were
enhanced because of the presence of various favored directions, but not all the resulting peaks were
always observable. Indeed, four peaks should be observed for Au@AgNRs but only three were actually
observed because the two initial peaks were split due to the presence of two favored directions [155].
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Moreover, only two remained observable when Ag shell thickness increased. These two peaks
corresponded to the longitudinal resonances of the Ag external shell for the shorter wavelength, and
Au-Ag interface for the higher wavelength, as in the case of spherical Au@AgNPs [155,167]. The most
intense peak observed corresponding to the longitudinal resonance of the Au-Ag interface blue-shifted
when the Ag shell thickness increased [156,168]. However, no linearity was observed for Au@AgNRs
between the LSPR shift and the Ag shell thickness from 740 nm (Ag shell: 0 nm) to 507 nm (Ag shell:
6 nm), based on the calculated spectra [154]. Figure 19 shows the results in terms of LSPR band position
for different Ag shell thickness.

Figure 19. (A) TEM image of Au@Ag nanorods with 60 × 20 nm dimensions for the Au core and 4 nm
thickness for the Ag shell and (B) variation of the extinction spectra of Au@Ag nanorods with varying
Ag shell thickness (0–8 nm) on the 60 × 20 nm Au core. (C) The variations in the calculated LSPR spectra
of Au@AgNRs with varying Ag shell thickness (0–6 nm) as well as the zoom on the spectrum allowed
seeing the peak corresponding to the Au-Ag interface transversal resonance. Adapted from [154,156].
Copyright (2014), American Scientific Publishers. Copyright (2014), Springer-Verlag Wien.

Several studies pointed out the interesting properties of the core@shell structures based on Ag and
Au for LSPR biosensing, because of their high RIS [155]. The LSPR band red-shift is observed when
the surrounding RI increases for both Ag@Au and Au@Ag structures [152,156]. Moreover, considering
one LSPR peak, the shift in wavelength is proportional to the RI, which is useful for detection of
biomolecules in solution [157]. The RIS of core@shell NPs is also dependent on the size and the shape:
anisotropic core@shell nanoparticles (NRs, TNPls, etc.) are more sensitive [38] than alloy NPs [169] or
anisotropic and isotropic pure NPs [156]. As it has already been described, in the extinction spectrum,
there is both an influence of the core/shell interface (depending on the two metals, as in alloys) and
shell thickness (depending on the shell metal, as in pure NPs). Additionally, it is possible to deposit a
dielectric layer at the surface of Au@Ag, to improve the whole stability as Ag is less stable than Au [170].
In this case, it has been shown that the LSPR sensitivity is not lost, but it can even be raised. Indeed,
the LSPR band position increases when the permittivity of the layer is higher than the permittivity
of the surrounding medium. The interesting LSPR properties of the core are kept if the protecting
layer, which improves stability, is very thin, compared to the core size [151]. Moreover, Dong and
his co-workers showed that a certain number of cycles is required for the best efficiency, both for the
homogeneity in size and shape and for the RIS in the case of successive Au deposition on Ag core with
voltammetric cycles [152,157]. A similar observation was realized for the chemical reduction of Ag on
Au, for which a certain quantity of AgNO3 is required for the best sensitivity in RI [156]. Figure 20
shows the linearity between LSPR peak shift and RI, as well as the higher sensitivity of Au@AgNRs
compared to Au@AgNPls. A study has also showed Au@Ag core–shell nanorods have better SERS
responses, compared AuNRs [154]. Indeed, the SERS intensities increased with the increase of the Ag
shell thickness, which demonstrates that the composition and morphology of NPs play key roles on
the SERS signals.
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Figure 20. (A) Localized surface plasmon resonance (LSPR) band shifts for Ag@Au hemispherical
nanoplates (40 nm radius) supported on ITO glass with increasing RI media (a: air, b: water, c:
ethanol, d: cyclohexane, e: carbon tetrachloride), and the linear relation between shift and RI (inset).
(B) Evolution of the RIS with the number of Au shell electrodeposition cycles on the Ag core for the
previous Ag@Au nanoplates. (C) The evolution of the RIS with the concentration of AgNO3 for the
deposition of the Ag shell on the 20 × 60 nm Au core in the case of Au@AgNRs (TEM image was
previously shown in Figure 19A). Adapted from [152,156]. Copyright (2013), American Chemical
Society. Copyright (2014), Springer-Verlag Wien.

4.3. Destructive Use of Silver Nanoparticles with Gold

AgNPs can be used as sacrificial template in the destructive way for the synthesis of gold
nanobowls [171], gold nanocages (AuNC) [172,173] or nanoshells (AuNS) (Figure 21A) [79,163,174,175].
Indeed, these structures are synthesized by a galvanic replacement reaction, where the metallic salt
with higher reduction potential is added to a suspension containing a metal nanoparticle with lower
reduction potential, as the following reaction [174,176]:

Au3+
(aq) + 3 Ag(NPs) → 3 Ag+ + Au(NC/NS)

Specifically, the standard reduction potential of Au3+/Au redox pair is 0.99 V vs. the standard hydrogen
electrode (SHE), whereas the standard reduction potential of Ag+/Ag is 0.80 V vs. SHE [163]. The
difference in reduction potential causes Au to be deposited on the Ag template upon release of Ag+

into the solution. This method allows designing the shape of the NC or NS as the complementary
shape of AgNPs. The nanoshell geometry is ideal for tuning and optimizing the near-field response for
SERS on substrates and optical resonance properties of biosensors (Figure 21B) [76,79,174,175]. Tuning
the LSPR band of nanoshells into the NIR spectral range leads to a variety of bioapplications.

Regarding the AuNC, the synthesis is done in two steps. The first one is the AgNPs synthesis by
electrodeposition on a glass support. Then, the second step consists in the galvanic replacement of Ag
by Au, at the AgNPs surface, which can be followed by UV-Vis, using the variation of intensity of the
LSPR Au (increasing) and Ag (decreasing) bands, and by cyclic voltammetry. For complete removal of
Ag, i.e., to complete gold-silver dealloying, it is necessary to use oxidizing agents such as nitric acid
(HNO3) or hydrogen peroxide (H2O2) [173]. Another way to synthesize AuNC is to start from Ag
disks deposited on a glass with colloidal lithography, followed by galvanic replacement of Ag by Au
to create peculiar AuNC, which are AuAg nanobowls [171].
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Figure 21. (A) The structural evolution of AuAg nanostructures during the galvanic replacement
reaction upon addition of HAuCl4 and (B) absorption spectra evolution as a function of time of AgNPs
titrated with increasing volumes of HAuCl4 to form AuNS: the LSPR band gradually shifts through the
whole visible spectrum toward NIR wavelengths. Adapted from [175]. Copyright (2018), American
Chemical Society.

5. Selected Applications of Ag and AgAu-Based Plasmonic Nanoparticles in Optical Biosensing

Few studies have reported the use of Ag and AgAu-based plasmonic nanoparticles for biosensor
applications. In this last part, selected examples of the use of Ag and Ag-Au nanoparticles in the
development of plasmonic biosensors based on biomolecules recognition will be detailed.

5.1. RI-Based LSPR Biosensors

Although AgNPs have been used less extensively than AuNPs in the development of biosensors,
very interesting works have been published in LSPR optical biosensing. Indeed, a study showed the
use of AgNPs exhibited better results for RI-based LSPR biosensing compared to AuNPs, as discussed
previously in the manuscript. The LSPR band shift resulting from the addition of biocytin-coated
metallic nanospheres by addition of avidin was approx. 5 times higher for AgNPs than for AuNPs,
1.78 nm/nM vs. 10.18 nm/nM for AuNPs and AgNPs, respectively (Figure 15C) [143]. Another
study investigated the development of Ag triangular plasmonic NPs on glass substrate, fabricated
by NSL, to lead to sensitive and selective nanoscale affinity biosensors for the streptavidin-biotin
couple [57]; the limit of detection (LOD) for these LSPR biosensors was found to be in the low-picomolar
to high-femtomolar region (Figure 22A–C). A method to amplify the wavelength shift, previously
observed, from LSPR bioassays was optimized using Au nanoparticle-labeled antibiotin antibodies.
After binding an antigen to the antibody-conjugated Ag nanotriangles, a secondary antibody attached to
AuNPs was added. The resulting plasmonic coupling between the Ag nanotriangles and the Au colloids
reduced the LOD by three orders of magnitude for more sensitive detection (Figure 22D–F) [177].
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Figure 22. Silver triangular nanoparticles fabricated by NSL on a glass substrate. (A) Tapping mode
AFM image of the Ag triangular NPs. (B) Surface chemistry of the Ag nanobiosensor. A mixed
monolayer of (1) 11-MUA and (2) 1-OT is formed on the exposed surfaces of the AgNPs followed
by the covalent linking of (3) biotin to the carboxyl groups of (1) 11-MUA. Schematic illustration of
(C) streptavidin binding to a biotinylated Ag nanobiosensor and (D) biotin covalently linked to the Ag
nanobiosensor surface while antibiotin-labeled AuNPs are subsequently exposed to the surface. LSPR
spectra (E) before (solid black) and after (dashed blue) binding of native antibiotin and (F) before (solid
black) and after (dashed red) binding of antibiotin-labeled NPs. Adapted from [57,177]. Copyright
(2002, 2011), American Chemical Society.

To enhance the sensitivity of the LSPR optical sensor, a new and recent approach used by depositing
NPs on an optical fiber. The principle of LSPR optical fiber sensors is also based on the plasmon
resonance of metal NPs, but coated on optical fiber surfaces, that are more sensitive to changes in the
surrounding medium [178,179]. The label-free and real time detection proposed by this technology
is a valuable asset compared to classical techniques. However, there are few studies regarding the
development of LSPR optical fiber sensors with AgNPs, although nanosilver films have been proven
to be much more sensitive to surrounding medium changes than other metal films [180]. Among
these studies, Chen et al. proposed a stable and sensitive reflective LSPR optical fiber sensor based
on AgNPs to optimize the fabrication process, including two key parameters (the sensing length and
the coating time) [179]. The surface of AgNPs deposited on the optical fibers was then functionalized
with an antibody and the antigen-antibody binding process was optically monitored by measuring
the wavelength shift in real time (Figure 23). This technique gave a RIS of 387 nm/RIU, which is
much higher than that reported for colloidal suspension of AgNPs. Another study found a RIS of 67.6
nm/RIU by photodepositing of AgNPs on the optical fiber end [178]. The sensor response is such that
the LSPR peak wavelength is linearly shifted to longer wavelength as the RI is increased.
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Figure 23. (A) Schematic illustration of the experimental set-up used for the LSPR optical fiber sensor.
(B) SEM image of immobilized AgNPs on optical fiber surface. (C) Illustration of the employed strategy
for the development of LSPR optical fiber biosensors based on AgNPs. Adapted from [179].

Besides, Patora and Astilean developed LSPR biosensors based on chitosan-coated AgNPs to
devise a multi responsive plasmonic sensor [91]. They exploited the anisotropic AgNPs as LSPR
chemosensors and p-ATP as the target. They showed a gear of plasmon resonance peak, which allows
a greater shift toward higher wavelengths. In this same study, chitosan-coated NPs were also used as
LSPR sensors for monitoring trace amount of adenine by shifts of LSPR bands proving the binding
between the particles and adenine, showing that, the chitosan coated AgNPs make sensitive LSPR
sensors and good SERS substrates.

The applications of core@shell NPs combining Ag and Au for RI-based LSPR biosensors are also
presented. A study showed that the optical properties of the Au@Ag core@shell NPs were similar to
those of pure AgNPs for a given sizes, which was confirmed by means of Mie extinction calculations,
while the SERS properties of Au@AgNPs exhibited a higher efficiency than AgNPs under near-infrared
excitation [181]. Moreover, the results of three studies focusing on the detection of streptavidin (SA) in
solution are briefly discussed below, as a model of optical biosensor, based on the RIS of glass-supported
core@shell NPs, and using the receptor-analyte recognition (Figure 24A,B). Biotin, which interacts
strongly with the SA target molecule, is fixed on the external shell of the core@shell NPs, which was
previously amine-functionalized with 3-aminopropyltrimethoxysilane (APTMS). Two studies used
Au@Ag structures, and one Ag@Au structure. Indeed, the SA detection in solution was proven with
the use of Au@AgNRs [156], Au@Ag triangular nanoprisms (TNPrs) and Au@Ag@AuTNPrs [157] as
well as Ag@Au hemispherical NPls [152]. The results are very comparable: successive shifts in the
LSPR peak are observed upon successive additions of APTMS, biotin and SA, in correlation with the
induced changes in RI. In addition, linearity is always observed between the LSPR peak shift and SA
concentration, as a result of change of local RI. Figure 24C–H shows that the results for SA detection
are very similar for Ag@Au and Au@Ag structures, except that the position of the main LSPR peak is
red-shifted with Au@Ag core@shell. The Au@AgNRs being more sensitive to RI change, are also more
sensitive with respect to SA detection [156] than NPls. Besides, the Au@AgTNPrs have been further
coated with a very thin layer of Au. The resulting (Au@Ag@AuTNPrs) keep the initial sensitivity
properties of the Au@AgTNPrs, and the linearity between LSPR peak shift and SA concentration [157].
Regarding Ag@Au hemispherical NPls, a complementary study on the biodetection of immunoglobulin
G with anti-immunoglobulin G bound Ag@Au NPs, showed similar results to those with SA [152].
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Figure 24. (A,B) Schematic illustration showing the preparation of glass-supported core@shell NPs for
SA biosensing. (C) SEM image of Ag@Au hemispherical nanoplates supported on ITO glass. (D) LSPR
peak (500 nm) was shifted upon successive treatments with APTMS, biotin and SA. (E) Relationship
between the LSPR band shift and SA concentration for Ag@Au NPls. (F) SEM image of Au@AgTNPls
supported on ITO glass. (G) LSPR peak (700 nm) shifted upon successive treatment with APTMS,
biotin and SA. (H) Linear relationship between the LSPR band shift and SA concentration. Adapted
from [152,157]. Copyright (2013), American Chemical Society. Copyright (2013), Springer Science
Business Media New York.

Finally, the fabrication of substrate-bound AuAg nanobowls arrays synthesized through the
galvanic replacement of silver disk arrays is used for size-selective LSPR biosensors. This sensor should
prove useful in both size determination and differentiation of large analytes in biological solutions,
such as viruses, fungi, and bacterial cells. In these devices, both the LSPR and the SERS signals are
enhanced, and the LSPR peak is red-shifted, when the target analyte is small enough to penetrate inside
AuAg nanobowls. Otherwise, the previous described effects on LSPR and SERS are not observed [171].
Therefore, this concept was applied towards the detection of a 95 nm H1N1 virus, where the larger
diameter nanobowls showed an increased plasmonic response upon addition of the virus.

5.2. Ag and Mixed AgAu Nanoparticle-Based Colorimetric Biosensors

This approach received considerable attention in the analytical field for naked-eye detection due
to its simplicity and low cost, it does not require any expensive or complex instrumentation. Due to
these inherent optical properties, colloidal suspensions of AgNPs and mixed Ag and Au NPs have
high extinction coefficients and different colors in the visible region of the spectrum when they are
dispersed in comparison with when they are aggregated.
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5.2.1. Ag Nanoparticles Aggregation-Based Colorimetric Assays

In literature, the development of nanoparticle aggregation based-colorimetric assays has been
reported. The optical plasmon properties of AgNPs depend strongly on the interparticle distance
between pairs of NPs, small or large aggregates of AgNPs as compared to individual and well-spaced
NPs. A decrease in the interparticle distance leads to a strong overlap between the plasmon fields of
the nearby particles, causing a redshift in the LSPR band with an increase in intensity and an easily
observable change in color solution. Indeed, the analytical performance with high sensitivities because
of the strong LSPR and excellent selectivity driven by the interaction between analyte-NPs and its
surroundings involving mainly electrostatic and hydrogen bond interactions as well as donor–acceptor
chemical reactions. Therefore, a well-designed chemical interaction could lead to a change of color
for naked-eye detection of the target analyte [182]. AgNPs-based colorimetric assays have been
investigated for melamine detection [183,184]. Han et al. used p-nitroaniline (p-NA)-modified AgNPs,
as a sensitive, selective and simple colorimetric assay, resulting in a color change from yellow to blue
in the presence of melamine [183]. This optical method was highly reproducible and concentrations as
low as 0.1 ppm of melamine in infant formula can be visualized by the naked-eye. The same strategy
was proposed by Ma et al. with dopamine-stabilized AgNPs to detect visually the melamine [184].
Indeed, the color change of the suspension turned from yellow to brown (Figure 25). The results
showed the concentrations of detectable melamine were in the range of 10 ppb to 1.26 ppm. AgNPs
functionalization and the analysis of melamine can occur in one-step since p-NA or dopamine acts as a
reducer and stabilizer of AgNPs and as a linker of melamine molecules. Other biomolecules has also
been detected by a colorimetric sensor highly selective such as tryptophan [185] or histidine [186] thanks
to organic coating on AgNPs: 4.4-bipyridine (4-DPD)- and p-sulfonatocalixarene (p-SC4)-modified
AgNPs, respectively. In the first case, tryptophan interacts with the pyridine ring of 4-DPD via π-π
interactions, and meanwhile carboxyl acid of tryptophan can also form hydrogen bonds with pyridine,
which results in 4-DPD-functionalized AgNPs aggregation and the color change from yellow to red.
The LOD was 20 μM for the tryptophan colorimetric detection [185]. In the second case, the aggregation
process is due to p-SC4, which possesses an electron-rich cyclic cavity, being able to fit imidazole and
the side chain of histidine via host–guest electrostatic and cation-π interactions. The color change
turned from yellow to red and the LOD of 5 μM was obtained [186]. Besides, a derivative of calixarene
has also been employed for colorimetric detection of pesticides in water [187].

 

Figure 25. (A) Principle of nanoparticle aggregation based-colorimetric assay for the melamine detection
with dopamine-modified AgNPs. (B) UV-Vis spectra of dopamine-stabilized AgNPs suspensions
with different melamine concentrations: (1) 0 mM, (2) 0.08 mM, (3) 0.4 mM, (4) 2 mM, (5) 8 mM and
(6) 10 mM. Adapted from [184]. Copyright (2011), Royal Society of Chemistry.
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5.2.2. Mixed AgAu Nanoparticles-Based Colorimetric Assays

A colorimetric biosensor with naked-eye detection was designed in which target DNA was
indirectly detected through reduction of Ag+ to AgNPs at the surface of gold nanostars coated
by capture probe (Figure 26) [188]. In the presence of target DNA, biotin-labeled complementary
oligonucleotide H1, oligonucleotide H2 and avidin-alkaline phosphatase conjugate, ascorbic acid
2-phosphate is converted into AA, which acts as reducer. The resulting observation is a blue-shift of
the LSPR peak spectrum, due to the formation of Ag shell on gold nanostars. This technique showed a
detection range from 10 fM to 50 pM DNA with a detection limit of 2.6 fM.

 
Figure 26. DNA detection by naked-eye readout with the silver reduction on gold nanostars [188].
Copyright (2015), Elsevier B.V. All rights reserved.

A more recent technique based on non-aggregated Au@Ag core@shell NPs was developed by
Mao et al. to detect drugs, such as cocaine, using the coloration of the solution containing NPs [189].
For this purpose, they have used Au@Ag nanoparticles coated with a DNA aptamer specific of cocaine
and magnetic beads coated with a DNA sequence, partially complementary to the aptamer sequence
allowing cross-linking of Au@Ag nanoparticles and magnetic beads. In the presence of a magnetic
field, the nanoparticles leave the suspension with the magnetic beads, and the solution is slightly
colored. When cocaine is added to the solution, it interacts with the aptamer, destroying the link
between nanoparticles and magnetic beads, allowing the coloration of the solution by the nanoparticles
(Figure 27). This study shows the new major improvements in the silver plasmonic biosensing.

 

Figure 27. Schematic illustration of the preparation of the (A) reporter probe and (B) capture probe
as well as the principle of the colorimetric detection of illicit drug based on non-aggregation Au@Ag
core@shell NPs. Reproduced with permission from [189]. Copyright (2017), Published by Elsevier B.V.

5.3. Metal-Enhanced Fluorescence (MEF)-Based Biosensors

Although fluorescence is a highly sensitive technique, where single molecules can readily be
recognized, the detection of a fluorophore is usually limited by its quantum yield, auto-fluorescence of
the samples and/or the photo-stability of the fluorophores. However, the use of metallic nanostructures
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such as silver allows modifying favorably the spectral properties of fluorophores and reducing some
of these fluorophore disadvantages for metal-enhanced fluorescence (MEF) [190,191]. An interesting
study has reported the use of a relatively facile deposition of AgNPs onto glass slides (i.e., silver island
films, SIFs). This sensor was used for the development of an enhanced detection limit sandwich-format
immunoassay for the cardiac marker myoglobin (Figure 28A) [191]. Indeed, the SIFs and glass
surfaces were coated with anti-myoglobin antibodies, and then incubated with fluorophore-labeled
anti-myoglobin antibodies. This approach of metal-enhanced planar immunoassay showed a 10–15-fold
increase in fluorescence emission observed on the SIFs compared to that naked substrate (Figure 28B)
and the results demonstrated the myoglobin concentrations were detected in the 10–1000 ng/mL range
(Figure 28C).

 

Figure 28. (A) Illustration of a metal-enhanced sandwich immunoassay on silver island films (SIFs).
Fluorescence emission of the Rhodamine Red-X-labeled anti-myoglobin antibody attached to the
surface-immobilized myoglobin (B) for a given myoglobin concentration (100 ng/mL) on SIFs and on
glass, and (C) at different myoglobin concentrations on SIFs. Adapted from [191]. Copyright (2005),
Elsevier Ltd. All rights reserved.

AgNPs functionalized with various thiolates have been also explored for MEF-based
biosensors [191]. Indeed, DNA hybridization assays using metal-enhanced fluorescence (MEF)
were investigated with thiolated oligonucleotides, which were bound to AgNPs on a glass substrate.
This approach suggested the use of AgNPs improved the sensitivity of DNA detection with an increase
in the number of detected photons per fluorophore molecule by a factor of 10-fold or more [192].
In addition, another study has also used thiol-organic monolayer-protected AgNPs, which were
displaced by oligonucleotides through ligand exchanges, and a fluorophore-labeled complementary
oligonucleotide were employed for DNA hybridization. The results showed a possible approach to
DNA detection with a surface-enhanced emission after hybridization in the presence of AgNPs based
on the aggregation of AgNPs bound by fluorophore-labeled oligonucleotides [193]. Finally, Ag@SiO2

NPs have been also exploited as transducers of DNA hybridization [141], or to achieve MEF-based
biosensor [194,195]. In the latter case, 3- to 5-fold enhanced fluorescence signals can be obtained
from SiO2-coated AgNPs colloids labeled with cyanine and by their aggregation in suspension. This
inert coating reduces the close proximity quenching by noble metals, as well as provides for a wide
variety of chemistries for biomolecule attachment. AgNPs@SiO2 can thus become a solution-based
enhanced-fluorescence sensing platform [190,191,194].

5.4. Optical Biosensors Based on the Oxidation of Ag

The oxidation of silver from AgNPs and mixed AgAu NPs, even in destructive way, can be
exploited for optical biosensors. Indeed, a work has used the highly reactive properties of H2O2 to
modify the nanoparticle shape for improved detection by colorimetric visualization. Xia et al. used
the enzyme glucose oxidase mixed in solution with Ag nanoprisms to catalyze the reaction between
glucose and oxygen to form H2O2 and gluconic acid. As the reactive H2O2 etched the tips of the
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nanoprisms, drastic shape and color changes were observed in the LSPR spectrum, resulting in a
detection range from 0.2 μM to 100 μM in diluted serum (Figure 29) [196].

 

Figure 29. (A) Illustration of the strategy to modify the AgNPs shape from nanoprisms to nanodiscs
through Ag oxidation for colorimetric sensing of glucose. SEM images of the Ag nanoprisms before and
after incubation with glucose oxidase and glucose (100 μM) for 60 min are also showed. (B) Absorption
spectra of the Ag nanoprisms after glucose incubation in various concentrations for 40 min with
photographs of the corresponding suspensions. Adapted from [196]. Copyright (2013), American
Chemical Society.

Furthermore, the destructive use of AgNPs is described by Ag oxidation for the synthesis of gold
nanocages (AuNC) as well as hollow gold nanoshells (AuNS). First, the dissolution of the Ag part of
the NPs is followed by the changes in the initial UV-Vis spectrum, either the shift of the peaks, or the
changes in absorbance allow quantifying the presence of the biomolecule [197]. Several studies also
demonstrated that glucose can be detected by this technique, using gold-silver nanoshells (AuAgNS)
or Au@AgNPs [198,199]. In both cases, Ag is oxidized to Ag+ because of H2O2 produced (Figure 30A)
from glucose oxidation to gluconic acid in the presence of dioxygen (O2) and glucose oxidase. This
strategy is based on the quantification of the amount of metallic Ag oxidized, then the quantity of
H2O2 is determined as well as the quantity of glucose. In 2012, a study on Ag oxidation in presence
of glucose with dioxygen and glucose oxidase in AuAgNS showed that the LSPR peak is red-shifted
with increasing glucose concentration (Figure 30B) [198]. There is linearity between the wavelength
shift and the glucose concentration at very low concentrations (down to 20 μM). In another study,
the same oxidation process of Ag in presence of glucose with O2 was observed in Au@Ag core@shell
structures. The LSPR band intensity, at fixed wavelength was correlated to glucose concentration. In
this case, a linearity was observed between absorbance and glucose concentration for higher glucose
concentrations (down to 400 μM), and a similar observation has been made for cholesterol detection,
using the same method of Ag oxidation [199].
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Figure 30. (A) Illustration showing the oxidation of Ag shell on Au@Ag core@shell NPs to Ag+ in the
presence of H2O2 produced by an enzymatic reaction. (B) Schematic illustration showing the glucose
sensing mechanism with Ag/Au nanoshells. Adapted from [198]. Copyright (2012) WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

6. Conclusions

The interest of silver nanoparticles as highly sensitive materials for plasmonic biosensors design is
well-established. Indeed, although AgNPs are less chemically stable and less biocompatible compared
to AuNPs, they provide more sensitive plasmonic biosensors owing to their LSPR features. The
AgNPs synthesis is now well mastered and well described allowing the fabrication of differently
shaped particles from the simplest to special uncommon shapes thanks to the large range of synthesis
techniques now available and described in this manuscript for a conceptual opportunity in biosensing.
This is a real advantage to explore many more properties. The coating, either organic or inorganic,
overcomes the issues of stability and toxicity raised above and allows for the use of the resulting
core@shell nanoparticles in plasmonic biosensing. Finally, the use of gold with silver nanoparticles, in
alloy and core@shell structures, also provides a protective shell but in addition, enhances the plasmonic
response of the resulting colloids.

Most of these findings are recent, and this may explain the few biosensing applications based on
AgNPs compared to AuNPs to date. We expect growing interest to the application of these nano-objects
in biosensing field, thanks to their higher RIS that allows for a better sensitivity when the strategies are
based on the shift of the LSPR band. They are also very promising in naked-eye detection strategies,
where multiple scenarios can be envisioned including aggregation, visible lambda shift, or even
destruction of a silver shell on a gold core. In this review, the majority of selected applications of Ag
and mixed AgAu nanoparticles-based plasmonic biosensors represents only trivial biosensing schemes
to emphasize the merit of Ag-related NPs and provide the future prospects silver-based plasmonic
nanoparticles in biosensing. In such an application, the expectations for an on-site biosensor, i.e.,
sensitive, reliable, fast, and user-friendly, are completely fulfilled.
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Abbreviations

AA Ascorbic acid
Ag Silver
AgNO3 Silver nitrate
AgNPs Silver nanoparticles
Ag@AuNPs Silver gold core@shell nanoparticles
AgAuNPs Silver gold alloy nanoparticles
APTMS 3-Aminopropyltrimethoxysilane
Au Gold
AuNPs Gold nanoparticles
BSA Bovine serum albumin
CTAB Cetyltrimethylammonium bromide
Cu Copper
FDA Food and Drug Administration
HAuCl4 Tetrachloroauric (III) acid
ITO Indium tin oxide
LOD Limit of detection
LSPR Localized surface plasmon resonance
MEF Metal-enhanced fluorescence
MOF Metal-organic framework
MPTES (3-Mercaptopropyl) triethoxysilane
NaBH4 Sodium borohydride
NaHS Sodium hydrosulfide
Na2S Sodium disulfide
NC Nanocages
NIR Near-infrared
NOM Natural organic matter
NPls Nanoplates
NPrs Nanoprisms
NPs Nanoparticles
NRs Nanorods
NS Nanoshells
NSL Nanosphere lithography
ORG Oxidation reduction growth
PEG Poly(ethylene) glycol
PVA Poly(vinyl acetate)
PVP Polyvinyl pyrrolidone
RI Refractive index
RIS Refractive index sensitivity
RIU Refractive index unit
SA Streptavidin
SDS Sodium dodecyl sulfate
SEM Scanning electron microscopy
SERS Surface-enhanced Raman spectroscopy
SIF Silver island film
SHE Standard hydrogen electrode
SPP Surface plasmon polariton
SPR Surface plasmon resonance
TEM Transmission electron microcopy
TEOS Tetraethyl orthosilicate
TNPls Triangular nanoplates
TNPrs Triangular nanoprisms
TOAB Tetraoctylammonium bromide
VdW Van der Waals
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Abstract: Microsystems and biomolecules integration as well multiplexing determinations are key
aspects of sensing devices in the field of heavy metal contamination monitoring. The present review
collects the most relevant information about optical biosensors development in the last decade. Focus is
put on analytical characteristics and applications that are dependent on: (i) Signal transduction
method (luminescence, colorimetry, evanescent wave (EW), surface-enhanced Raman spectroscopy
(SERS), Förster resonance energy transfer (FRET), surface plasmon resonance (SPR); (ii) biorecognition
molecules employed (proteins, nucleic acids, aptamers, and enzymes). The biosensing systems
applied (or applicable) to water and milk samples will be considered for a comparative analysis,
with an emphasis on water as the primary source of possible contamination along the food chain.

Keywords: water pollution; environmental water; drinking water; milk; heavy metal ions; biosensor;
detection limits; optical spectroscopy; proteins; functional nucleic acids

1. Introduction

Biosensors are currently valid tools, other than laboratory analytical instrumentation, for
monitoring the quality of natural water (e.g., in the food production chain) [1]. Biosensors are
not meant to take over standard analytical methods, but, when optimal features of a sensing device are
met, they offer remarkable advantages over conventional techniques. Overall, in certain conditions,
their promptness and low-cost manufacturing make them useful tools to analyze many samples for
primary warnings. As defined by the International Union of Pure and Applied Chemistry (IUPAC),
“a biosensor is an integrated receptor ± transducer device, capable of providing selective analytical
information using a biological recognition element” [2]. Optical biosensors are a group of sensors in
which (i) the transducer senses optical fluctuations in the input light resultant from bioreceptor—target
interaction, and (ii) the amplitude of these changes hinge on the concentration of the analyte [1].

Even in very small amounts, several metal ions may have important effects on health state, as they
are hardly degradable but easily accumulated in the body through the diet [3]. Metal ions are generally
not essential nutrients; conversely, they could be damaging to all living species [4].

* Widely indicated as “heavy metals” (HMs), in a technical report of 2002, the author concluded:
“The term heavy metal has never been defined by any authoritative body such as IUPAC. No relationship
can be found between density and any of the various physicochemical concepts that have been used
to define heavy metals and the toxicity attributed to heavy metals . . . Understanding bioavailability
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is the key to assessment of the potential toxicity... It depends on biological parameters and on the
physicochemical properties of metallic elements, their ions, and their compounds. These in turn depend
upon the atomic structure of the metallic elements, systematically described by the periodic table” [5].

In the last twenty years, with the aim to quantify trace amounts of such possible contaminants,
environmental monitoring has generated a need for innovative and improved approaches that have
ever-increasing sensitivity and selectivity, as described in a recent review paper on various analytical
techniques-based biosensors [6]. The introduction of biosensors has brought in new and promising
approaches, but with still limited application in the environmental field if compared with the biomedical
one, where most efforts have converged in the past years.

Much research is still needed before biosensors consolidate as a recognized analytical strategy
with respect to environmental and food trace contaminant detection.

In this direction, the integration of nanomaterials and functional biological molecules is part of
a new era in the optical biosensor area. Actually, nano-structured materials unveil distinctive size-
and shape-dependent physicochemical properties, showing a number of possible interactions [7] with
the biorecognition component, which may act as a reaction catalyst, or may be in equilibrium with
macromolecules present in their natural biological settings or isolated and engineered [2]. Essentially,
while the sensor sensitivity is influenced by the selected transducer component, the bioreceptor is
responsible for the specificity [8]. Many biosensing elements that can be coupled to different transducers
are now available for HM detection (Figure 1).

 
Figure 1. Optical biosensor scheme strategies for heavy metal (HM) ion detection in a water/milk
“drop”. Transduction methods and bioreceptor classes synergistically employed for the development
of recently published devices.

In general, depending on the specific mechanism of the bioreceptor component, five groups can
be identified: (i) DNA-based metal biosensor, (ii) antibodies, (iii) proteins, (iv) cellular structures or
whole cells, (v) biomimetic receptors (gene-engineered molecules, molecularly imprinted polymers [9],
and molecularly imprinted membranes [10], mimicking a natural bioreceptor. Most of them, natural and
synthetic, are exhaustively described in recent review papers (concerning the interaction of metal ions
with DNAs, peptides and enzymes, whole cells, as well as ionophores and small molecules) [8,11–15].

From a functional point of view, optical biosensors can be further categorized as: (i) probing
biosensors: Entailing sensors based on target and recognition element affinity interaction; (ii) reacting
biosensors: Where the optical responses relies on chemical processes [16]. Concerning the biomolecular
probes, the most widely exploited can be collected into two macro groups: proteins and nucleic acids.
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The specific affinities of these two families of molecules for HM ions are briefly introduced below,
before entering the focal topic of this paper.

With regard to metal binding proteins, phytochelatins or metallothionein, metal ligands found in
plants, are usually exploited on the surface of the transducer, where protein–metal interactions occur
through the formation of a complex [17,18]. Functional proteins with enzymatic activity (purified
or directly in a microorganism) catalyze specific chemical reactions also in the presence of metal
ions. The mechanisms of action of these elements embrace: (a) Transformation of the analyte into
a sensor-detectable product, (b) detection of an analyte behaving as negative or positive enzyme activity
modulator, or (iii) appraisal of enzyme properties deviations upon interaction with the analyte [19,20].

Metal ions affinity for amino acid side chains (with sulfur, nitrogen, and oxygen atoms) and the
occurrence of such amino acids in antibody-determining regions are expected to influence the ability
of antibodies to strongly bind to metal–chelate complexes [21–24].

On a parallel route, functional nucleic acids (FNAs) represent molecules whose usefulness is
further than that of encoding genetic information [25], and whose chemical structure is suitable for
metal recognition. Two active structures have been developed for this purpose, working as either
direct metal binding or metal-assisted deoxyribonucleic/ribonucleic acid catalyst. Definitely, aptamers,
metal ion-specific DNA, guanine (G)-rich oligonucleotides, and DNA-based enzymes (DNAzymes) are
the most widely reported [26]. In brief, aptamers are able to effectively bind basically any molecule of
choice; they consist of artificial short single-stranded (ss) nucleic acid sequences or peptide molecules
identified by combinatorial selection, through the Systematic evolution of ligands by exponential
enrichment (SELEX) methodology [27,28] that, upon binding to targets, can fold into specific secondary
and tertiary structures [29,30].

Basically, DNA and metal ions may interact in three different ways: (i) By HM ions-based
exchanging of hydrogen atoms of the Watson–Crick base pairs; (ii) by reversible binding of HM ions
with DNA; (iii) forming kinetically inert complexes by persistent crosslinking of DNA with HM ions [31].
The metal ion-specific DNAs are those sequences most commonly rich in thymine (T) or cytosine (C),
with great selectivity for metal ions, which promote robust metal-base complex formation—specifically
forming T–Hg2+–T [32] and C–Ag+–C mismatch [33]. G-rich DNAs are G-rich strands with a tendency
to self-associate into non-canonical secondary structures named G-quadruplexes (G4) [34]. On these
cations coordination-induced structure/property changes, a number of strategies have been proposed
for the detection of Pb2+, Hg2+, Ba2+, Ag2+, K+ [26].

A different class is then represented by nucleic acid enzymes (Ribozymes and DNAzymes).
These are molecules found in nature like catalytic RNA or in vitro selected DNA sequences, displaying
specific strong metal-dependent activity and structure recognition capability, bypassing the need for
metal immobilization [25,26].

Remarkably, the choice of a suitable biological element and transduction module makes the
biosensor sensitive and analyte specific, thus efficient for toxicological studies. Portable biosensors
also make in-situ analysis possible, facilitating real-time monitoring [35].

In this context, the present work aims to review the sensitivity of HM-dedicated optical biosensor
systems published in the last decade. Several biosensors relevant for water sample or liquid food
monitoring are here described, although only those showing HM ion detection in real and complex
matrices are compared, as reported in Table 1.

All methods are listed in order of the prevalence of published biosensors for HM sensing in water
or milk matrix, be it a real or laboratory-built aqueous sample. Analytical techniques here presented
include luminescence, colorimetry, evanescent wave, surface-enhanced Raman spectroscopy, Förster
resonance energy transfer, and surface plasmon resonance. As the core purpose of this review is to
recognize which method displays the maximum stated sensitivity—for the selected HM ion, focusing
on the biosensing element employed—additional focused tables (Tables 2 and 3) have been worked
out and introduced later in the text.

43



Biosensors 2019, 9, 96

2. Biosensing Methods

In order to introduce a brief summary of what the reader will encounter during this paragraph,
in Figure 2, the HM ion optical biosensor distribution is plotted with respect to the recognition element
used, in the frame of the same transduction method, as already classified in Table 1.

Figure 2. Distribution of biorecognition elements exploited in recently reported sensors for HM
detection in real samples, as classified in Table 1.

With regards to the already mentioned classes of molecules, some considerations have emerged:
(1) FNAs are the most employed; (2) direct metal binding DNA sequences (DMB-DNA) subclass,
comprising aptamer, metal ion-specific DNA, and G-rich oligonucleotide, occupies a wide portion
in the described FNAs-operating sensors; (3) proteins are the least employed, and (4) catalytic
active protein-based sensors have been proposed more than those exploiting a non-catalytic protein,
or a specific antibody.

In the next subparagraphs, the newly developed biosensors based on these recognition elements
will be described, and with regard to the exploited biosensing mechanism, the more representative
strategies will be showed in summary figures (Figures 3–10).

2.1. Luminescence

Luminescence concerns the emission of light from an excited electronic state of an atom or molecular
species. A luminescence phenomenon that occurs when a chemical reaction triggers the excitation of an
electronic state in a molecular species, that decays emitting light, is named chemiluminescence (CL) [36];
luminescence caused by electrogenerated chemical excitation is named electrochemiluminescence
(ECL) [37]. Another luminescence phenomenon is photoluminescence (PL), where a molecule absorbs
light, and then decays to a lower energy excited electronic state emitting light with a wavelength
different than that of the absorbed light. Depending on the average lifetime of the excited state,
the luminescence band can either be fluorescence or phosphorescence [36].

A number of biosensors exploit these phenomena and are here reported. A CL aptasensor for Hg2+

detection, with a limit of detection (LOD) of 16 pM, was designed by Qi et al. [38]. The sensor is based
on positively-charged gold nanoparticles (AuNPs) effect, that show catalytic properties for CL reaction
of luminol and H2O2, and on aptamer conformation change induced by Hg2+. In the absence of Hg2+,
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the aptamer causes a weak CL signal because it wraps on positive AuNPs reducing their catalytic
properties. Whereas the presence of Hg2+ leads to a T–Hg2+–T complex formation preventing the
interaction between aptamer and positive AuNPs, allowing the catalytic reaction to occur (Figure 3).

 
Figure 3. Metal ion-induced T–T complex mechanism for CL-based HM detection. Hg2+ induces
T–Hg2+–T complex formation preventing the interaction between aptamer and positive AuNPs,
allowing the catalytic reaction occurrence and a stronger CL signal emission. From ref. [38], with the
permission of the Publisher.

A different Hg2+ biosensor, based on two label-free DNA probes and the molecular light switch
complex [Ru(phen)2(dppz)]2+, was developed by X. Zhang et al. [39]. If Hg2+ is present, the two
label-free DNA probes, with eight T–T mismatches, form stable DNA duplexes which allow the
intercalation of [Ru(phen)2(dppz)]2+, leading to a significant Hg2+-dependent enhancement of the
luminescence intensity. A LOD of 3.5 × 10−10 M was reached.

A portable multianalyte device, based on a different recognition strategy was designed by
R. K. Mishra et al. for Hg2+, Pb2+, and Cd2+ [40], obtaining a LOD of 1, 0.7, and 0.02 μg/L respectively.
The device exploits a luminol–H2O2 mixture as a chemiluminescent system and horseradish peroxidase
(HRP). The enzymatic inhibition results in a CL suppression that is analyte concentration dependent.
Though, in a previous work, Deshpande et al. [41], exploiting a two enzyme based (i.e., alcohol oxidase
(AlOx) and HRP) inhibition assay for single HM ion determination, showed a lower LOD (1 pg/mL)
for Hg2+ ions.

Recently, semiconductor sensors have received significant consideration. Electrochemically-etched
nano-porous silicon (PS) is considered as a promising material for luminescent chemical sensors [42,43].
Interestingly, PS layers were exploited to develop novel enzyme-based biosensor systems for
determination of glucose and urea (direct) as well as HM ions (inhibitory) [44]. In particular, changes
in the quantum yield of PS photoluminescence at variations in medium pH. In particular, changes in
the quantum yield of PS photoluminescence at variation in medium pH is proposed for the biosensor
system. The authors show that the presence of Cu2+, Pb2+, or Cd2+ ions causes an inhibition of the
enzymatic reactions, resulting in a restoration of the PL quantum yield of PS. The LOD of the biosensor
was approximately 10 nM. In order to develop handheld enzymatic luminescent biosensors for HMs
detection, the integration of luciferase-based microfluidic chip with a portable luminometer has been
also realized [45]. The LOD reached for Cu2+ sulfate was 2.5 mg/L.
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2.1.1. Fluorescence

Transducing the molecular recognition events with the fluorescence signals is very attractive and
is one of the most widely adopted methods [46]. Simultaneous measurements of multi-elements were
arranged by an array-based biosensor exploiting enzymatic activity [47]. Acetylcholinesterase and
urease were exploited as model enzymes and combined with a sensing probe (FITC–dextran), for the
assessment of pH, urea, acetylcholine, and HMs. A LOD lowered to 10 nM was achieved for Hg2+ and
a LOD of 50 μM was reported for Cd2+.

A different kind of fluorescent transducer successfully constructed for determination of Cu2+

in surface water, exploits the combination of semiconductor quantum dots (QDs) and enzymatic
inhibition [48]. AlOx catalyzes methanol oxidation to produce H2O2, inducing the quenching of
QDs fluorescence. Copper ions inhibit the enzyme action and, consequently, the quenching of QDs
fluorescence decreases (Figure 4b). This hybrid sensor showed a LOD of 2.75 nM.

Useful as new fluorescent sensors, carbon-based QDs (CQDs, namely biodots) have attracted
growing interests thanks to their biocompatibility, chemical inertness, and water solubility. In this
direction, an application of DNA-derived CQDs in metal ion sensing was demonstrated [49]. Hg2+ and
Ag+ are predisposed to be captured by the DNA biodots due to the existence of T and C groups
(leading to T–Hg2+–T or C–Ag+–C complex), resulting in a quenched fluorescence, with the largest
efficiency obtained at pH 7 and a LOD of 48 nM for Hg2+ and 0.31 μM. for Ag+.

A turn-on aptasensor for Hg2+ detection based on graphene oxide (GO) and DNA aptamers was
proposed, where GO plays a role as nano quencher (Q) to reduce the fluorescence of acridine orange
(AO). The recognition process results in the simultaneous formation of T–Hg2+–T and G4 structures;
the formed G4 can capture AO from the GO surface, leading to fluorescence retrieval. A LOD of 0.17
nM was achieved [50].

Similarly, based on the T–Hg2+–T coordination between two neighboring poly–T strands, two
ready-to-use chip-based sensors match well with microarray technology for Hg2+ detection in the
turn-on and turn-off modality [51]. The induced dislocation of the complementary poly-adenine
(poly–A) strand, labeled with either a fluorophore (F) or a (Q), allows the turn-off and turn-on detection
of Hg2+, respectively (Figure 4c). A lower LOD was achieved in the turn-offmode (3.6 vs. 8.6 nM).

Remarkably, with the aim to remove the HM-fluorescence quenching effect, a magnetic separation
was integrated for Hg2+ sensing based on the formation of the T–Hg2+–T structure [52], allowing a
LOD value of 0.2 nM.

Another multi-analyte biosensor based on parallel analysis of microarray technology was
developed exploiting DNAzymes [53]. In particular, copper and lead ion-dependent DNAzymes are
first associated with their corresponding DNA substrates on the surface of aldehyde-modified slides.
Then, in the presence of the specific ions, the DNA cleavage of the substrate takes place, inducing
a strong variation in fluorescence signal. The sensor showed a LOD value of 0.6 ppb for Cu2+ and
2 ppb for Pb2+. A higher sensitivity for Pb2+, with a LOD of 1 nM, was achieved by a similar approach,
exploiting a Cy5-labeled DNA/RNA chimera (Figure 4f) as substrate [54].

Working on complex real samples, enzymatic degradation represents a threat to the structural
integrity of D-DNAzymes. In this context, L-DNAzymes show similar recognition capability and
catalytic capacity with respect to their enantiomer. A promising biosensor for Pb2+ ion detection was
realized by building a Pb2+-specific L-DNAzyme, allowing to obtain a LOD of 3 nM [55]. DNAzymes
have also been exploited for Ag+ detection [56]. As known, the most studied interaction between DNA
and Ag+ is the specific binding with C residues [33,57,58]. This interaction was used to develop Ag+

biosensors [56,59,60] and for the assembling of fluorescent Ag nanoclusters [61,62]. Saran et al. [63]
described the first Ag+-specific RNA-cleaving DNAzyme, successfully integrated in the specific
biosensor. A catalytic beacon biosensor is obtained by labeling the 3′ end of the DNAzyme strand
with a black hole, which, upon hybridization, quenches the signal of the fluorophore located on the 5′
end of the substrate. The Ag+-induced substrate cleavage enables fluorescence retrieval. A LOD of
24.9 nM was shown.
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Even though DNAzyme-based lead sensors generally demonstrate good sensitivity, the high
synthesis cost of these molecule limited their extensive application. A DNA sensor based on
Pb2+-stabilized G4 formation was proposed with a LOD of 3.79 ppb [64]. In the absence of Pb2+,
a fluorescent tracer intercalates with the single-stranded coil and strongly emits. While, in the presence
of Pb2+, the random-coil folds into a G4 structure leading to signal reduction (Figure 4a).

Commonly, a DNA-based biosensor for Pb2+ detection is frequently inclined to interference from
Hg2+, due to the T–Hg2+–T interaction between Hg2+ and T residues. A label-free system with a LOD
in the nanomolar range was optimized (also in the presence of Hg2+) based on the Pb2+-induced G4
formation with cationic polythiophene water-soluble conjugated polymer (PMNT), as described in the
colorimetric transduction method section of this review [65].

In another arrangement, Y.F. Zhu et al. proposed a singly-labeled bifunctional probe consisting
of a Cd2+-specific aptamer (CAP), capable to act as the recognition element for Cd2+ and the signal
reporter [66]. The Cd2+ presence induces the switching of the CAP coil conformation to a stem-loop
structure, which brings the four guanosine bases at the 5′ end close to 6-Fam at the 3′ end, resulting in
fluorescence quenching. The biosensor showed a LOD of ~2 nM.

Interestingly, G4 structures have been also exploited to develop a duplex functional fluorescent
biosensor for distinct detection of Pb2+ and Hg2+ [67]. A K+-induced fluorescent G4 probe was
assembled by a G-rich strand and a porphyrin. The sequence presents many T residues in addition to
G residues, allowing to bind Pb2+ or Hg2+ selectively, changing into a more stably non-fluorescent
G4 and a hairpin-like structure, respectively, resulting in PL reduction. LODs of 5.0 nM for Pb2+ and
18.6 nM for Hg2+ was reported.

As favorable as fluorescent nanomaterials, DNA-scaffolded silver nanoclusters (DNA–AgNCs)
were successfully applied to a novel turn-on fluorescent biosensor [68]. When Pb2+ is present,
the aptamer forms a G4 structure and the two darkish DNA/AgNCs positioned at the 3′ and 5′ terminus
come closer, thus the fluorescence intensity increases [69]. A LOD as low as 3.0 nM was reported.

Light-up biosensors based on the target-induced release of fluorescence-labeled aptamer, from a
complex with a Q-labeled short complementary sequence, were developed for Cd2+ and Pb2+ [70,71],
with a LOD of 40 and 60.7 nM, respectively.

A label-free aptasensor approach for Cd (II) detection was independently exploited by
Y. Luan et al. [72] and B. Zhou et al. [73], combining an aptamer with unmodified dsDNA-specific dye.
Based on the principle that hybridization of two aptamers boosts the fluorescence engendered during
the reaction, B. Zhou et al. showed that, in the absence of Cd2+, SYBR green-I binds to the small groove
of dsDNA (aptamer-complementary strand) establishing the dsDNA–dye complex and generating
high fluorescence signal. The specific recognition and binding of aptamers with Cd2+ induce the release
of the complementary strand from dsDNA and the aptamer conformational switching to a stem-loop
structure, causing fluorescence decay (Figure 4d). A LOD of 0.34 ng/mL was reached.

Likewise, Y. Luan et al. reported that, induced by Cd2+ ions, the aptamer configuration changes
from a random coil structure to an aptamer–Cd2+ complex. After the introduction of complementary
strands and Pico Green dye (PG), a hybrid with the residual free aptamers that did not bind with
Cd2+ is formed. This results in a higher PL signal (Figure 4e), allowing a higher sensitivity (LOD of
0.038 ng/mL) [72].

A comparable strategy was proposed for Pb2+ detection [74]. This biosensor is based on the
principle that Pb2+ induces a structural change of G-rich thrombin aptamer from random coil to G4.
This prevents its binding to the complementary sequences to form dsDNA and causes a fluorescence
intensity decrease. The results showed a LOD of 1 ng/mL.

A label-free fluorescence sensing system was also developed for As3+ detection by the exonuclease
III (Exo III)-assisted cascade target recycling amplification process [75], exhibiting a LOD of 5 ng/L.
As signal indicator and sensing element, the 2-amino-5,6,7-trimethyl-1,8-naphthyridine and the
triple-helix molecular switch were used, respectively. This sensor could detect other HM ions with
newly-designed triple-helix molecular switch by using aptamer sequences.
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Figure 4. Various biosensing element constructs for fluorescence-based HM detection. (a) Pb2+-stabilized
G4 formation for turn off detection. In the presence of Pb2+, the T30695 oligonucleotide folds into a G4
structure, leading to a PL signal reduction [64]. (b) Cu2+-determined enzymatic inhibition for turn
on detection. AO catalyzes the oxidation of methanol to hydrogen peroxide, inducing the quenching
of QDs fluorescence. Cu2+ ions inhibits the enzymatic activity decreasing the quenching of QDs
fluorescence [48]. (c) Metallophilic attraction of the Hg atom in the T–Hg2+–T base pair mismatch.
The Hg2+-induced dislocation of the complementary labeled poly–A strand allows the turn-off detection
mechanism. [51]. (d) Cd2+-induced hairpin formation. The release of the complementary strand from
dsDNA and the sequence conformational switching to a stem-loop structure lead to a fluorescence decay
of the signal reporter [73]. (e) Random coil structure to aptamer–Cd2+ complex. After the addition
of complementary strands and PG, the residual free aptamer that did not bind with Cd2+ forms a
hybrid with complementary strands and PG dye which results in a big fluorescent enhancement [72].
(f) Pb2+-induced hydrolytic cleavage signal-off. The catalytic strand carries out catalytic reactions for
hydrolytic scission of the substrate sequence at the rA site (red arrow). Once the substrate is broken
into two pieces, it dissociates from the catalytic strand with a decrease of the surface PL intensities [54].
Adapted with the permission of the Publishers.
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In the frame of functional device miniaturization, combining a microfluidic sample pre-treatment
module (cation exchange resins) with a DNA aptamer immobilized photoluminescent graphene oxide
QD (GOQD), a novel Pb2+ detection platform sensor was proposed [76], exhibiting a LOD of 0.64 nM.
The DNA aptamer on the GOQD specifically captures the target (forming a G4 complex) which can
trigger electron transfer from GOQD to Pb2+ upon UV irradiation, leading the GOQD PL quenching.

2.1.2. Electrochemiluminescence

ECL is the process through which those intermediates generated at the electrodes undergo
high-energy electron transfer reactions to produce an excited state that emits light, after relaxation
to a lower level [77]; the process is initiated and modulated by switching an electrode voltage [78].
ECL allows small analyte detection at sub-picomolar concentration and wide dynamic range [79].

Various strategies were recently developed, such as biosensors that rely on the formation of
the T–Hg2+–T and Ru(phen)2+

3 or Ru-dppz, which permitted a LOD of 20 or 5.1 pM to be achieved,
respectively [80,81].

In their study, X. Zhou et al. [82] reported that Bst DNA polymerase exhibits specific behaviors on
the T–Hg2+–T biomimetic structure. The sensor exploits the MBs-labeled primer, planned to match
the region of the circular padlock probe but with two T–T mismatches at the 3′ terminus. If Hg2+ is
introduced, the DNA polymerase reaction with rolling circular amplification (RCA) mechanism is
induced. Then, the resulting RCA products hybridize with the tris (bipyridine) ruthenium (TBR)-marked
probes and sensed by ECL, once they are attracted to the magnet under the electrode. A LOD of 100 pM
was shown.

One more method was designed by Meng Li et al., exploiting a Pb2+-specific DNAzyme, achieving
a LOD of 9.6 × 10−13 M [83]. In this sensor, CdS QDs and DNAzyme with Ag/ZnO coupled structures
were immobilized on agold nanodendrites-modified ITO electrode. Pb2+-activated DNAzyme moves
the Ag/ZnO coupled structures near the surface to catalyze the reduction of part of the H2O2, inducing
a signal intensity reduction.

Rather than utilizing DNAzyme, L. Lu et al. [84] proposed a sensor to detect Pb2+ using
a graphene/AuNPs-modified electrode and ssDNA labeled with CdSe QDs. When Pb2+ is present,
the G-rich ssDNA adopts the G4 conformation, leading to a shortening of the distance between the
CdSe QDs and the graphene–AuNPs nanocomposite (Figure 5). This decreases the ECL intensity,
allowing for the detection with a limit of 10−10 mol/L.

Figure 5. Metal ion-induced quadruplex construct for ECL-based HM detection The Pb2+ causes the
G4 structure formation of the G-rich ssDNA, leading to a shortening of the distance between the CdSe
QDs and the graphene–AuNPs nanocomposite, thus inducing a reduction of the ECL signal. From [84],
with the permission of the Publisher.
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A novel ECL sensor to detect Pb2+ exploiting hemin/G4-based DNAzyme on the core-shell
CdSe@CdS QDs, was proposed by X.-L. Du et al. [85]. Pb2+-induced G4 combines with hemin to form
DNAzyme, which can catalyze H2O2 and oxidize 4-chloro-1-naphthol (4-CN) to form an insoluble
precipitate. In the presence of Pb2+, more DNAzymes are produced and, thus, more 4-CN molecules
are oxidized catalytically, leading to an output signal reduction. A LOD of 0.98 fM was achieved.

Furthermore, a microfluidic paper-based device was successfully applied for concurrent detection
of Pb2+ and Hg2+ based on the formation of G4 and T–Hg2+–T complexes, respectively [86]. Due to
the different operational potentials of the two exploited labels (Si@CNCs and Ru@AuNPs), Pb2+ and
Hg2+ can be quantified with a LOD of 10 pM and 0.2 nM, correspondingly.

2.2. Colorimetric Method

In colorimetric sensors, the analyte detection occurs by means of a color change of the sensing
element. Current technology based on colorimetry focuses on cost reduction, miniaturization,
and in-situ detection. Generally, the recognition mechanism is based on molecular interaction on the
substrate surface modified with NPs and functional groups [87].

For instance, DNA adsorption by citrate-capped AuNPs could be a function of DNA conformation.
DNAs without stable secondary structures allow higher colloidal stability of AuNPs against salt-induced
aggregation, because they are more efficiently adsorbed. A sensor exploiting Tl+-induced DNA folding
and AuNPs was described by Hoang et al. [88]. The presence of Tl+ inhibits the DNA adsorption
by AuNPs due to G4 sequence folding. Then, adding NaCl solution, a red-to-blue color change is
observable because of NPs aggregation. A LOD of 4.6 μM was achieved.

Similarly, a specific Pb2+-induced G4 oligonucleotide (TBAA) probe and the cationic polythiophene
(PMNT) readily form an electrostatic PMNT–TBAA red colored complex [65]. This sensor can detect
Pb2+ traces at the micromolar level with the naked eye. Moreover, the authors report that, in the
presence of Hg2+, the TBAA sequence (having adenine base) has a higher selectivity for Pb2+ than TBA
(without adenine base in the sequence). As already reported, the same biosensor exhibits a lower LOD,
when working in fluorometric mode.

In order to detect Hg2+, Zhu et al. [89] designed a sensor established on ssDNA, phthalic diglycol
diacrylate (PDDA) and AuNPs. The T–Hg2+–T structure is much stronger than the interchain contact
between ssDNA and PDDA. When the ssDNA recognizes Hg2+, a random coil-to-hairpin structure
change occurs, avoiding ssDNA interaction with PDDA. Therefore, the free PDDA induces AuNP
aggregation (Figure 6b), displaying a color change as a function of Hg2+ concentration. The LOD was
as low as 5 nM.

A multianalyte responsive sensor, able to identify Ag+, Hg2+, Cr3+, Sn4+, Cd2+, Pb2+, Zn2+,
and Mn2+ was designed by Tan et al. [90]. It is based on differential colorimetric and fluorescent
response of FAM-DNA-AuNP once conjugated to a specific metal ion. A LOD of 50 nM was achieved.

A different approach for visual detection of Hg2+, Ag+, Cu2+, Cd2+, Pb2+, Cr6+, and Ni2+ was
reported by Hossain and Brennan [91]. An enzymatic reaction is optimized on a sol gel matrix-spotted
bioactive paper device; β-galactosidase-substrate catalysis produces a colorimetric signal intensity,
which is inversely proportional to the metal ion amount. The sensitivity was different for the diverse
ions, as reported in Table 1.

Another paper device was designed by J. Xu et al. [92], for the detection of Pb2+ via colorimetric and
ECL techniques, exploiting a metal-specific DNAzyme and rGO–PdAu–GOx labeled oligonucleotide
hybrid. The dual mode sensor showed a lower LOD in the ECL readout (0.14 nM) than in the
colorimetric one (LOD: 1.6 nM).

A sensor based on mushroom apo-tyrosinase, entrapped in polyacrylamide gel, was developed
by Kaur and Verma [93] in order to detect Cu2+, which act as enzyme cofactor for levodopa (L-DOPA)
conversion, with a corresponding color change. The shown LOD was 0.01 ug/L.
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A colorimetric Hg2+ detection was also optimized on a test strip, exploiting biotin-labeled and
thiolated DNA-modified AuNPs and a T-rich DNA immobilized on the nitrocellulose membrane.
Under optimized conditions, the LOD achieved for Hg2+ was 3 nM [94] or 5 nM [95].

Another colorimetric paper-based platform, involving T–Hg2+–T coordination chemistry and
AuNPs aggregation, showed a LOD of 50 nM [96]. In a different way, a linker T-rich DNA and sequences
complementary to the AuNPs DNA was designed to induce particle aggregation [97]. Remarkably,
Hg2+ ions induce the linker DNA folding, allowing AuNPs to quickly disassemble and return to red
color. A lower LOD (5.4 nM) was shown with respect to the AuNPs aggregation strategy described.

In another work concerning disposable lateral flow strips, the authors examined hairpin
probe-modified AuNPs and T–Hg2+–T structure-based strategy. An additional T-rich, digoxin-labeled
DNA strand was considered in order to hybridize with T–Hg2+–T coordination. Then, digoxin
dsDNA–AuNPs complexes are captured by immunoreaction with the anti-digoxin Ab immobilized
(Figure 6a) on the strip and revealed by a red band [98]. Interestingly, a lower LOD for Hg2+ was
shown (0.1 nM), when compared with non-immunochromatographic approaches.

On parallel route, an Exo III-catalyzed target recycling approach was employed to improve the
sensitivity of a similar disposable strip on the basis of Hg2+-triggered toehold binding. Using AuNPs
as the tracer enables the detection of Hg2+ with a LOD of ~1 pM [99]. Moreover, in order to sense
Cu2+, a lateral flow device based on specific ion-dependent DNA-cleaving DNAzyme and AuNPs was
developed, achieving a LOD of 10 nM [100].

Figure 6. T–Hg2+–T structure and hairpin probe-modified AuNPs-based strategy for colorimetry-
based HM detection. (a) The digoxin dsDNA–AuNPs complexes are captured by immunoreaction with
the anti-digoxin Ab* immobilized on the strip and revealed by a red band [98]. (b) With the formation
of the T–Hg2+–T, a random coil-to-hairpin structure change occurs, avoiding ssDNA interaction with
PDDA. A color change is observed due to the AuNP aggregation by free PDDA [89]. Adapted with the
permission of the Publishers.

2.3. Evanescent Wave

This method employs the evanescent field of an optical fiber to excite the biological recognition
molecule, producing a fluorescence signal. An optical fiber is essentially a cylindrical dielectric
waveguide with an inner core having a refractive index greater than that of the cladding. EW exploits
the phenomenon of total internal reflection (i.e., the transition of light in the optical fiber by continually
reflecting off the cladding–core interface without data loss. If the cladding is removed, the evanescent
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field can interact with the fiber surroundings [101]. In order to immobilize biological recognition
elements on the optical fiber surface, various methods have been reported [102], such as direct or
mediated covalent immobilization, adsorption, or entrapment in polymer matrices.

Based on this transduction, a DNAzyme-based sensor for Pb2+ detection was developed by
N. Yildirim et al. [103], using GR-5 Pb2+-dependent DNAzyme. In the presence on Pb2+, the active
molecule can catalyze the cleavage of an RNA base embedded in the fluorescent-labeled (Cy5.5) DNA
substrate. After that, the released Cy5.5-labeled fragments hybridize with the complementary strands
immobilized on the optical fiber, and Pb2+ detection is revealed by PL signal. Restored over 100 times,
this sensor showed no important performance decay and a LOD of 1.03 nM.

Another sensor based on DNAzyme for Pb2+ detection was realized by R. Wang et al. [104]
The whole sensing procedure requires three steps: (i) Pb2+ ion determines the cleavage of the DNA
substrate at the single RNA site, by the DNAzyme, causing the release of a short ssDNA arm which
will be used in the second step; (ii) the released ssDNA hybridizes with a complementary DNA strand
immobilized on MBs in solution, causing the competitive detachment of the originally hybridized
probes (streptavidin–ssDNA–Cy5.5) and the remaining dsDNA–MBs complex is removed by magnetic
separation; (iii) the released signal probe is pumped into the flow cell of the biosensing platform,
where it can be captured by the desthiobiotin-modified fiber. A LOD of 1 nM was achieved, with the
possibility to be reused at least 250 times.

To avoid the use of MBs and to keep the same performance, a similar system was optimized for
Hg2+ sensing [105], by introducing a quencher. Fluorescein-labeled DNA strands with streptavidin
(DNA–SA) were designed to hybridize with Q-labeled cDNA strands (Q–DNA). Hg2+ induces an
enhancement in the PL signal because of the Q-DNA release, once the DNA-SA is bound to form
a hairpin structure stabilized by the T–T mismatch (Figure 7a). A LOD of 1.06 nM was shown.

With a similar LOD, F. Long et al. [106] developed another sensor based on T–T mismatch pairs and
fluorescently (Cy5.5)-labeled cDNA. The DNA probe has two functional elements: a T–T mismatch pair
that can bind with Hg2+ ions, and a short sequence that can hybridize with the fluorescently-labeled
cDNA. Via a structure competitive mode, Hg2+ ions lead to a decrease of the signal. The authors stated
a LOD of 2.1 nM, with a reproducibility over 100 times.

In more recent works, the same author proposed two structure-switching DNA optical biosensors
for detection of HM ions [107,108]. The developed approaches for Hg2+ or Pb2+ detection, respectively,
differ by the FNA-based strategy exploited (i.e., T–T mismatch or G4 aptamer (Figure 7b)).

Once introduced in the modified optofluidic cell, the specific metal ion-induced aptamer
conformation change reduces the binding of a fluorescently-labeled free DNA with the immobilized
DNA probe, causing a decrease of fluorescence signal. A LODs of 1.2 nM for Hg2+ and 0.22 nM for Pb2+

were reported. One more sensor for Hg2+ and Pb2+ detection, based on T–T mismatch-containing DNA
or DNAzyme, respectively, was developed by S. Han et al. [109]. In this system, the detection of HM
contaminants is carried out exploiting two complementary DNA sequences, one labeled with a Cy3.3
and one with a Q. The metal ion induces structural modification, causing paired-strand dehybridization
and, consequently, the binding of the Cy3.3-labeled segment to the cDNA probe on the fiber surface.
By excitation via EW, a detectable fluorescence signal is generated, with a LOD of 22 pM for Hg2+ and
20 nM for Pb2+.
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Figure 7. FNAs constructs for evanescent wave-based HM detection (a) (1) T–T mismatch-driven
biosensing by triple functional DNA–protein conjugates for facile detection of mercury ions; (2) Once
the DNA–SA is bound to form a hairpin structure stabilized by the T–T mismatch, an enhancement
in the signal is observed [105]. (b) G4-driven lead ions biosensing. A decrease of fluorescence signal
is recorded by the Pb2+-induced aptamer conformation change (G4) that reduces the binding of the
fluorescently-labeled free DNA with the immobilized complementary strand [108]. Adapted with the
permission of the Publishers.

2.4. Surface-Enhanced Raman Spectroscopy

In SERS, definite metallic surfaces are used to intensify Raman scattering of the specific element,
by benefitting from localized surface plasmon resonances. Noteworthy: (i) SERS spectra can provide
information about the chemical structure of the target, (ii) it permits rapid detection; (iii) weak Raman
scattering of water makes its background signal negligible [110].

A highly sensitive DNAzyme-centered SERS quadratic amplification method, based on a bio-barcode
and hybridization chain reaction, was developed for Pb2+ detection [111]. The system includes
a DNAzyme-MB complex, a SERS active bio-barcode (composed of the capture probe matching the
stem of hairpin DNA, and Raman dye-labeled DNA) on top of AuNPs, to produce a strong SERS signal.
Adding Pb2+, once a DNA–Pb2+ complex is formed, a catalytic cleavage of the substrate sequence takes
place, giving rise to a series of reaction steps, finally leading to quantitative Pb2+ detection with a LOD
of 70 fM. The method can be further applied to different elements by substituting the lead-responsive
DNAzyme with the specific functional DNA.

Combining a specific As3+ aptamer, a reporter molecule and Raman-labeled Au@Ag core–shell
NPs, a novel SERS strategy was proposed [112]. In the absence of As3+ ions, the aptamer and the
reporter are absorbed on Au@Ag; while when they are present, the As3+ ions compete with NPs for
binding to the aptamer, inducing its release from the NP surface, which then aggregate generating
SERS “hot spots”. This amplification strategy allowed to obtain a LOD of 0.1 ppb.

Likewise, a label-free SERS device was developed for sensing of Hg2+ [113], exploiting
aptamer-derivatized SiO2@Au core–shell NPs. The DNA aptamer consists of two segments,

53



Biosensors 2019, 9, 96

one containing guanine (G) and adenine (A) bases as signal reporters and the other segment,
with consecutive T, as the Hg2+ recognition element. The single strand poly–T shows a flexible
structure; when present, Hg2+ ions cause the formation of T–Hg2+–T pairs via N–Hg2+–N J-coupling
bonding. As a result, the DNA molecule adopts vertical alignment (Figure 8a), changing respective
Raman intensities of A and G bases in the sequence. In this system, Hg2+ detection showed a limit of
10 nM.

The system formerly suggested by L. Zhang et al., requiring a fluorescent label, resulted as more
sensitive [114]. It was based on nanoporous gold as the plasmonic surface and a Cy5-labeled aptamer
as the optical tag for Hg2+ detection. The coordination of a pair of poly–T oligos with the metal ion
induces the molecule perpendicular arrangement, as above described. Consequently, an amplification
of the fluorophore surface-enhanced resonance Raman scattering signal (SERRS) variation is observed.
A LOD of 1 pM was reported.

Exploiting the same Hg2+ biorecognition element, W. Ma et al. obtained SERS-enhanced Hg2+

detection, thanks to the T–Hg2+–T-induced assembly of gold nanostar dimers [115]. A great number of
“hotspots” were formed, inducing an increase of electromagnetic field over an extensive connecting
region. A LOD of 0.8 pg/mL was reached, showing a higher sensitivity if compared with the similar
strategy exploited for As3+ detection (Figure 8b) described in [112].

A selective single nanowire-on-film (SNOF) sensor for Hg2+ was realized exploiting the
hybridization between T-rich ssDNAs and complementary Cy5-labeled DNAs [116]. In the presence of
Hg2+, T-rich DNAs fold into hairpin structures to form T–Hg2+–T pairs, leading to an easy release of
Cy5-tagged DNAs. The free-labeled ssDNAs are then caught by the SNOF derivatized with cDNAs,
turning on the SERRS signal. A LOD of 100 pM was achieved.

Figure 8. FNAs constructs for SERS-based HM detection. (a) Hg2+ causes a vertical alignment of
DNA molecules due to the formation of T–Hg2+–T pairs via N–Hg2+–N J-coupling bonding, changing
respective Raman intensities [113]. (b) As3+ induces the aptamer release from NP surface, inducing NP
aggregation and the generation of SERS “hot spots” [112]. Adapted with permission of the Publishers.

2.5. Förster Resonance Energy Transfer

FRET is a physical process where a non-radiative energy transfer from an excited state molecule
(donor) to another molecule (acceptor) occurs, by means of intermolecular long-range dipole–dipole
coupling. When the energy transfer takes place from donor to acceptor, the fluorescence intensity of
the donor decreases. An essential requirement for effective transfer is that an overlap exists between
the fluorescence spectrum of the donor and the absorbance spectrum of the acceptor. The rate and
the efficiency of the energy transfer depends on the sixth power of the distance between donor and
acceptor [117]. Various combinations of donor–acceptor pairs have been used, such as two fluorophores,
fluorophore with AuNP, fluorophore with an intercalator or with a dark absorber [118].
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For instance, T–Hg2+–T complex-induced conformational change of ssDNA allows one-step
sensing of Hg2+ in a AuNPs-based sensor developed by G. Wang et al. [119]. The AuNPs were used
as acceptor and FAM as donor. The DNA probes tagged with a FAM on 3′ and thiol on 5′ end were
bound to AuNPs. In order to enable an enhanced FRET process, FAM and AuNPs need to be close
to each other, as occurs when the conformation of the DNA probe changes into a hairpin structure
leading to fluorescence signal quenching. A LOD of 8 nM was achieved with this approach.

Using the catalyzed hairpin assembly technique, a different aptasensor for Hg2+ was developed
by K. Chu-mong et al. [120]. The suggested strategy exploits a Hg2+ aptamer–catalyst complex and
two hairpin DNA: H1—fluorescein (donor) and H2—tetramethylrhodamine (acceptor). The formation
of the T–Hg2+–T complex releases the catalyst strand, triggering the signal amplification step: Hairpin
assembly is catalyzed turning H1 and H2 into a duplex. Consequently, FRET efficiency increases and
the Hg2+ concentration can be measured with nanomolar LOD.

An opposite functional scheme was described for Ag+ sensing by Y.-J. Chen et al. [121]. Fusing the
cyan fluorescent protein (donor) and the yellow fluorescent protein through a truncated CupR protein.
CupR contains a dimerization helix and a metal binding domain. The presence of Ag+ ions causes
the decrease in FRET efficiency by inducing conformational change of the biorecognition element
(Figure 9b).

Figure 9. FNAs and protein constructs for FRET-based HM detection. (a) The Tl+ causes the G4 structure
formation, leading to a shortening of the distance between the donor and acceptor, thus inducing an
enhancement in FRET efficiency [88]. (b) The decrease in FRET efficiency is induced by conformational
change of the CupR protein, in the presence of Ag+ [121]. Adapted with permission of the Publishers.

More complex systems were also designed to simultaneously detect several HMs. Using the
establishment of C–Ag+–C and T–Hg2+–T complexes, Cy5 and TAMRA as acceptors and CdTe QDs
as donors, C. Hao et al. [122] successfully detected Ag+ and Hg2+ with a LOD of 2.5 and 1.8 nM,
respectively. When a specific ion is present, if donor and acceptor are in close proximity, a fluorescence
intensity increase will take place.

Interestingly, J. Xia et al. engineered specific DNA sequences for Hg2+, Pb2+, and Ag+, integrating
them in two DNA strands and labeling these strands with multicolor fluorophores, in order to realize
a cascade FRET [123]. In this way, only one excitation wavelength is needed to obtain a fingerprint-like
spectrum in multianalyte monitoring. The sensor works in a dynamic range from 100 nM to 2 μM for
Ag+ and Hg2+ and can detect as low as 20 nM Pb2+.

As already described, M. Hoang et al. [88] demonstrated that a sensor based on G4 DNAs,
FAM (donor), and TMR (acceptor) can be used for Tl+ detection (Figure 9a) with a LOD of 59 μM,
unusually lower than that showed by the colorimetric transduction method.

2.6. Surface Plasmon Resonance

When light incides on a metal surface, plasmons are generated, whose propagation is very
sensitive to the variations in the material refractive index. This alteration can be caused by biomolecular
interaction (probe–target) or by a structural modification of the molecules linked to the sensor
surface [124,125].
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For instance, the detection of Cu2+ was achieved by associating a SPR biosensor with the
competitive adsorption of proteins [126]. The interaction between bio-receptors (native proteins
(albumin)) and Cu2+ ions leads to protein denaturation, inducing a lower affinity between protein–gold
surface, thus initiating the competitive displacement by the native one (Figure 10a), which is monitored
by SPR measurement with a LOD down to 0.1 mg/L.

Figure 10. (a) Protein and DNA structure conformational changes, for SPR-based HM detection.
The interaction between native proteins and Cu2+ leads to the protein structure denaturation and weakens
its attraction on the sensing surface. The competitive displacement by the native one causes variations
in the SPR angle profile [126]. (b) The rhodamine-labeled ssDNA folds into the T–Hg2+–T-mediated
hairpin loop; this structural change approaches the rhodamine fraction near to the Au surface causing
the increase in the SPR signal and the PL quenching [127]. Adapted with permission of the Publishers.

A mercury (II) sensor, based on the dissociation rate of the trans-acting factor MerR from the
cis-element, was investigated by SPR [128]. The sensor, modified with dsDNA including the cis-element
(Pmer), can monitor the dissociation stage of MerR or protein-tagged MerR from the cis-element,
enabling measurement of Hg2+ with a LOD of 5 μg/L.

Non-specific adsorption can influence the SPR accuracy. In this direction, a laser scanning confocal
imaging and SPR were combined to realize a system for Hg2+ detection [127]. By adding Hg2+,
the rhodamine-labeled ssDNA folds into the T–Hg2+–T-mediated hairpin structure and this structural
change attracts the rhodamine fraction in proximity to the Au surface (Figure 10b). A double effect
is observed: SPR signal heightening and PL quenching. From the PL quenching status, the strand
folding is monitored in real time, and the Hg2+ detection is recorded by the SPR signal, as a function of
refractive index and thickness variations of the Au surface, achieving a LOD of 0.01 ng/mL.
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In this rich context, the summary of the recently described biosensors is schematized in Table 1.
Here, biosensors are classified by their sensitivity (from lower to higher LOD) with respect to a specific
ion, within the same transduction method on real samples, but with diverse bio-signaling strategies.

Moreover, in order to clearly illustrate the most sensitive recent methods as well as the
bio-recognition elements giving the lowest detection limits, two comparative tables (Tables 2 and 3,
respectively) are proposed and shown below. Then, a representative drawing (Figure 11) aims to show
the most sensitive detection strategies, with respect to a specific analyte, applied in real samples.
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Figure 11. Most sensitive biorecognition strategy/specific HM ion, in real samples. (a) Disposable strip
biosensor based on Hg2+-induced toehold binding and Exo III-assisted signal amplification [99]; (b) ECL
Pb2+ sensor based on hemin/G4-based DNAzyme biocatalysis [85]; (c) Cu2+ triggered conversion of
apo-tyrosinase disc into holo-tyrosinase one, and consequent L-DOPA to dopachrome transformation [93];
(d) As3+ detection by Exo III-assisted cascade target-recycling amplification scheme [75]; (e) Possible
on-site analysis of HMs by means of the HRP-based bioassay [40]; (f) Aptamer-modified NPG-based
SERRS sensing of Hg2+ [114]; (g) Ag+ and Hg2+ detection by FRET between QD and organic dyes [122].
Adapted with permission of the Publishers.
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Table 2. Most sensitive transduction methods, with respect to the specific analyte (n. of published
works ≥ 2), applied in real samples.

Analyte Transduction Method LOD Reference

Pb2+ ECL 0.98 fM [85]
Hg2+ SERRS 1 pM [114]
Hg2+ Colorimetry 1 pM [99]
Cd2+ Luminescence 0.02 μg/L [40]
As3+ Fluorescence 5 ng/L [75]
Cu2+ Colorimetry 0.01 μg/L [93]
Ag+ FRET 2.5 nM [122]

Table 3. Bio-recognition elements giving the lowest detection limits, within the same transduction
method, with respect to a specific analyte (n. of published works ≥ 3).

Transduction Method Analyte Signaling Strategy LOD Reference

Luminescence Hg2+ Enzyme 1 pg/mL [41]
Fluorescence Pb2+ G4 aptamer–GOQD 0.64 nM [76]
Fluorescence Hg2+ AO–DNA Aptamer (T–Hg2+–T; G4) 0.17 nM [50]
Fluorescence Cd2+ Aptamer/cDNA 0.038 ng/mL [72]
Fluorescence Cu2+ Alcohol Oxidase inhibition 0.176 ng/mL [48]

ECL Pb2+ Hemin/G4-based DNAzyme 0.98 fM [85]
ECL Hg2+ Hg2+-specific AuNP–ssDNA/cDNA 5.1 pM [81]

Colorimetric Hg2+ Hairpin DNA(T–Hg2+–T)/Exonuclease III 1 pM [99]
Colorimetric Pb2+ DNAzyme/GO–PdAu–(GOx)–ssDNA 1.6 nM [92]

EW Pb2+ Cy5.5–G4 aptamer 0.22 nM [108]

EW Hg2+ Quencher T-rich DNA/
Cy3–cDNA/ssDNA probe (T–Hg2+–T) 22 pM [109]

SERRS Hg2+ Cy5–Aptamer–NPG (T–Hg2+–T) 1 pM [114]
FRET Hg2+ TAMRA–ssDNA/QD–ssDNA (T–Hg2+–T) 1.8 nM [122]

3. Conclusions

Nucleic acids, biocatalysts, antibodies, receptors, etc., are natural or biomimetic elements with
distinctive features such that they have been engaged as recognition probes since the first public
biosensor description in a paper, over 55 years ago, in which Dr. L. C. Clark termed his device as an
“enzyme electrode” [129]. In the fields of environmental and food analysis, water and milk exemplify the
matrices involved in potential HM ion contamination. In this context, although most of the developed
systems were tested only on buffered solutions, plenty of optical biosensors appropriate for real samples
showed up in the last decade for possible environmental and food quality monitoring applications.
Continuous advances are presented, exploiting nano-microtechnology and biotechnology, such as for
miniaturization of integrated systems, genetic engineering of receptors, enzymes, and microorganisms,
as well upgrading of bioelement immobilization methods.

Thus far, a number of metals can be selectively sensed by DNA sequences down to the low ppb
level [11]. Accordingly, Table 3 shows that direct metal binding DNA sequences allow obtainment of
the highest sensitivity. In detail, the biorecognition mechanisms more frequently adopted are those
based on T–T mismatch and G-quadruplex, respectively, for Hg2+ and Pb2+; nonetheless, to the same
extent, functional nucleic acids (DNAzyme) are exploited for Pb2+. Among the optical biosensors
here reviewed, those applied in real samples, namely milk and water (specifically tap water, mineral
water, surface water, underground water), have been assessed by spike test, largely for Hg2+, Pb2+,
and Cd2+ ions, in descending order, and, in small part, also for Cu2+, Ag+, Cr3+, As3+, Tl+, and Sn4+

ions, as summarized in Table 1. Remarkably, ten multianalyte optical devices (able to sense up to eight
HM ions) were shown out of a total of more than seventy biosensors here considered, with a large part
of them designed to quantitatively discriminate between two ions.
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Abstract: (1) Background: The lack of globally standardized allergen labeling legislation necessitates
consumer-focused multiplexed testing devices. These should be easy to operate, fast, sensitive
and robust. (2) Methods: Herein, we describe the development of three different formats for
multiplexed food allergen detection, namely active and passive flow-through assays, and lateral flow
immunoassays with different test line configurations. (3) Results: The fastest assay time was 1 min,
whereas even the slowest assay was within 10 min. With the passive flow approach, the limits of
detection (LOD) of 0.1 and 0.5 ppm for total hazelnut protein (THP) and total peanut protein (TPP)
in spiked buffer were reached, or 1 and 5 ppm of THP and TPP spiked into matrix. In comparison,
the active flow approach reached LODs of 0.05 ppm for both analytes in buffer and 0.5 and 1 ppm of
THP and TPP spiked into matrix. The optimized LFIA configuration reached LODs of 0.1 and 0.5 ppm
of THP and TPP spiked into buffer or 0.5 ppm for both analytes spiked into matrix. The optimized
LFIA was validated by testing in 20 different blank and spiked matrices. Using device-independent
color space for smartphone analysis, two different smartphone models were used for the analysis of
optimized assays.

Keywords: flow-through immunoassay; lateral flow immunoassay; food allergen; multiplex;
smartphone analysis; carbon nanoparticle labeling

1. Introduction

Food allergens are naturally occurring proteins present in a multitude of foods. Individuals
with a food allergy are sensitized towards these proteins, and exposure to them can lead to adverse,
sometimes life-threatening, health effects [1]. The majority of food allergen-related anaphylaxis in
Europe can be attributed to peanut and tree nut allergens [2]. Allergies towards peanuts and tree nuts
commonly co-exist, making the simultaneous detection of these problematic allergens desirable [3,4].

The only way for allergic individuals to avoid an allergic reaction is for them to stick to an
avoidance diet. Such diets are largely reliant upon proper allergen labeling of food products. However,
currently in the European Union (EU), only ingredients which have been intentionally incorporated
into a food require labeling [5,6]. This means that allergens that are unintentionally present in food,
such as via cross contamination, do not need to be declared, with all associated risks for allergic
consumers. As a result, many food manufacturers use voluntary precautionary allergen labeling (PAL)
(e.g., ‘may contain’ statements) in order to safeguard consumers [7].

In theory, PAL statements protect the consumer from potential allergic reactions; in reality the
over-use of unregulated PAL has resulted in consumers choosing to ignore these warning statements [8].
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Biosensors 2019, 9, 143

Therefore, it is imperative to engage the public with their own food allergen analysis by developing
consumer-friendly detection methods [9,10]. The cornerstones to consumer-friendly allergen detection
are speed, sensitivity, ease-of-use, affordability, portability, multiplexing capability and a simple
read-out system. Although some specifically consumer-oriented allergen sensors are available,
such as the portable gluten and peanut sensors from NIMA, more often these biosensors are still
proof-of-concept assays rather than commercial tests designed for consumers [11–14], and generally they
lack multiplexing and proper validation as screening methods. A shared characteristic of novel allergen
detection is the increasing trend to utilize a smartphone as an interface and readout system [9,14–17].
Using a smartphone readout improves the overall ease of result interpretation by introducing an
interface that the consumer is already familiar with, alongside providing a means to wirelessly transmit
results to relevant stakeholders, such as food manufacturers and restaurant personnel [18]. The Lateral
Flow Immunoassay (LFIA) is widely considered the gold standard for easy-to-use, low-cost, sensitive
and quick screening for food safety issues. Despite their widespread application, allergen LFIAs are
often based on the analysis of a single analyte, owing to the difficulties associated with multiplexing
an LFIA, including the need for careful design of test line configuration to prevent upstream detection
areas from affecting downstream detection areas [19,20]. Most multiplex LFIAs for food safety focus
upon the detection of low-molecular weight compounds, such as antibiotics and mycotoxins [21,22].
However, this past year has seen an increase in the development of multiplex food allergen detection
LFIAs, with the development of an assay for the detection of hazelnut, ovalbumin and casein in
bakery products within 10 min [23]. A further example is the multiplex, low-ppm detection of both
β-lactoglobulin and β-casein, two major allergenic milk proteins, within 10 min [24].

A major drawback typically associated with LFIAs is the assay duration, which usually is
10–20 min, and is affected by mass transport limitations (MTL) and binding kinetics [25]. MTLs are
caused by the fact that the target analytes need to be carried across a porous membrane, such as
nitrocellulose (NC) by passive, capillary flow, and thus affect the detection speed of the assay [26].
The NC capillary flow rate is measured in the time in seconds it takes the sample front to travel
4 cm. Selection of NC based on this capillary flow rate is a compromise between assay sensitivity
and assay speed with mid-speed membranes (120–150 s/4 cm) offering advantages in both areas [27].
When detection speed is not a constraint, a membrane with a slower flow rate and smaller pore size
increases the available binding time between the labeled antibody–analyte and the test line antibody
which can result in increased assay sensitivity [27–29]. In order to speed up LFIAs, in combination
with NC with a good flow rate, antibodies with fast association rates towards their target should be
used. Antibodies can be selected for their binding kinetics by in depth surface plasmon resonance
(SPR)-based antibody screening and characterization. In this way a carbon nanoparticle-based hazelnut
allergen LFIA has been developed, with a 30 s assay time, which as far as we know is a world record
for allergen assay speed [30].

In order to overcome restrictions typically associated with LFIAs, a flow-through immunoassay
format can be used instead [31,32]. Flow-through immunoassays are reported to offer the benefits
of increased assay speeds, better sensitivities—owing to the use of larger sample volumes, excellent
multiplexing capabilities and the absence of the ‘hook-effect’ [27,33,34]. The hook-effect is a phenomenon
that is commonly encountered in one-step, sandwich format LFIAs. It occurs where the free analyte
and the analyte which is bound to a labeled antibody compete for the limited number of binding
sites available on immobilized capture antibodies, leading to a reduction in colorimetric signal and
sometimes false negative results [24,35,36]. Therefore, if the correct assay working range is not
determined, it could lead to consumers erroneously believing a food with a high allergen content
is safe.

Flow-through assays can be prepared in different ways. Passive flow-through assays consist of
LFIA materials, but in a stacked arrangement, with the membrane biofunctionalized with capture
antibodies on top, and the conjugate and absorbent pads layered underneath or as flow-through
enzyme-linked immunosorbent assays (ELISAs) [37–39]. An alternative flow-through approach is
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to insert a biofunctionalized membrane into a syringe filter holder, applying manual or mechanical
pressure to the syringe to actively control the vertical flow of the reagents and the sample [40,41].
Although flow-through formats generally allow greater freedom in geometric assay design, they are
prone to inter/intra-user variability [42].

The lack of agreed regulatory allergen thresholds has stalled the development of certified reference
materials, preventing true comparisons to be made between various detection methods by different
kit manufacturers and researchers [43]. Therefore, in this study, we use the same bioreagents to
compare different geometrically designed, paper-based, flow-through and lateral flow immunoassay
configurations for the simultaneous detection of hazelnut and peanut allergens with a smartphone
readout system.

2. Materials and Methods

2.1. Reagents and Consumables

Washing buffer (WB) was composed of 5 mM borate buffer (BB) (pH 8.8) diluted from a mixture
of 100 mM sodium tetraborate (VWR, Leuven, Belgium) and 100 mM boric acid (Merck, Darmstadt,
Germany) and bovine serum albumin (BSA; Sigma-Aldrich, Zwijndrecht, the Netherlands) was added
to a final concentration of 1% (w/v). Storage buffer (SB) consisted of 100 mM BB containing BSA to
a final concentration of 1% (w/v). Running buffer (RB) was prepared by adding 1% BSA (w/v) and
0.05% Tween-20 (v/v) (Merck, Darmstadt, Germany) to 100 mM BB. Phosphate buffered saline (PBS;
0.01 M; pH 7.4) was purchased from Sigma-Aldrich (Sigma-Aldrich, Zwijndrecht, the Netherlands).
All solutions were prepared with water from a MilliQ-system (MQ) (>18.2 MΩ/cm) purchased from
Millipore (Burlington, MA, USA). ‘Spezial Schwartz 4’ carbon nanoparticles were purchased from
Degussa AG (Frankfurt, Germany). Goat anti-mouse IgG in PBS (pH 7.6) (1.2 mg/mL; AffiniPure
F(ab’)2 Fragment GAM IgG Fcγ) used for spraying control lines/spots was purchased from Jackson
Immunoresearch Laboratories Inc. (Sanbio, Uden, the Netherlands). The hazelnut (50-6B12) and peanut
(51-2A12 and 51-12D2) antibodies were developed by Wageningen Food Safety Research (WFSR),
Wageningen University and Research (Wageningen, the Netherlands) according to the procedure
described by Bremer et al. [44]. All antibodies were buffer exchanged from PBS (pH 7.4) into 5 mM BB
(pH 8.8) using Zeba™ Spin Trap columns (Thermo Scientific; Landsmeer, the Netherlands) prior to use.
Passive flow-through assays were developed from a Miriad Rapid Vertical Flow toolkit (MedMira,
Halifax, NS, Canada). All active flow-through assays were developed on unbacked Whatman 0.45 μm
nylon (GE Healthcare, Eindhoven, the Netherlands) 0.45 μm NC or 0.2 μm NC membranes and
inserted into 13 mm Swinny syringe filter holders (Merck, Darmstadt, Germany). The assembled filter
holder was attached to a 10 mL syringe (Becton-Dickinson, Utrecht, the Netherlands). Lateral flow
immunoassays (LFIAs) were developed on 140 CN nitrocellulose membranes (Unisart, Sartorius,
Gottinghem, Germany) secured on a plastic backing (G and L, San Jose, CA, USA) overlaid with an
absorbent pad (Whatman, GE Healthcare, Eindhoven, the Netherlands). All LFIAs were heat-sealed in
foil packets with silica beads and stored at room temperature until use.

2.2. Allergen Extraction

Currently, a drawback in allergen detection is that no certified, standardized reference materials
are commercially available, and antigen standards and blank matrices need to be prepared
in-house [45]. The influence of food processing on the protein conformation of allergens can affect their
detectability [46], but this was not explicitly investigated in this study, as the focus was comparing the
performance of the same antibodies applied in different immunoassay formats.

Extracts were made from hazelnuts, peanuts, blank flour, peanut-spiked flour (8 ppm) and 20 truly
different biscuits (i.e., 20 different brands and varieties; see Supplementary Information, Table S1) free
from peanuts/tree-nuts, which were supplied by project partners or purchased from local supermarkets.
Raw hazelnuts and unsalted peanuts were frozen whole at −80 ◦C for 1 h. The frozen foods were
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homogenized using a commercial hand blender (Braun Turbo 600 W Food Processor, Braun, Oss,
the Netherlands). A total protein extract was made by adding 10 mL PBS (pH 7.4) per gram of ground
sample and incubating at room temperature for 1 h. Following incubation, extracts were centrifuged at
3220× g for 20 min. The extracts were then filtered through a series of low protein-binding syringe filters
(5 μm > 1.2 μm > 0.45 μm), and the filtrate was aliquoted and stored at −20 ◦C until use. To ensure
sample stability, fresh aliquots were defrosted daily for experiments, and protein concentrations
were determined using the NanoDrop ND 3300 (Isogen Life Sciences, De Meern, the Netherlands)
prior to use. Blank biscuits were homogenized by agitating 0.5 g in a 50 mL tube with ball bearings
to a fine powder. Next, 5 mL of 100 mM borate buffer was added to the tubes and agitated for
1 min with the powdered biscuit or flour. The suspension was left at room temperature for 25 min.
Afterwards, extracts were filtered through a series of low protein-binding syringe filters (5 μm > 1.2 μm
> 0.45 μm), aliquoted and stored at −20 ◦C until use. All experiments, except for matrix experiments,
were performed using total hazelnut protein (THP) and total peanut protein (TPP) spiked into running
buffer. For matrix experiments, 1 μL of 1000 ppm THP and TPP extract was spiked into 999 μL (v/v) of
the 20 different blank biscuit extracts.

2.3. Carbon Black Nanoparticle Conjugation

A 1% suspension of carbon nanoparticles (CNPs) was prepared by adding 1 mL of MQ Water to
10 mg carbon and sonicating for 10 min. The resulting 1% carbon suspension was diluted five times
in 5 mM BB (pH 8.8) to obtain a 0.2% suspension, which was then sonicated for 5 min. Next, 350 μL
purified hazelnut or peanut antibody solution (1 mg/mL in 5 mM BB) was added to 1 mL (to make
a total volume of 1.35 mL) of 0.2% carbon suspension and stirred overnight at 4 ◦C. The suspension
was split into approximately two equal aliquots (670 μL), and 500 μL of WB was added to each before
centrifuging them for 15 min at 13,636× g at 4 ◦C. Following this, the supernatants were removed,
and the pellets re-suspended in WB. This process was repeated three times. After the final wash,
the supernatants were discarded, and the pellets were pooled together with 1 mL storage buffer and
stored at 4 ◦C until use.

2.4. Multiplex Passive Flow-through

The plastic cartridge, biofunctionalized membrane and absorbent pad (absorption volume of
200μL) from a Miriad Rapid Vertical Flow technology toolkit was used to create the passive flow-through
assays. A schematic representation of the passive flow-through assay is shown in Figure 1A.

The membranes were biofunctionalized by manually depositing 0.5 μL of the peanut, hazelnut
and control antibody solutions (1 mg/mL) in three distinct regions using a pipette. The tip of the pipette
was touched very lightly against the membrane to dispense a consistent antibody spot. The membranes
were dried for 45 min. Once dried, three drops of RB were added via a dropper bottle and allowed
to saturate the membrane. Immediately after, 50 μL of the mixed allergen extract (diluted in RB;
1000 ppm, 100 ppm, 10 ppm, 1 ppm, 0.1 or 0 ppm) was pipetted dropwise onto the membrane and
allowed to absorb fully. Next, a 10 μL suspension of 10 × diluted carbon labeled-monoclonal antibodies
(CNP-mAbs) was pipetted onto the membrane and allowed to absorb fully. Finally, three drops of RB
were applied to wash the membranes. The assays were read immediately with the naked eye and an
image was acquired with a smartphone camera. LOD values for visual inspection were established at
the lowest concentration that reproducibly yielded a signal that could be observed and distinguished
from the background by the naked eye.
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Figure 1. Schematic representation (not to scale) of the three flow assay formats developed.
Arrows depict the flow direction and C is the control antibody (goat anti-mouse), H is the anti-hazelnut
antibody and P is the anti-peanut antibody. Total hazelnut protein (THP) is indicated by the hazelnut
graphic and total peanut protein (TPP) is indicated by the peanut graphic. (A) The passive flow assay
in top-view and side-view. (B) The active format flow-through assay, where the syringe filter holder is
enlarged, and the membrane is further enlarged to show the biofunctionalized area. (C) Both lateral
flow immunoassay geometries as defined by the order in which sample will encounter the test and
control lines: Peanut, hazelnut, control (PHC) and hazelnut, peanut, control (HPC).

73



Biosensors 2019, 9, 143

2.5. Multiplex Active Flow-through

A schematic representation of the active flow-through assay is shown in Figure 1B. First, the most
appropriate assays parameters were established including membrane type, pore size, antibody
concentration for dispensing and assay conditions.

2.5.1. Simplified Multiplex Flow-through

Allergen-specific antibody solutions (0.5 μL of 1 mg/mL mAb solution) and control antibody
solution were manually dispensed by lightly touching the tip of the pipette to the membrane onto
0.2 or 0.45 μm pore size unbacked NC or 0.45 μm unbacked nylon membranes. The membranes were
dried for 45 min and then the membranes were placed in 13 mm syringe filter holders and attached to
the 10 mL syringe. The assays were performed by manually and sequentially injecting 500 μL sample
(concentration series 100–0.1 ppm total protein extract diluted in RB), 1 μL of each CNP-mAb and
another 300 μL of RB as a washing step. In this context, sequentially refers to the sequential loading of
the syringe with sample with the CNP-mAbs on top of the sample; these were then pushed through
by moving the plunger downwards in a single movement, followed by a final washing step with RB.
The membranes were then removed from the filter holder, dried for 5 min, read with the naked eye
and an image was acquired with a smartphone camera.

2.5.2. Multiplex Flow-through Iterative Optimization

To establish the optimum active flow-through conditions, a number of alternative assay steps
were explored. The experiments aimed to reduce background staining, to improve the signal-to-noise
ratio and to improve the assay sensitivity.

2.5.3. Volume Optimization

Different sample and reagent volumes were tested to determine the optimum conditions for
flow-through operation. Flow-through assays require larger sample volumes compared with LFIA due
to reduced contact time between analyte and capture antibodies [42].

When using sample volumes of less than 500 μL, it was necessary to first ‘pre-wet’ the membrane
with running buffer to ensure that the entire surface would be wetted. Initially, membranes were tested
using 500 μL RB, followed by a 300 or 500 μL sample and 0.5 μL of each of the CNP-mAbs solutions
followed by 500 μL RB as a washing step. In subsequent experiments, the volume of the CNP-mAb
solution was increased to 1 μL for each CNP-mAb to maximize the signal intensity. Finally, experiments
were performed using 1 mL of sample, with 1 μL of each CNP-mAb solution dispensed on top of the
sample, followed by 500 μL RB.

2.5.4. Pre-Mix Method

The assays were tested by pre-mixing the running buffer and CNP-labeled secondary mAbs
with sample and injecting the mixture simultaneously. In this approach, 1 mL of sample, 1 mL of
RB and 1 μL of each CNP-mAb were injected across the membrane, effectively causing an additional
50% dilution to the sample, when compared to the sequential method described above. The holder
was then dismantled, and the membrane dried for 5 min before visual inspection.

2.5.5. Filter Approach

To improve the uniform wetting of the membrane and reduce the background staining caused by
the CNPs, a filter approach was tested. In this method, a 0.45 μm NC filter was placed on top of the
functionalized membrane before carrying out the assay sequentially. Following the final wash step,
the device was dissembled, the 0.45 μm filter carefully removed and disposed of and the membrane
dried for 5 min before visual inspection.
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2.5.6. Aspiration Approach

To ensure sufficient wetting of the membrane, and to increase the contact time of the sample and
the capture antibodies, an iterative aspiration approach was applied. In this way, when sequentially
injecting the sample and CNP-mAbs, the plunger of the syringe was pumped up and down, 1, 5 or
10 times. With the increasing number of aspirations, the flux of the analyte past the membrane, and thus
past the immobilized antibodies, was increased. After the final aspiration, the RB was flowed through
as a washing step, the device was disassembled, and the membrane dried for 5 min before visual
inspection and photographing with a smartphone camera.

2.5.7. Multiplex Array Layout

The flow-through array was spotted using the XYZ 3060 BioDot Dispense Platform (Irving, CA,
USA). The array was composed of 14 (2 × 7 array) control spots (0.25 mg/mL) and with each analyte
having 12 (2 × 6 array) spots (0.25 mg/mL), with a drop size of 100 nL and an offset of 1 mm between
each dot (see Figure 1B). The membranes were left to dry overnight prior to testing.

2.5.8. Optimized Active Flow-through Operation Protocol

A 0.45 μm NC filter, acting as a vertical flow diffuser, was placed on top of the biofunctionalized
membrane. The filter and membrane were then placed, biofunctionalized side up, into the syringe
filter holder. A polytetrafluorothylene (PTFE) gasket was placed on top of the membrane to seal the
fluid pathway, giving the assay an actual flow path of 10 mm. The syringe holder was then attached
to a 10 mL Luer-Lock™ syringe. The assay was performed sequentially as described in Section 2.5.1.
First, 1 mL of sample topped with 1 μL of each CNP-mAb solution was aspirated 10 times across
the membrane (only THP or only TPP or mixture of both diluted in RB at 100, 10, 1, 0.1 and 0 ppm).
Following this, 500 μL RB, as a washing buffer, was flowed through the membrane. Finally, the syringe
filter holder was disassembled, and the membrane removed and placed on an absorbent pad for drying.
To determine whether the immobilized test antibodies suffered from non-specific binding towards the
other target, the assays were tested using just THP or just TPP extract spiked into RB.

Blank buffer measurements were performed 10 times to test for false positives. The membranes
were visually inspected and photographed with a smartphone camera after 5 min. LOD values for
visual inspection were established at the lowest concentration that reproducibly yielded a signal that
could be observed and distinguished from the background by the naked eye.

2.6. Multiplex Lateral Flow Immunoassay

Lateral flow immunoassays were manufactured using NC (flow rate of 140 s/4 cm) cut to
approximately 4 cm length. The NC membrane was secured on a plastic backing, with 4.5 cm of
absorbent pad overlapping one end of the NC. Two different test line configurations (as depicted
in Figure 1C) were designed and produced using the XYZ BioDot dispensing platform. The first
configuration had the control line (0.25 mg/mL) dispensed at 10 mm from the absorbent pad, the hazelnut
line (0.25 mg/mL) at 5 mm from the control line and the peanut line at 5 mm from the hazelnut line,
with 10 mm of blank membrane at the bottom of the strip, hereafter referred to as PHC. The second
arrangement had the control line at 10 mm from the absorbent pad, the peanut line at 5 mm from the
control line and the hazelnut line at 7 mm from the peanut line with 8 mm of blank membrane at the
bottom of the strip, hereafter referred to as HPC.

Multiplex LFIA Operation Protocol

Firstly, the multiplex LFIAs were tested for non-specific binding by testing 10 × each of the LFIAs
in blank running buffer (RB). The LFIAs were inserted into individual microwells of a 96-well plate
containing 1 μL of each of the CNP-mAbs and 100 μL of RB (blank). The strips were left to run for
5 min. Next, the LFIAs were tested for specificity by testing in either just THP or TPP extract spiked
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into RB. LFIAs were placed into the individual microwells of a 96-well plate containing either just
THP or TPP (1 μL) spiked into RB, in decreasing concentration with RB (99 μL) and 1 μL of each
carbon-labeled mAb. The strips were left to run for 5 min before photographing with a smartphone
camera. Finally, the assays were tested using the same conditions in decreasing concentrations (100,
10, 1, 0.5, 0.1 ppm) of both THP and TPP spiked in RB (in triplicate). Calibration series were tested
with both formats of the LFIA using (i) 1 μL of sample (diluted in RB) and 99 μL of RB (hereafter,
1:99, sample: RB), (ii) 25 μL of sample (diluted in RB) and 75 μL of RB (hereafter, 25:75, sample: RB),
and (iii) 75 μL sample (diluted in RB) and 25 μL of RB (hereafter, 75:25, sample: RB). The 75:25 sample:
RB experiments were specifically designed to trigger the hook-effect to determine when the sample
volume becomes the limiting factor.

The membranes were visually inspected and photographed with a smartphone camera after
running for 5 min. LOD values for visual inspection were established at the lowest concentration that
reproducibly yielded a signal that could be observed and distinguished from the background by the
naked eye.

2.7. Smartphone Readout and Data Analysis

Smartphone photographs were acquired using Open Camera (version 4.0.3) and analyzed using a
Huawei P20 smartphone (Huawei Technologies, Shenzen, China) according to the method developed
by Ross et al. [27] using two freely downloadable apps from the Google Play Store. The red, green,
blue (RGB) values were obtained for test regions of assays using the RGB Color Detector (version
1.0.58). Using the crosshair function in the app, test dots on the flow-through membrane or three
distinct regions on the test line of the LFIA were selected and the color values were averaged and
recorded. Background measurements were also made above and below the test areas to determine
an overall background level for subtraction from results. Alternatively, results were normalized by
dividing the value of each test region by the corresponding control region, as has been performed in
literature [35,47,48]. Using ‘Nix Pro Color’ (version 1.31), the RGB values were converted to luminosity,
A, B (LAB) values; a device-independent color space that more accurately represents how humans
interpret color intensity.

Additionally, to show the device-independent nature of LAB measurements, the optimized
assays were also analyzed using a Google Pixel 2 XL smartphone (Google, Mountain View, CA, USA).
The obtained values were used to plot calibration curves for L (luminosity) of the LAB values as a
function of allergen concentrations spiked into RB, using Microsoft Excel. LOD values were obtained
from these calibration curves by visual evaluation.

2.8. Matrix Experiments and Validation

To validate the assays, they were also tested in spiked food matrices. All assays were tested
in a decreasing concentration of THP and TPP, spiked directly into a blank biscuit matrix extract to
determine the matrix effects. Additionally, the optimized LFIA (PHC) was more extensively validated
by testing in 20 truly different blank matrix extracts. In this way, LFIAs were placed in individual
microwells containing 25 μL blank matrix extract (n = 20) and 75 μL RB and left to run for 10 min to
determine whether any false positives occurred. Additionally, 1 ppm of THP and TPP was spiked into
the 20 different blank matrix extracts (1 μL of 1000 ppm THP and TPP sample into 999 μL (v/v) blank
matrix extract) and the LFIAs were tested using both 25 μL spiked matrix plus 75 μL RB and 1 μL
spiked matrix extract plus 99 μL RB. Assays were left to develop for 10 min. Finally, the optimized
LFIAs were also tested in blank flour matrix extract and spiked peanut flour matrix extract in both
25:75 and 1:99 dilutions in RB.
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3. Results and Discussion

3.1. Multiplex Passive Flow-through Assay

An overview of conditions, quantitative and qualitative results for spiked buffer experiments for
the passive flow-through assay, can be found in Table 1. The visual limit of detection (LOD) for the
passive flow-through was established by testing in decreasing concentrations of THP and TPP extracts
spiked in RB. The visual LODs were determined as 0.1 ppm and 1 ppm and smartphone LODs 1 and
10 ppm for hazelnut and peanut, respectively (n = 3), whereas no visible spot was obtained for blanks
(see Table 1 and Supplementary Information, Figure S1A). Following the addition of the CNP-mAbs
to the passive flow-through assay, the positive spots appeared within 5 s, a detection speed which
is unparalleled by LFIA. Even when using the high-speed LFIA described in [30] the appearance of
the positive result took 30 s, due to MTL limitations of the solution that needs to wick through the
membrane before reaching test lines. Three drops of RB were added to the flow-through assay to wash
the unbound CNPs from the membrane. Using dropper bottles with pre-defined drop volumes for the
delivery of RB makes the assay easy to perform and means that pipettes are unnecessary. A further
benefit is that the result can be directly read through the window of the cassette by the naked eye without
having to disassemble the device. However, when recording a smartphone image of the membranes,
these do need to be removed from the plastic cassette to avoid shadowing. Despite the washing step,
the membranes had variable background staining, which made it impossible to obtain calibration
curves from the images acquired with a smartphone. The reason for the appearance of background
staining probably lies with the polydispersity of the CNP, which can form aggregates of several
hundred nm, which are too large to be flowed through the pores. A drawback of this specific passive
flow assay format is the lack of freedom in geometric assay design as bio-reagents required manual
spotting by pipette. However, such a limitation could be easily overcome by biofunctionalization of
the membranes before having them cut to the factory-made circular size.
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3.2. Multiplex Active Flow-through

An overview of conditions, quantitative and qualitative results for spiked buffer experiments
for the active flow-through assay can be found in Table 1. The assays using the 0.45 μm pore size
nylon and NC membranes were ineffective, and no spots (including control spots) appeared on these
membranes. This can be attributed to 0.45 μm being too large a pore size and the majority of the analyte
and labeled antibodies passing through the membrane, which is confirmed by the dark coloration of
the waste liquid when using this assay membrane. Therefore, the 0.2 μm pore size NC membrane was
determined to be the most suitable for this application.

During the optimization steps, active flow-through assays were tested using 0.5 μL of each
CNP-mAb solution, but this only yielded faint detection spots. In subsequent experiments the volume
of the CNP-mAb solution was increased to 1 μL of each CNP-mAb which improved the readability.
Additionally, volumes of 500 μL and 1 mL of sample were tested, with the sensitivity improving with
the increased sample volume, without the appearance of a hook-effect, even at high concentrations.
Although in this manually spotted initial format, LODs of 0.5 and 0.1 ppm could be reached for peanut
and hazelnut (see Supplementary Information, Figure S1B), respectively, false positives were also
detected when testing the assays in a blank sample (1 in 5 false positives). Using a pre-mix approach
did improve the overall user-friendliness of the assay, as the operator only needed to pass the liquid
containing the sample, CNP-labeled mAbs and RB through once without the necessity of removing and
reinserting the plunger, but this method consistently resulted in false positives in the blank samples.
Contrastingly, using the sequential method increased the difficulty of the assay, but prevented false
positives owing to the washing step at the end. The addition of a 0.45 μm NC filter on top of the
biofunctionalized membrane increased the (smartphone) readability of the assay. Besides filtering the
larger sized CNPs, reducing the level of background staining, the filter also acted as a flow diffuser.
In this way, uniform wettability of the membrane was achieved, resulting in better reproducibility
compared to when it was performed without the filter. Although the filter improved the readability
of the membranes, it also further complicated the user-friendliness of the method, as it needed to be
carefully removed from the biofunctionalized membrane before the results could be read.

The sensitivity of the assay was improved by increasing the number of sample aspirations across
the membrane (see Supplementary Information, Figure S2). Flow-through assays are subject to
unidirectional flow and require capture antibodies with rapid association rates in order to achieve
binding or require extended sample/reagent incubation times [48]. By increasing the number of sample
aspirations, the flux of the CNP-mAb-analyte complex past the immobilized antibodies, and the
potential of binding, is increased. Of all the tested parameters the most appropriate assay conditions
were determined to be a 0.45 μm filter on top a 0.22 μm NC membrane biofunctionalized with
0.25 mg/mL control and test spots and aspirating 1 mL of sample with 1 μL of CNP-mAb solution
10 times back and forth through the membrane. Subsequently, 500 μL of RB was injected as a washing
step. Although these conditions allowed for the assay to reach very low LODs, they also meant that
this method generated a high volume of chemical waste (1.5 mL), which needs to be safely disposed of.

When testing active flow-through membranes in decreasing concentrations of THP and TPP
spiked into RB, visual LODs of 0.05 ppm (n = 3) could be reached for both targets, an LOD which
is so far un-met by commercially available allergen assays [8]. This LOD is less obvious from the
smartphone image (LODs of 0.5 ppm for both THP and TTP) compared with reading by naked eye
(see Figure 2). Therefore, eye symbols are inserted in Figure 2 to designate the lowest concentration
that could still be read visually. Despite the active flow-through approach reaching lower LODs than
the passive flow-through assay, the assay was more complicated to perform and used a far greater
sample volume.
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Figure 2. Active flow-through assay calibration range. Assays were tested in decreasing concentrations
(100–0.05 ppm) of Total Hazelnut Protein (THP), Total Peanut Protein (TPP) spiked into Running Buffer
(RB) and in blank RB. The control region is indicated by C and outlined in red, the hazelnut region by
H and outlined in dark blue and the peanut region by P and outlined in light blue. There is an evident
decrease in test dot intensity as the concentration of total protein in the sample decreases. The eye
icon is used to indicate test regions that are visible to the naked eye but more difficult to read in the
smartphone image. The visual limit of detection is established at 0.05 ppm for both analytes.

3.3. Multiplex Lateral Flow Immunoassay

An overview of conditions, quantitative and qualitative results for spiked buffer experiments for
the LFIAs can be found in Table 1. The LFIAs were both able to achieve single analyte detection and
a true blank result every time (0% false positives at 0 ppm; n = 10). When testing PHC with 1 μL of
sample, 1 μL of each CNP-mAb and 99 μL of RB, visual LODs of 1 and 5 ppm were achieved by the
naked eye (see Figure 3A) for hazelnut and peanut, respectively, with a clear decrease in intensity in
the test line with decreasing concentration of the sample. When the LFIAs have a low signal intensity,
the naked eye is still superior at distinguishing between a positive or negative signal, and the lower
visual LODs are indicated by the eye icon in Figure 3. However, these visual readings are performed
by a trained person, and the distinction between signal and no signal at the lowest concentrations is
not trivial. In comparison, when the same anti-hazelnut antibody was applied in a single-plex LFIA,
an LOD of 0.1 ppm in spiked buffer was reached, which suggests that having an additional test line on
the LFIA can compromise the overall sensitivity [30]. Still, the multiplex LODs are in accordance with
commercially available allergen single-plex LFIAs, which report LODs within this range. However,
lack of standardized, certified reference materials in the allergen industry means that each reported
assay is developed using antibodies specific to different allergenic components (total soluble protein
vs. allergen-specific proteins) and tested and validated using different analytes [9,45], thus underlining
that true comparisons can only be made when bioreagents and samples are kept constant, as in this
research. To optimize the multiplex LFIA and improve the LOD, the sample volume was increased
to 25 μL (diluted in RB) in 75 μL RB. By increasing the sample volume to 25 μL (thus concentrating
the sample 25 × compared with the 1 μL sample volume) LODs of 0.1 and 0.5 ppm for hazelnut and
peanut were reached respectively (see Figure 3B).
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Figure 3. Calibration range (100–0.05 ppm) of Total Hazelnut Protein (THP), Total Peanut Protein (TPP)
spiked into Running Buffer (RB) and blank RB, where the control line is indicated by C, the hazelnut
test line by an H and the peanut test line by a P. A positive result can be still read with the naked eye,
but is difficult to see in the smartphone image, thus an eye icon has been used to indicate the visual
LOD. (A) Peanut, Hazelnut, Control (PHC) line configuration using 1 μL of spiked sample and 99 μL
RB. (B) PHC using 25 μL of spiked sample and 75 μL RB. (C) PHC using 75 μL of spiked sample and
25 μL RB.

Despite the assay sensitivity improving with the increased sample volume, with these conditions
at concentrations of 100 ppm and higher, a reduction of the intensity of the upper line (hazelnut) could
be observed, as has been witnessed by Galan-Malo et al. [24]. Although this was not considered a false
negative, as three distinct lines were still clearly visible, it did warrant further exploration into the
extent of the hook-effect in more concentrated samples.

To further investigate the extent of the hook-effect and its potential to limit the upper dynamic
range of the LFIA assay, the PHC format was also tested in 75 μL of sample extract diluted with 25 μL
RB (see Figure 3C). These conditions resulted in a more pronounced hook-effect with LFIAs tested at
1000 ppm appearing to be false negatives, and at 100–50 ppm exhibiting decreased test line signals.
As well as just testing high analyte concentrations, it is important to test different sample-to-RB ratios,
as increasing sample volume has a noteworthy influence on the appearance of the hook-effect. In order
to avoid the hook-effect it is imperative to use the correct volume of diluted sample. Despite this,
PHC in the 75:25 conditions did achieve a lower LOD of 0.05 ppm for both analytes in RB. Therefore,
PHC could still be used with 75:25 conditions for testing trace allergen levels, so long as the sample is
also tested in the 1:99 and 25:75 conditions to ensure no false negatives arise at high concentrations.
The optimum conditions from PHC were determined to be 25:75. When testing HPC in the 1:99
conditions, LODs of 5 and 1 ppm (see Supplementary Information, Figure S3) were reached for peanut
and hazelnut, respectively, with the LODs decreasing to 1 and 0.1 with the 25:75 arrangement. But for
HPC, the hook-effect was greater in 25:75 compared with PHC with concentrations of 100 and 50 ppm
experiencing reduced intensity on both the control and the peanut lines, complicating quantitative
analysis. The larger hook-effect in this configuration could be because the upstream (hazelnut) test line
comes into contact with the sample first, and this mAb has a rapid association rate and high affinity for
THP, and so it becomes quickly saturated [30].

So, the optimum condition for HPC was the 1:99 protocol, although this was significantly
less sensitive compared with the optimized PHC assay. For this reason, PHC was determined
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to be the optimum test line configuration with the best working conditions being 25:75 in the
working range of 100–0.1 ppm. Therefore, PHC was used for further smartphone quantification and
validation experiments.

3.4. Smartphone Readout and Analysis

Smartphones are ever-increasing in popularity for analyzing colorimetric assays. Most often,
smartphone analysis is based on specific apps which relate a particular color intensity to a certain
concentration of analyte. In the absence of a specific app, it has been shown by Ross et al. [30] that it is
possible to use freely downloadable apps from the Google Play Store to analyze endpoint, smartphone
image color intensity values. By converting RGB values to LAB values, luminosity or intensity can
be plotted as a function of concentration in a calibration curve. In sandwich immunoassay formats
with CNP labels, a higher L value corresponds to a lower analyte concentration. As LAB color space is
device-independent, the same results can be potentially achieved using different smartphone models.
For analysis of PHC and HPC (in triplicate) the normalization of the (L)LAB values was carried out
by dividing the L values of the test lines by the L values of the control lines. The method of dividing
the test line response by the control line response (T/C ratio) is a technique commonly used for the
quantification of sandwich LFIAs [35,47–49]. The results for PHC can be found in Figure 4, and the
HPC smartphone calibration curve can be found in Figure S4 in Supplementary Information.

Two smartphone models were used for the device independent LAB analysis of PHC assays (in
RB in triplicate), as can be seen in Figure 4 where A, C and E show the curves for THP in 1:99, 25:75
and 75:25 (sample: RB) and B, D and F show the curves for TPP in 1:99, 25:75 and 75:25 (sample: RB).
A higher normalized L value was obtained for hazelnut at 25–100 ppm using the 25:75 conditions,
as can be seen in Figure 4C. Comparatively, peanut did not appear to be subject to the hook-effect
under 25:75. Using 75:25 conditions (see Figure 4E), concentrations of 50 and 100 ppm resulted in a
higher normalized L value for hazelnut (i.e., weaker signal). Furthermore, under these conditions
the hazelnut T/C ratio for 10 ppm and 25 ppm gave the same normalized L value, highlighting that
the hook-effect was still evident, even at these lower concentrations. Comparatively, peanut in 75:25
(see Figure 4F) gave higher normalized L values at concentrations of 25–100 ppm, again indicating
with increasing sample volume and concentration the likelihood of the hook-effect being increased.
The only crucial variation between the two smartphone measurements using the different models was
obtained for the peanut line using 75:25 at 0.1 ppm (see Figure 4F). However, this is the smartphone
LOD, and detection spots were already more difficult to read. As well as this, the current method relies
on manually selecting regions of interest on the control and test lines, rather than being able to read the
values across the whole line. Therefore, please note that the results also include any errors due to not
selecting the exact same regions, and this can also cause variations in the obtained color values.

Additionally, to compare different smartphone quantification methods, all smartphone readable
assays were also analyzed by making a background subtraction as can be seen in Supplementary
Information (see Figures S5 and S6). However, when analyzing the LFIAs in this way the differences in
background readings, due to discrepancies in lighting conditions caused by recording an image of
the entire calibration range simultaneously under ambient lighting conditions, meant that a simple
background subtraction was insufficient. However, for active flow-through assays the background
subtraction was found to be the most effective analysis method (see Supplementary Information,
Figure S6A), whereas the T/C method resulted in larger standard deviations (see Supplementary
Information, Figure S6B). This could be attributed to the membranes being photographed independently,
so the small membranes were subject to the same ambient lighting conditions and did not have such
variable background readings. By using two data processing methods it is evident that the selected
data processing method plays a crucial role for the quality of the semi-quantitative information that
can be obtained from raw results.
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Figure 4. Smartphone calibration curves for the normalized (L) LAB values of the test lines of a
Peanut Hazelnut Control (PHC) assay as a function of the concentration of Total Hazelnut Protein
(THP), and Total Peanut Protein (TPP) (100–0.1 ppm) tested using two different smartphone models.
All calibration ranges were performed in triplicate in spiked Running Buffer (RB). All L(LAB) values
have been normalized by dividing the test line values by the control line values. (A) Hazelnut tested
in 1 μL of sample in 99 μL of running buffer (RB) (B) Peanut tested in 1 μL of sample in 99 μL of RB.
(C) Hazelnut tested in 25 μL sample in 75 μL of RB. (D) Peanut tested in 25 μL sample in 75 μL of RB.
(E) Hazelnut tested in 75 μL sample in 25 μL of RB. (F) Peanut tested in 75 μL of sample in 25 μL of RB.
Error bars show standard deviation (SD) from triplicate measurements.

3.5. Matrix Experiments and Validation

To determine their applicability to real life samples, the assays were tested using THP and TPP
spiked into blank biscuit matrix extracts. The passive flow-through format was able to achieve visual
LODs of 5 and 1 ppm for peanut and hazelnut. These LODs are higher than previously observed in
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spiked buffer experiments, showing that the matrix extract did have some influence on the detection of
the analytes. When testing in this way, the passive flow membranes had greater background staining
compared with in spiked buffer experiments. This can be attributed to the overall reduction of reagents,
BSA and tween-20 in the assay buffer, as the sample was spiked into a matrix extract rather than into
the RB.

In comparison, the active flow-through membranes did not suffer with increased background
staining due to the use of the additional filter on top of the membrane and subsequent washing step.
The active-flow assay reached visual LODs of 0.5 and 1 ppm for THP and TPP in spiked matrix extract,
however the intensity of the detection spots was fainter compared with spiked buffer samples because
of the reduction of buffer reagents responsible for good flow.

Therefore, whilst visual readout was possible, the construction of calibration curves based on
smartphone images could not be achieved.

PHC was tested in both 25:75 and 1:99 of spiked matrix in RB to determine the visual LOD in
matrix extract, as can be seen in Supplementary Information Figure S7. When using 25 μL sample
(THP and TPP spiked into matrix extract) and 75 μL RB a LOD of 0.5 ppm could be reached for both
analytes (see Supplementary Information, Figure S7A). At higher concentrations (100 ppm +) there
was decreased intensity for the hazelnut line. This can be attributed to the hook-effect. For the spiked
matrix extract experiments, the PHC assays were run for 10 min, due to the reduction of reagents
BSA and tween-20 from spiking sample into matrix extract rather than RB, affecting the flow of the
sample. Additionally, PHC was tested in 1 μL of spiked matrix extract:99 μL of RB (see Supplementary
Information, Figure S7B). Visual LODs of 10 and 5 ppm were reached for peanut and hazelnut,
respectively. The PHC assay was fully validated using 25:75 conditions by evaluating 20 truly different
blank matrices and determining that no false positives occurred. Additionally, the 20 blank matrices
were spiked with 1 ppm THP and TPP. In the absence of agreed regulatory levels for food allergens,
a screening target concentration (STC), based on VITAL 2.0 levels of 1 ppm, was selected [8,50].
The LFIAs were able to detect the allergens with both visual and smartphone readout at 1 ppm in all
20 samples, as can be seen in Figure 5 and as is summarized in Table 2. The excellent reproducibility at
the STC level clearly suggests that a simple device-independent smartphone readout may provide
semi-quantitative data.

Table 2. Matrix experiments for the optimized PHC assay, all measurements made in spiked
matrix extract.

Parameter PHC * (Matrix Extract)

LOD 0.5 ppm both analytes

Working range 100–0.5 ppm

Assay duration (total assay time incl. drying) 10 min

Time to result 1.5–2 min

Sample volume 25 μL

Reproducibility ** (n = 20) Hazelnut: 2.5%
Peanut: 3.4%

False positives (n = 20) 0

False negatives (n = 20) 0

* PHC = Peanut, hazelnut, control geometry lateral flow immunoassay. ** Reproducibility defined as Relative
Standard Deviation (RSD) × 100% 1 ppm of Total Hazelnut Protein (THP), Total Peanut Protein (TPP) spiked into
blank biscuit matrix extract (n = 20). Data based on normalized L (LAB) values.

Finally, to confirm the capability of the optimized LFIA in detecting allergens in raw ingredients,
blank flour and peanut-spiked flour samples were briefly tested. The LFIAs correctly did not detect
either of the allergens in the blank flour (n = 4). Furthermore, PHC specifically detected only peanut
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in the peanut-spiked flour (n = 4) with no false hazelnut positives being observed. The detection of
peanut was not adversely affected by using the accelerated 30 min extraction procedure for the spiked
flour. Further developments should include simplified and faster extraction methods.

Figure 5. Smartphone validation of Peanut Hazelnut Control (PHC) assay using 20 truly different blank
biscuit samples (square markers) and 20 truly different biscuit samples spiked at the screening target
concentration of 1 ppm Total Hazelnut Protein (THP), and total peanut protein (TPP). Normalized L
(LAB) values were obtained by dividing the test line response by the corresponding control line response.

4. Conclusions

Quick and accurate detection of food allergens is of critical importance for food safety; it is
particularly relevant if such testing procedures can be easily performed by the consumer, and therefore,
there is an evident requirement for simple and robust testing procedures. Two formats of multiplex
flow-through immunoassays have been developed and compared with two test line configurations
of LFIA, all developed using the same bioreagents and against the same targets in order to allow a
true comparison.

Two recent review papers have extensively outlined commercially-available and proof-of-concept
single-plex and multiplex allergen immunoassays and biosensors, and the assays reported in this study
have matched or surpassed these previously-reported LODs [9,51]. All the developed multiplex assays
were able to detect both analytes in the low ppm range within minutes. It is important to note here that
our screening concentrations always related to total protein extracts from either peanuts or hazelnut,
and therefore, the concentration of specific allergenic proteins is expected to be even lower than the
reported values. This in turn means that the reported LODs are underestimating the true sensitivity of
the immunoassays in this work. The passive flow-through format offered a way to rapidly develop a fast
flow-through assay. However, this specific format was limited by the need to manually biofunctionalize
the membranes, limiting their reproducibility. The active flow-through assay could achieve very low
limits of detection with no false negatives when following the optimization steps. However, it is these
optimization steps that made the assay more complicated to perform for a non-expert user such as
a consumer. In future versions, the use of a mechanical pump could improve the user-friendliness,
although this would introduce an additional and costly element into the procedure, limiting the
portability of the assay. It should be reiterated that the assays within this study were performed
by a trained scientist, and the active flow-through method is not recommended for untrained users.
In comparison, the LFIAs, when using the optimized assay conditions for each configuration, resulted in
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no false positives. However, outside of working conditions, both configurations of LFIA did experience
a hook-effect at high concentrations, a phenomenon commonly encountered in sandwich LFIA, where a
falsely low signal occurs at high analyte concentrations. As the hook-effect is concentration-dependent,
it can be avoided/limited by assay optimization.

To demonstrate their applicability to real life bakery products and raw ingredients, all assays were
tested in decreasing concentrations of analyte spiked into the matrix extract. Additionally, the PHC
assay was validated as a screening method in spiked matrix extract, blank matrix extract (n = 20)
and incurred spiked flour, proving its capability of detecting the target even in complex matrices.
The majority of commercially-available allergen detection LFIA test kits can detect a single analyte at
1–10 ppm [9,51]. Comparatively, PHC was able to detect both analytes at 0.5 ppm of THP and TPP
spiked into a blank biscuit matrix extract, affirming its place as one of the most sensitive allergen LFIAs.
This LOD was in agreement with the LOD using the same hazelnut antibody in a previously-reported
single-plex assay [30]. Finally, all assays were (semi-)quantified by smartphone readout. At this stage
no additional external equipment was used for the image recording, so the LFIA membranes were
subject to ambient lighting conditions. To compensate for the lighting conditions a normalization
factor (T/C ratio) was applied. By using device-independent (L)LAB values, it was possible to obtain
comparable results using two distinct smartphone models. The ability to use different smartphone
models for reading the same assays is a characteristic that is highly desirable, but not often reported,
within smartphone analysis. In future developments, researchers should focus on improving the ease
of use of these assays by integrating sample preparation, limiting the user interaction with the assay,
as well as by developing a consumer-friendly app as a user interface which can directly analyze data
with minimal user input.
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Figure S1: Calibration range for multiplex flow-through assays using passive and active flow. Figure S2: Calibration
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flow immunoassay with test line configuration: Hazelnut, peanut, control (HPC). Figure S4: Calibration curve for
smartphone analysis of hazelnut, peanut, control (HPC) lateral flow immunoassay. Figure S5: Calibration curve
for smartphone analysis of lateral flow immunoassays using background subtraction. Figure S6: Calibration curve
for smartphone analysis of active flow-through immunoassay. Figure S7: Optimized lateral flow immunoassay
calibration curve in spiked matrix extract. Table S1: Ingredient and allergen information for the 20 varieties of
biscuit used for matrix experiments.
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Abstract: With brain tumour incidence increasing, there is an urgent need for better diagnostic
tools. Intraoperatively, brain tumours are diagnosed using a smear preparation reported by a
neuropathologist. These have many limitations, including the time taken for the specimen to reach the
pathology department and for results to be communicated to the surgeon. There is also a need to assist
with resection rates and identifying infiltrative tumour edges intraoperatively to improve clearance.
We present a novel study using a handheld Raman probe in conjunction with gold nanoparticles,
to detect primary and metastatic brain tumours from fresh brain tissue sent for intraoperative smear
diagnosis. Fresh brain tissue samples sent for intraoperative smear diagnosis were tested using the
handheld Raman probe after application of gold nanoparticles. Derived Raman spectra were inputted
into forward feature extraction algorithms to build a predictive model for sensitivity and specificity of
outcome. These results demonstrate an ability to detect primary from metastatic tumours (especially
for normal and low grade lesions), in which accuracy, sensitivity and specificity were respectively
equal to 98.6%, 94.4% and 99.5% for normal brain tissue; 96.1%, 92.2% and 97.0% for low grade
glial tumours; 90.3%, 89.7% and 90.6% for high grade glial tumours; 94.8%, 63.9% and 97.1% for
meningiomas; 95.4%, 79.2% and 98.8% for metastases; and 99.6%, 88.9% and 100% for lymphoma,
based on smear samples (κ = 0.87). Similar results were observed when compared to the final
formalin-fixed paraffin embedded tissue diagnosis (κ = 0.85). Overall, our results have demonstrated
the ability of Raman spectroscopy to match results provided by intraoperative smear diagnosis and
raise the possibility of use intraoperatively to aid surgeons by providing faster diagnosis. Moving this
technology into theatre will allow it to develop further and thus reach its potential in the clinical arena.

Keywords: brain tumour diagnosis; classification; forward feature extraction algorithm; intraoperative
use; Raman spectroscopy; Raman probe

1. Introduction

Brain tumours account for 3% of all tumours diagnosed annually [1]. Whilst this comprises a
small proportion of total cancer burden, the difficulty of complete removal of the tumour is inherent.
High-grade tumours can be infiltrative and when operating within the brain the risk of removing
crucial structures in a bid to free the patient of the tumour, yet risk leaving them with significant
neural deficit is ever present. Up to 75% of tumour resections are thought to leave behind viable
tumour, though there is a survival benefit to improved/complete resection [2,3]. Therefore, any new
technique available to highlight residual tumour, thus improving outcome and resection, yet reducing
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the non-tumour tissue removed would be beneficial. Currently, the use of 5-aminolevulinic acid
(5-ALA) does allow for fluorescence of tumour cells in order to aid resection; however, this is imperfect.
It can be difficult to tell apart tumour from background fluorescence [4].

In recent years many studies have been performed using vibrational spectroscopy in an effort to
improve and decrease time to cancer diagnosis and aid resection of tumours. Vibrational spectroscopy
includes two complementary techniques: Raman and attenuated total reflection Fourier-transform
infrared (ATR-FTIR) spectroscopy. Raman spectroscopy detects chemical bonds via scattering of
photons due to bond vibrations, whereas ATR-FTIR spectroscopy measures energy absorbance after
excitation by an IR beam following reflection of the beam via an internal element (usually crystal) [5].
Both generate a ‘fingerprint’ of the elements within the examined sample, which can be examined to
determine differences between them [5]. The majority of these studies have been ex vivo, with a move
in recent years to increase the number of in situ studies [6], though these have yet to demonstrate
definitive results. The need to test fresh tissue is crucial, to overcome any spectral changes seen due to
formalin fixation or freezing artefact [7,8]. The use of gold nanoparticles in conjunction with Raman
spectroscopy, known as surface enhanced Raman scattering (SERS) has previously been shown to
improve the Raman signal received, reducing signal-to-noise ratio (SNR) and thus enhance the spectral
quality [9]. This method uses molecules adsorbed onto the target surface prior to spectral acquisition,
it has previously shown promise when used particularly with blood products to detect cancer [10].

The ability to use a probe intraoperatively, for example in brain surgery, and tell the surgeon in
real-time if the tissue is cancerous or not would be greatly beneficial and perhaps the most useful area
for Raman spectroscopy to make its clinical entry. Many areas within the cancer care pathway have
been considered for targeting by spectroscopy, yet this is likely to be the best target location [10,11].
Stables et al. proposed a sound method to enable the surgeon to detect differences in the brain tissue
found using spectroscopy as a method to provide real-time feedback [12]. This is an interesting
suggestion, and certainly there is a need to develop technology to provide the surgeon with an answer
without the need to interpret spectra. Desroches et al. used a handheld Raman probe intraoperatively
with an accuracy of 87% to determine brain tumour from non-tumour tissue [13]. They then followed
the study with the development of an optical biopsy needle for use during brain tumour biopsies.
Following validation in an animal model, they tested their system during human brain surgery with
an accuracy of 84%, sensitivity of 80% and specificity of 90% for tumour detection. These results
were from comparing Raman spectra to biopsy results where the majority of the biopsy comprised
tumour tissue [14]. This shows exciting potential; however, due to light contamination much of their
study required procedures to be performed in darkness. Other types of Raman probes, such as based
on stimulated Raman scattering, have been used in many biological applications, in particular for
intracellular sensing and imaging [15].

Handheld probes have also been used for lymph node, breast and cervical testing. Horsnell et al.
demonstrated that a handheld Raman probe used to determine the presence of cancer within sentinel
lymph nodes with suspected breast cancer metastasis. They achieved sensitivities and specificities
of up to 92% and 100% respectively, using frozen tissue [16]. They then went on to test lymph nodes
using Raman micro-spectroscopy, and achieved concordance with histopathology in up to 91% of cases,
improving as more points were assessed [17]. Within breast pathology, Haka et al. demonstrated a 93%
accuracy in determining normal breast from benign or cancerous lesions [18]. They also demonstrated
the potential of using Raman spectroscopy for intraoperative assessment of mastectomy margins with
positive results, and possibly may have improved intraoperative results had spectroscopy been used
in real-time [19]. As Raman spectroscopy is unaffected by aqueous materials therefore it is felt by the
authors to be most suited to examining fresh brain tissue.

This study has been designed in order to determine the potential of the use of intraoperative SERS
for brain tumour diagnosis within the neuropathology department. Raman spectral analysis of fresh
brain tissue sent for intraoperative smear diagnosis was performed. The objective was to compare
SERS results to both the intraoperative smear result and final formalin-fixed paraffin embedded tissue
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(FFPE) result. This was done to understand if SERS can aid the clinical pathway and provide results
similar to conventional neuropathology, with the aim of replacing the need for an intraoperative smear
diagnosis, allowing the surgeon to test tissue intraoperatively to guide diagnosis and resection in
the future.

2. Materials and Methods

Prior to using the handheld Raman machine, a custom-built box (sample compartment) was
required to ensure darkness when analysing the tissues. As this was being placed into a working
laboratory, it would not be possible to work in darkness and it would also need to fit into a category 2
fume hood for work with fresh tissue. With this is mind, a box was custom engineered using plywood.
A stage was built within this box to allow the slide to be moved in the x and y planes with a custom
cut out area for the slide to be held securely. This was to allow the tissue to be accurately positioned
under the probe. A clamp was then secured to the box to allow the probe to be moved in the z plane
to allow it to be positioned at the correct height above the tissue. Thus allowing movement similar
to a conventional light microscope. The box was painted with black paint on the inside to minimise
reflection of any light entering it. It also enabled it to be wiped clean if required. This was designed to
be a prototype hence the materials involved (Figure 1).

 
Figure 1. The handheld Raman probe in situ in the Neuropathology Department at Royal Preston
Hospital. (a) Instrument setup showing (1) Raman probe, (2) sample compartment, (3) Raman detector
and laser source, and (4) computer module with appropriate software. (b) A different view of the
instrument setup with the sample compartment opened. (c) Sample holder with an example slide
inside the sample compartment.

Integrating such studies in a typical clinical setting is a major challenge, especially during such
serious and complicated procedures. Fresh brain tissue samples sent to the laboratory for intraoperative
smear preparations were tested over a 6-month period (Table 1). Ethical approval was obtained from
the BTNW brain bank (NRES14/EE/1270). We obtained n = 29 samples (a decent cohort size), which
were analysed using an i-Raman portable Raman system with BAC100/BAC102 lab-grade Raman
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probe from B&W Tek from Pacer International, with software version 4.1. All consented samples
arriving in the laboratory were tested over a six-month time period, typical of a routine clinical setting.

Table 1. Results of both intraoperative smear preparations and final formalin-fixed paraffin-embedded
tissue for each case tested.

Case Number Smear Result Paraffin Result

1 Low-grade glioma Glioblastoma

2 Meningioma Meningioma

3 Metastasis Ovarian serous carcinoma

4 High-grade glioma Glioblastoma

5 High-grade glioma Glioblastoma

6 Meningioma Meningioma

7 Metastasis Adenocarcinoma

8 High-grade glioma Glioblastoma

9 High-grade glioma Glioblastoma

10 Metastasis Renal cell carcinoma

11 Metastasis Lung adenocarcinoma

12 no tumour Glioblastoma

13 Low-grade glioma Astrocytoma Grade 2

14 Inflammation Astrocytoma Grade 2

15 Inflammation Astrocytoma Grade 2

16 Metastasis Ovarian serous carcinoma

17 High-grade glioma Glioblastoma

18 High-grade glioma Glioblastoma

19 High-grade glioma Glioblastoma

20 High-grade glioma Glioblastoma

21 High-grade glioma Glioblastoma

22 reactive Low-grade glioma Low grade glioma

23 Intermediate-grade glioma Glioblastoma

24 Low-grade glioma Astrocytoma Grade 3

25 Lymphoma High grade B cell lymphoma

26 Glioma Astrocytoma Grade 2

27 No definite tumour Astrocytoma Grade 2

28 Low- to intermediate-grade glioma Astrocytoma Grade 2

29 High-grade glioma Glioblastoma

The samples tested using the Raman spectrometer were obtained from tissue sent for
intraoperative smear diagnosis. This tissue was then formalin fixed along with any remaining tissue for
formal neuropathological examination. The sample arrived via air-tube from theatre within 5–10 min of
removal from the patient. Prior to sample analysis, a small amount of tissue (similar in size to that used
for a smear preparation) [20] was placed onto a glass slide covered with aluminium foil [21] and 100 μL
of 5 μg/mL BioPureTM 20 nm gold nanoparticles diluted in PBS was dropped onto the sample and left
for 2 min to absorb prior to collecting 10 spectra per sample. Gold nanoparticles were used to enhance
spectral quality. Each spectrum had an acquisition time of 30 s at a laser power of 75%, field of view
0.9 mm × 0.9 mm, with a 785 nm laser. In total the spectra took 5 min to acquire and 2 min to save prior
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to analysis. This equates to the time taken to prepare a smear preparation prior to histopathological
analysis. Once analysed tissue was formalin-fixed for final histopathological diagnosis.

Data analysis was then conducted using MATLAB R2014b software (MathWorks Inc., Natick, MA,
USA) with an IRootlab toolkit [22]. The raw spectral data were initially pre-processed by cutting the
region of interest, 1800–400 cm−1, followed by polynomial baseline correction and vector normalisation.
Thereafter, principal component analysis-linear discriminant classifier (PCA-LDC) was applied for
classification of the datasets on a spectral basis. The training and validation sets were split using
sub-dataset generation specification algorithm within IRootlab toolkit, where the model validation was
performed using 10% of samples randomly assigned to the validation set during model construction.
Due to the small number of samples, each spectrum was analysed separately for a predicted tissue
pathology. PCA-LDC uses PCA as feature extraction method, where the original data is decomposed
into a few number of principal components (PCs) representing the majority of the information in the
original dataset. The scores on each PC are then used as input variables for linear discriminant analysis
(LDA). LDA works by maximizing the between-class variance over the within-class variance in order to
create a linear decision boundary between the classes that provides the optimum class segregation [23].
Patient factors, including the location of the tumour and biopsy were not considered within this study.
Whilst the tumour site does influence the histopathological diagnosis, many pathologists prefer to
start the diagnostic process on morphology only, blinded to demographics, history and site to prevent
unconscious bias. Once a morphological diagnosis or range of differential diagnoses are formulated
this can be tested against the site and demographics. Therefore, the Raman analysis is essentially being
used to offer the same initial analysis as a pathologist on morphology only. Demographics, history
and site are part of the secondary analysis, which as this study develops in the future could then be
included within the analysis.

3. Results

Over the 29 samples from 27 patients, 290 spectra were collected and analysed. Due to the
relatively small number of samples, each spectrum was analysed separately for a predicted tissue
pathology. From this, PCA-LDC was employed and receiver operating characteristic (ROC) curves
generated. This was done to determine the classification accuracies of the Raman spectra as compared
to both the intraoperative smear result and final FFPE histological diagnosis, followed by ROC curves
to determine the accuracy of the classification model as well as its sensitivity and specificity were
generated. Low-grade gliomas were considered WHO grades 1 and 2, and high-grade gliomas WHO
grades 3 and 4. Meningiomas were classed as WHO grade 1. Metastatic tumours were grouped due to
the range of different primary sites within the tumours tested, and as intraoperatively ‘metastasis’ is
sufficient for intraoperative surgical planning. The Raman spectra with or without gold nanoparticles
for the same type of sample (high-grade glioma) are shown in Figure 2a. SERS is emitted from only
the molecules adsorbed on the nanoparticles surface; thus the spectrum is not always the same as the
corresponding Raman spectrum without nanoparticles. In our case, although the shape of both spectra
looks similar, the Raman spectrum with gold nanoparticles contains higher intensities in the regions
between ~1300–1700 cm−1 and ~700–1000 cm−1. Figure 2b depicts the Raman spectra for non-tumour
brain and cancer (high-grade glioma) tissue samples in presence of gold nanoparticles.
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Figure 2. Baseline-corrected Raman spectra for (a) high-grade glioma tissues with and without gold
nanoparticles (NP); (b) none tumour (normal) brain and cancer (high-grade glioma) tissues with gold
nanoparticles. Each spectrum represents the average of 10 measurements in the tissue sample.

3.1. SERS Results Compared to Intraoperative Smear Preparation

From Figure 3 it can be seen that the accuracy for detection of primary brain tumours was
between 64% and 92%. The algorithm provided the lowest accuracy for meningioma (64%) with
differentiation of glial tumours proving more robust (92.2 and 89.7%). The ROC parameters and curves
(Figure 4, Table 2) demonstrate the sensitivities and specificities range from 64%–94% and 91%–100%,
respectively, again with meningioma falling behind the other tumours for sensitivity. As the area
under the curve is >0.8 for all tumour classifications it confirms the high accuracy of the classification
model and presence of statistical significance (P < 0.001). This is an important result if this model is to
provide clinically useful information. With the exception of meningioma the positive and negative
predictive values are consistently high (Table 2), with all negative predictive values over 95%.

Figure 3. Graphical confusion matrix for PCA-LDC model using smear-based results. Key:
N; Non tumour brain tissue, LG; Low-grade Glioma, HG; High-grade Glioma, Men; Meningioma,
Met: Metastasis, Ly; Lymphoma. Green demonstrates those correctly classified, whereas red indicates
an incorrect classification.
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Figure 4. Receiver operating characteristic curves for smear-based samples: (a) Low-grade Glioma;
(b) High-grade Glioma; (c) Meningioma; (d) Metastasis; (e) Lymphoma; and, (f) Non tumour brain
tissue. Dashed pale blue curves represent 95% confidence intervals (AUC: area under the curve).

Table 2. Figures of merit for PCA-LDC model using smear-based samples. Cohen’s kappa coefficient
(κ) = 0.87.

Class Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

N 98.6 94.4 99.5 97.7 98.8
LG 96.1 92.2 97.0 88.7 98.0
HG 90.3 89.7 90.6 83.5 94.4
Men 94.8 63.9 97.1 62.1 97.3
Met 95.4 79.2 98.8 93.3 95.8
Lv 99.6 88.9 100 100 99.6

Key: N; Non-tumour brain tissue, LG; Low-grade Glioma, HG; High-grade Glioma, Men; Meningioma,
Met: Metastasis, Ly; Lymphoma, PPV; positive predictive value, NPV; negative predictive value.

3.2. SERS Results Compared to FFPE Tissue Results

When comparing the SERS results to the final FFPE diagnosis, the classification model also works
with a high degree of accuracy. With the exception of metastatic tumours, the accuracy dips slightly for
all cases as compared to the smear results (Figure 5, Table 3). This may be due to a variety of reasons,
including non-tumour brain tissue within the biopsy material or areas of necrosis. Given this is not
possible to determine macroscopically by eye, this remains a limitation of the study. The reduction
in classification accuracy is to be expected as the neuropathologist has many diagnostic tools to
aid the final FFPE diagnosis such as tumour morphology, architecture and immunohistochemical
testing. The ROC graphs though do continue to show the reliability and statistical significance of the
classification model (Figure 6), highlighting the ability of SERS to differentiate the tumour types within
this study. Following formalin fixation all samples were found to contain tumour tissue therefore no
non-tumour samples are represented within this analysis.
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Figure 5. Graphical confusion matrix for PCA-LDC model using formalin fixed paraffin-embedded
tissue results. Key: LG; Low-grade Glioma, HG; High-grade Glioma, Men; Meningioma,
Met: Metastasis, Ly; Lymphoma. Green demonstrates those correctly classified, whereas red indicates
an incorrect classification.

Figure 6. Receiver operating characteristic curves for formalin-fixed paraffin-embedded tissue results:
(a) Low-grade Glioma; (b) High-grade Glioma; (c) Meningioma; (d) Metastasis; (e) Lymphoma. Dashed
pale blue curves represent 95% confidence intervals (AUC: area under the curve).

Table 3. Figures of merit for PCA-LDC model using paraffin-embedded tissue results. Cohen’s kappa
coefficient (κ) = 0.85.

Class Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

LG 93.8 88.7 95.4 85.8 96.4
HG 88.0 82.8 92.8 91.6 85.1
Men 90.8 91.7 90.8 42.4 99.3
Met 96.3 78.7 100 100 95.7
Lv 99.5 86.1 100 100 99.5

Key: LG; Low-grade Glioma, HG; High-grade Glioma, Men; Meningioma, Met: Metastasis, Ly; Lymphoma, PPV;
positive predictive value, NPV; negative predictive value.
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4. Discussion

Many Raman spectroscopic studies have been performed in recent years with the aim of
introducing a clinically useful diagnostic tool that is easy to use and reagent-free. Much work has been
performed towards standardisation of methodology and analysis, as this has previously led to criticism
as many different techniques have been used [24]. Previous work within the field has shown good
discrimination between normal and cancerous tissue. For example, within brain tumours, prostate and
ovarian cancer we have previously found potential using Raman spectroscopy to differentiate normal
from tumour within both tissue and biofluids [5,25–27]. The aim of this study was to determine if a
handheld Raman probe could provide comparable results to both an intraoperative smear preparation
and the final FFPE histological diagnosis. Comparable results would allow for further exploration of a
Raman based probe for intraoperative use, particularly within the field of neuro-oncology. The use
of fresh tissue, within a neuropathology laboratory, testing samples sent for smear preparations
demonstrates a novel approach within this field, moving spectroscopic assessment closer to the patient.
This study was designed to be a snap-shot of a typical clinical setting in a neuro-oncology surgical
department over a 6-month period in order to ascertain the potential of extending our investigations
into the potential translatability of this approach for routine practice.

These results demonstrate the ability of a handheld Raman device, when combined with gold
nanoparticles, to differentiate tumour types from fresh brain tissue. The results are comparable to
both the intraoperative smear preparations and final FFPE diagnosis, with accuracy at detecting
a variety of primary brain tumours and metastases ranging from 63.9–94.4% as compared to the
intraoperative smear preparation, and 78.7–91.7% when compared to the FFPE diagnosis. With the
exception of meningioma the sensitivities and specificities are above 75% throughout, with the majority
over 90%. The PPV and NPV results are also consistently high. It is possible that the meningioma
group demonstrated lower accuracies due to varying morphological appearances. A much larger
study would be required to determine differences between meningiomas of different types and grade.
A similar issue applies to metastasis. This is a difficult group to combine as they are from different
primary sites and therefore a different phenotype which will be expressed and would likely account
for the differences in spectral classification. Due to the small number of metastatic tumours it was
not possible to sub-classify these based on spectra within this study. This would be a next step when
taking this study forward into a larger test group. These results are also comparable to a recent study
demonstrating the possible use of Raman to detect tumours prior to biopsy [14]. For a test to be
clinically useful, especially intraoperatively, a high accuracy, PPV and NPV is needed. These results
compare well to a study performed on intraoperative smears and the final results compared to the
FFPE diagnosis, which yielded an accuracy of 95.25% with PPV of 95.3% and NPV of 95.1% [28].
This is an important step as it allows the results to be comparative to current techniques, possibly
demonstrating an improvement. By adequately training the Raman probe these results demonstrate a
possible improvement on the current method of intraoperative smear diagnosis, reducing the human
element involved and decreasing time to reach a diagnosis. As the accuracy of the Raman probe
is slightly reduced when results are compared to the FFPE diagnosis for the majority of tumours
(see Figures 3 and 5), the role for conventional neuropathology remains, with this tool focused towards
intraoperative diagnosis. As this technique is taken forward, it would also require improvements
within the Raman spectrometer to reduce the signal to noise ratio, in order for the nanoparticles to
no longer be required, as one of the leading benefits to spectroscopy is the lack of labelling required.
They were however felt to be important to this study given it is an early step in the introduction of
spectroscopy into a surgical theatre.

These positive findings indicate the possible benefits to having a handheld Raman device present
within the neurosurgical theatre, although much larger datasets need to be explored before clinical
trial, in particular for classes that had a small number of samples in this study, such as lymphoma and
metastasis. As all tissue was preserved following spectral acquisition and fixed to aid final diagnosis,
we have also shown that spectral acquisition and addition of nanoparticles have not harmed the tissue,

99



Biosensors 2019, 9, 49

nor prevented final histological diagnosis as a final diagnosis by a Consultant Neuropathologist was
possible in all cases. This is an important step when bringing this technology into the clinical field.
Patient factors were not considered within this study as they were felt unlikely to directly influence
the histopathological assessment. As the technique is developed, it may prove useful to add patient
characteristics into an algorithm to improve accuracy, particularly within the paediatric field as some
tumours are inherent to certain age groups.

When comparing these results to the final FFPE, it is understood that a final histopathological
diagnosis includes many factors, including molecular analysis. The comparison was performed within
this study to demonstrate differences primarily between an intraoperative result and the FFPE. Further
studies would be required to determine if the Raman spectral differences were able to differentiate the
underlying molecular changes, thus circumventing the need for molecular testing.

These results would suggest a handheld device within theatres, may be able to assist surgeons in
removing tumour tissue without the need for an intraoperative smear preparation. This could reduce
surgical time as no result is awaited and allow for improved surgical resection as small foci of tumour
could be identified. It can be seen that the time taken to prepare and take the spectra is similar to that
required to produce a smear preparation, therefore the time saved is within the analysis and removal
of the need to send the sample to the pathology laboratory. Moving this study forward, it would be
important to study the junction between non-tumour brain tissue, brain tissue infiltrated by tumour
cells and tumour tissue to understand the threshold at which the Raman probe is able to detect tumour
cells. This would therefore allow demonstration of any benefit of its use over current methods.

As the classification model is able to determine tumour type this also would allow for further
management steps to be completed, such as the addition of Gliadel wafers in the case of high-grade
gliomas. The use of intracranial chemotherapy, such as Gliadel, is recommended by the National
Institute for Clinical Excellence (NICE) under certain conditions, one of which is the diagnosis
intraoperatively of a high-grade glioma by a neuropathologist [29]. Raman spectroscopy could therefore
be used to circumvent the need to involve the neuropathologist, streamlining processes within theatre.
The identification of a metastatic tumour is also important when planning the level of resection
undertaken. We have not used the results to determine primary tumour origin for metastatic tumours,
as this has previously been shown to be challenging, particularly for cases such as adenocarcinomas
from different primary sites [30]. Intraoperatively, the determination of a metastasis versus a primary
brain tumour is the level required and offered from an intraoperative smear preparation. Therefore
allowing conventional histopathology and immunohistochemistry to determine the primary site of
origin is the most logical step.

Determination of surgical margins within breast cancer has been demonstrating using Raman
spectroscopy [19]. If developed, our classification model may also allow for other surgical sites to
determine presence of absence of tumour intraoperatively, again removing the need for intraoperative
frozen sections to be performed and improve resection clearance. Additional information such as
samples descriptive statistics (e.g., age, gender and tumour location) would benefit the interpretation
of the analysis results to provide a more patient-driven diagnosis. Herein, these factors were not
considered, which limits this paper to the specific features of the cohort analysed. Nevertheless,
Raman spectroscopy combined with chemometric algorithms has shown great potential for tumour
differentiation, evidenced on the high accuracies, sensitivities and specificities achieved for this data set.

5. Conclusions

Overall, this study presents a novel approach to intraoperative brain tumour diagnosis and is
one of the first studies to report results on intraoperative fresh brain tumour samples. The next step
is to move this technology into theatre and continue to develop the classification model to allow for
real-time feedback to the surgeon and allow Raman technology to reach its full potential.
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Abstract: In this study, stable gold nanoparticles (AuNPs) are fabricated for the first time on
commercial ultrafine glass coverslips coated with gold thin layers (2 nm, 4 nm, 6 nm, and 8 nm) at
25 ◦C and annealed at high temperatures (350 ◦C, 450 ◦C, and 550 ◦C) on a hot plate for different
periods of time. Such gold nanostructured coverslips were systematically tested via surface enhanced
Raman spectroscopy (SERS) to identify their spectral performances in the presence of different
concentrations of a model molecule, namely 1,2-bis-(4-pyridyl)-ethene (BPE). By using these SERS
platforms, it is possible to detect BPE traces (10−12 M) in aqueous solutions in 120 s. The stability of
SERS spectra over five weeks of thiol-DNA probe (2 μL) deposited on gold nano-structured coverslip
is also reported.

Keywords: SERS on ultrafine solid supports; glass coverslips; BPE; thiol-DNA probe; annealed
gold nanostructures

1. Introduction

In recent decades, the use of gold nanoparticles (AuNPs) in the field of light–matter interactions has
attracted considerable interest for their potential applications in various sciences, such as biomedical,
agricultural, environmental, and forensic investigations, because of their unique optical and chemical
properties. AuNPs serve as miniaturized platforms, ideal for the development of ultrasensitive
bioassays [1,2]. In fact, a considerable number of protocols have been developed for the preparation
of AuNPs, which can be classified into three main groups: (i) the top-down approach based on
physical manipulation, for example using an ultrasonic field, electron beam lithography [3], or laser
irradiation [4]; (ii) the bottom-up method based on the chemical reduction of chloroauric acid to AuNPs
in the presence of reducing and stabilizing agents [5], and (iii) the “on solid supports” approach, using
an annealed microscope glass slide coated with thin gold film [6–10].

Among the optical methods, surface enhanced Raman spectroscopy (SERS) has attracted scientists’
attention, being used in the identification of unknown substances in analytical chemistry [11],
electrochemistry [12], physical chemistry [13], solid state physics, biochemistry, biophysics, and
even medicine [14–16]. Nowadays, SERS effects on metal (Au)-coated surfaces are explained using
electromagnetic and chemical mechanisms [17,18]. The SERS electromagnetic mechanism is caused by
the interactions between the laser excitation on the metal-labeled surface and the scattered Raman
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field. The chemical mechanism is caused by the inelastic tunneling of ballistic electrons to the
lowest unoccupied molecular orbital of the chemisorbed molecule. The return of the electron to its
initial state in the metal—i.e., the recombination of the electron and the hole—emits a Raman-shifted
photon [19–21]. Usually, SERS substrates are fabricated either by immobilizing a colloidal silver
nanoparticle (AgNP) on 3-aminopropyltriethoxysilane-coated glass coverslips [22] or by dropping tiny
volumes of colloidal AgNPs onto microscope glass coverslips [23–25]. Despite the simplicity, such
SERS substrates are not stable, and AgNPs are easily displayed by water streams. On the contrary, for
biological applications, naked AgNPs must be strongly attached to transparent and biocompatible
solid supports for further use in different chemical and biomolecule functionalization steps without
any nanoparticle displacements. To solve the inconvenience of the stability of nanoparticles on solid
supports, a solution was reported in 2013, which consisted of heating the gold-coated microscope
glass pieces at a high annealing temperature in an oven for 8 h [6]. However, these substrates require
training to carefully cut the microscope slide into small pieces to avoid scratching that may affect the
homogeneity in the AgNP formation.

A second solution is proposed in the present work and consists of replacing microscope glass pieces
with ultrafine coverslips, thus eliminating the cutting step. It should be noted that glass coverslips are
typically used for running conventional biological assays and have never been used for robust SERS
(bio)applications. The aim of this work is therefore to validate the use of ultrafine glass coverslips
as easy-to-handle and inexpensive SERS supports after a high annealing treatment on a hot plate for
several hours. A wide variety of chemicals and biomolecules can be detected with these new SERS
platforms. To prove the concept, a Raman model molecule, 1,2-bis-(4-pyridyl)-ethene (BPE) [26,27], was
selected to study the SERS spectroscopic performances of annealed gold nanostructures on ultrafine
glass coverslips.

2. Materials and Methods

2.1. Materials

The coverslips were cleaned using Decon 90 (Decon LaboratoriesTM Decon 90TM) liquid detergent
(Fisher Scientific, Göteborg, Sweden) and ultrapure water (18.2 MΩ cm) produced by a Millipore
Milli-Q water purification system (Molsheim, France). The same water was used for all rinsing steps.

For SERS investigations, a BPE (1,2-bis-(4-pyridyl)-ethene) molecule was purchased from
Sigma-Aldrich (Schnelldorf, Germany). Several BPE solutions were prepared from 97% concentrated stock
solution, to form six concentrations that were subsequently tested in ultrapure water: 10−3, 10−5, 10−7, 10−9,
10−12, and 10−15 M, respectively. For SERS stability studies, a fragment of DNA modified in 5′ position
with C6 thiol group (TGTTTGAGCGTCATTTCCTTCTCACTATTTAGTGGTTATGAGATTACACGAGG,
53 pb), provided by Eurofins Genomics (Eberseberg, Germany) and here called thiol-DNA probe (10 ng/μL),
was suspended in 1xSSPE buffer containing 3 M sodium chloride, 0.23 M sodium phosphate dibasic,
25 mM ethylenediaminetetraacetic acid, pH 7.4. The thiol-DNA was designed to detect Brettanomyces
bruxellensis spoilage yeast. All the reagents required for the preparation of the SSPE buffer were
provided by Sigma-Aldrich.

2.2. Instruments for the Characterization of Gold Nanoparticles Annealed on Coverslips

Metal evaporation was performed with Plassys MEB 400 (Plassys, Bestek, France). A hot plate
(Thermo Fisher Scientific, Waltham, MA, USA) was used for annealing under clean room conditions.

Nanostructured coverslips were characterized with a scanning electron microscope (SEM)
(FEG-SU8030, Tokyo, Japan) and an atomic force microscope (AFM) (Bruker ICON, Billeric, MA, USA)
with cantilever ScanAsyst-Air in silicon nitride with a tip height of 2.5–8.0 mm. A spring constant of
4 N/m and a reflective aluminum coating on the back side in standard ScanAsyst-Air mode were used
to characterize the morphology of AuNPs (data not shown).
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SERS spectra were recorded with backscattering geometry using a modified Jobin-Yvon LabRAM
(Horiba scientific, Longjumeau, France) and an excitation wavelength of 632.8 nm (11 mW) from the
He–Ne laser source, and all the spectra were recorded with a 10× objective Olympus MPlanFl with a
5.2 μm2 laser spot area. The acquisition time varied from 10 to 120 s, and all the spectra were recorded
3 times with a D filter range between 0 and 0.3.

For sterilization, a Tuttnauer Autoclave Steam Sterilizer 2540ML (Tuttnauer, Villenoy France) was
used. The samples were dried in an oven provided by VWR company (DRY-Line drying oven DL 53),
and all operations were made under a biological hood provided by Thermo-scientific MSC 1,2 ADV
(Illkirch Cedex, France).

2.3. Sample Preparation: Cleaning, Gold Evaporation, and Annealing of Coverslips

Glass coverslips (Carl Roth GmbH +Co., KG, Karlsruhe, Germany) were degreased with Millipore
distilled water and a detergent solution (Decon 90) (ratio 2:8, v/v) in an ultrasonic distilled water bath
(Elmasonic S30H model, Elma Schmidbauer GmbH, Singen, Germany) at 50 ◦C for 15 min according to
the procedure used by Jia et al. [6]. In addition, an ultrasonic bath was made with distilled water at
50 ◦C for 5 min. The next step was to carefully rinse each coverslip with distilled water, dry them under
a stream of nitrogen, and deposit them on a hot plate at 100 ◦C for 10 min. Further, the coverslips were
labelled with a scotch band on an external side for correct handling, fixed on a circular evaporation plate
(200 mm diameter), and finally exposed to gold vapors in the evaporator. Different gold thicknesses
(2 nm, 4 nm, 6 nm, and 8 nm, respectively) were evaporated on squared glass coverslips at 1 × 10−5 Torr
pressure at 25 ◦C using an evaporation rate of 0.03 nm/s. The resulting gold-coated glasses (4 sets of
12 coverslips/set) were systematically heated on a hot plate preheated to three different temperatures
(350 ◦C, 450 ◦C, and 550 ◦C) for different time periods (1, 3, 6, and 9 h, respectively) (Figure 1).

Figure 1. Square glass coverslips coated with gold thin films (2 nm, 4 nm, 6 nm, and 8 nm) after 3 h at
three different temperatures (350 ◦C, 450 ◦C, and 550 ◦C).

After the annealing procedure, the coverslips underwent an additional cleaning process according
to the procedure describe by Jia et al. [6], which involves washing with 70% ethanol in an ultrasonic
bath at 30 ◦C for 20 min, rinsing with sterile water, and further washing in an ultrasonic bath with
sterile water for 10 min at 30 ◦C. Then, the coverslips were allowed to dry in oven at 50 ◦C for 20 min.
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After that, the annealed glass coverslips were biofunctionalized by adding 10 μL of thiol-DNA at
10 ng/μL in 1xSSPE at 4 ◦C overnight. The coverslips were subsequently washed with 1.5 mL of sterile
water and dried over the biohood. The thiol-DNA was previously treated with a buffer solution
containing 10 mM Tris(2-CarboxyEthyl)Phosphine hydrochloride) (TCEP) and 3 M sodium acetate in
order to release the thiol group.

2.4. SERS Measurements on Coverslips

Different BPE concentrations were tested (10−3, 10−5, 10−7, 10−9, and 10−12 M) by deposing tiny
drops of 2 μL on gold coverslips. In order to increase the sensitivity of the SERS experiments, different
combinations of spectral acquisition time and laser filtering were used: for 10−3 M and 10−5 M, the
acquisition time was 10 s using the D0 filter, whereas for the lower concentrations, a D0.3 filter was
used to avoid the background noise due to the longer excitation time necessary for comparable spectra
acquisition. An acquisition time of 30–120 s was studied. The stability of SERS spectra over five weeks
for gold nanostrutured coverslips modified with thiol-DNA probe with an acquisition time of 10–30 s
and using a D0.3 filter is also reported.

3. Results and Discussion

3.1. SEM Characterization

It is well known that the SERS properties of gold nanostructures are strongly influenced by the
size, distribution, and spacing between particles [8]. In the preparation of the AuNP process, including
cleaning, evaporation, and annealing protocol, the morphology of the substrate can be modulated
by controlling different experimental conditions, such as the Millipore and Decon 90 distilled water
ratio, gold film thickness, evaporation pressure, evaporation rate, annealing time, and annealing
temperature. In our experiments, three parameters—the thickness of the evaporated gold film, the
annealing temperature, and the annealing time—played an important role in the morphology of the
gold nanoparticles and SERS properties. Thus, SEM studies were conducted for four different gold
film thicknesses (2 nm, 4 nm, 6 nm, and 8 nm, respectively) at three different annealing temperatures
(350 ◦C, 450 ◦C, and 550 ◦C) and for four different annealing times (1, 3, 6, and 9 h) (Figure 2).

3.1.1. Influence of the Annealing Temperature on the Formation of Gold Nanoparticles

Evaporated gold films of 2 nm, 4 nm, 6 nm, and 8 nm on coverslips showed different colors, from
light blue (2 nm Au) to blue (4 nm Au), to light green (6 nm Au), or to darker green (8 nm Au). These
colors changed significantly for each gold thickness after 3 h of annealing at different temperatures.
The highest temperature produced a violet color for the 2 nm gold film, whereas for the 4 nm, 6 nm,
and 8 nm films, the color appeared from light violet to dark purple, respectively (Figure 1). SEM
images of the evaporated samples and the annealed samples are shown in Figure 2. The size of the
gold nanoparticles increased with the increase of the thickness of the film (2 nm, 4 nm, 6 nm, and 8 nm),
which corresponded to the color variation before and after annealing at different temperatures.

For glass coverslips coated with 2 nm Au, the interparticle distances, or proportion of background
(PB), increased when temperatures rose from 350 ◦C to 550 ◦C (Figure 3). On the contrary, for samples
coated with 6 nm and 8 nm Au, the PB values at 550 ◦C ranged from 60.94% to 63.63%, while at
450 ◦C, the PB values were 61.39% and 65.53%, respectively. Interestingly, the PB values for the 4 nm
Au sample showed no great variation when annealed at 350 ◦C (60.29%), 450 ◦C (60.07%), or 550 ◦C
(60.41%).

In conclusion, the temperature definitively influenced the sizes and shapes of the gold nanoparticles
and the interparticle distances, with respect to the gold thickness evaporated on the coverslips.
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Figure 2. SEM images of square glass coverslips gold coated (2 nm, 4 nm, 6 nm, and 8 nm) after 3 h at
different temperatures (350 ◦C, 450 ◦C, and 550 ◦C). AuNPs: gold nanoparticles.

Figure 3. The proportion of background for the annealed square glass coverslips gold coated (2 nm,
4 nm, 6 nm, and 8 nm, respectively) after exposure at three different temperatures (350 ◦C, 450 ◦C, and
550 ◦C). These numbers are also used in Figure 2 to indicate the SEM image for every substrate.
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3.1.2. Influence of Gold Thickness on Coverslips on Nanoparticle Distribution

As robust and stable SERS platforms, square coverslips coated with gold of 2 nm, 4 nm, 6 nm, and
8 nm were proposed and annealed at 550 ◦C for 3 h. For these samples, the particle size distribution,
and the proportion of background are reported in Figure 4A,B.

Figure 4. The size distribution of AuNPs on coverslips (A) and the proportion of background for
different gold thicknesses (2 nm, 4 nm, 6 nm, and 8 nm) after annealing at 550 ◦C for 3 h (B).

Figure 4A shows that by increasing the thickness of gold, the size of the AuNP nanoparticles
and their distribution percentage increase. Similarly, the size of nanoparticles affects the interdistance
between particles. Thus, after the annealing of 2 nm Au film on the glass, the AuNPs ranged mainly
from 6 (size distribution 31.8%) to 8 nm (29.9%), whereas for 4 nm Au, the nanoparticles ranged from
10 (37.9%) to 15 nm (38.8%). For 6 nm Au, the AuNPs ranged from 20 (39.7%) to 30 nm (35.9%), and
finally, for 8 nm Au, the AuNPs ranged from 20 (38.1%) to 40 nm (24.8%).

On the other hand, it was found that the proportion of background for the coverslips coated with
four different gold thicknesses (Figure 4B) was the smallest for 4 nm Au (60.41%) and the highest for
2 nm Au (74.77%). Additionally, for coverslips coated with 6 nm and 8 nm Au, the background was
60.94% and 63.63%, respectively.

In the current SERS studies, the 4 nm Au coated coverslips after 550 ◦C showed the largest
nanoparticle surface coverage and the lowest interparticle distances compared with the other tested
thicknesses (2 nm, 6 nm, and 8 nm, respectively).
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3.1.3. Influence of Annealing Time on the Nanostructuration of Coverslips

In order to prepare large-scale gold nanoparticles with stable optical characteristics, the effect of
4 nm Au evaporated and annealed at 550 ◦C at different annealing times (1, 3, 6, and 9 h) is illustrated
in Figure 5. On other hand, the nanoparticle size distribution and the proportion of background for
SEM images (Figure 2) are analyzed using the public domain ImageJ software platform, developed at
National Institutes of Health (Figure 6).

Experimentally, the coverslips heated for 1 h at 550 ◦C formed nanoparticles in the range of
15–20 nm (36.8–23%). Similar sample evolution was obtained for glasses after 6 h at the same
temperature when the AuNPs ranged from 10 (23.6%) to 15 nm (38.8%), while the AuNP size after
3 h displayed a uniform distribution from 10 (37.9%) to 15 nm (38.8%) compared with the others,
corresponding to the SEM image (Figure 5).

Figure 5. SEM images of AuNPs on square glass coverslips coated with 4 nm and annealed for different
time periods (A) 1 h, (B) 3 h, (C) 6 h, and (D) 9 h at 550 ◦C.

The coverslips annealed for 9 h showed a high distribution at 5–10 nm (45.8–19.0%) (see Figure 6A).
However, as shown in Figure 6B, the proportion of background increased following the evaporated
gold film thickness, becoming thicker over time: 9 h (70.72%) > 6 h (64.87%) > 3 h (61.19%) >1 h
(56.51%). In detail, even though the sample annealed for 9 h had a very high distribution of 45.8% at
5 nm, the largest proportion of the background of the sample was 70.72%, which corresponded to the
coverage of the smallest area of the 9 h sample. On the other hand, the samples annealed for 1 h and
3 h had lower proportions compared with the samples annealed for 6 h and 9 h. The lower proportion
of background of the larger surface coverage was obtained, and considering the uniform distribution
of the nanoparticles and better surface coverage, we used the samples annealed at 550 ◦C for 3 h.
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Figure 6. Analysis of AuNPs based on SEM images showing the size distribution of gold nanoparticles
on annealed coverslips (A) and the proportion of background after annealing the 4 nm gold coated
coverslips for different time periods (1, 3, 6, and 9 h) at 550 ◦C (B).

3.2. SERS Characterization

The SERS tests were initially performed on classical microscope glass slide supports modified
with 4 nm gold film and annealed at 550 ◦C in the oven for 8 h according to the procedure described
by Jia et al. [6]. These substrates proved to be inappropriate for SERS measurements, because the
glass slide produced strong fluorescence interferences that abnormally altered the optical signals.
Therefore, several solid supports are here proposed for SERS investigations: plastic petri dishes, glass
coverslips, plastic pipettes, Eppendorf tubes, plastic cuvettes, and quartz crystals microbalance (QCM)
(Supplementary Materials, Figure S1). The SERS measurements show that the best solid supports were
the ultrafine glass coverslips for further gold nanostructuration due to the absence of fluorescence
interferences. Then, the SEM morphology also confirmed the evolution of SERS signals for annealed

110



Biosensors 2019, 9, 53

gold coated coverslips at 350 ◦C, 450 ◦C, and 550 ◦C for 3 h (Figure S2A–C). Among the different
spectroscopic investigations (Figure S3), it was found that the best SERS substrate is the ultrafine
square glass coverslip coated with 4 nm Au (Figure S3B) annealed at 550 ◦C for 3 h (Figure S2C), due to
the absence of background SERS peaks that could mask the presence of specific SERS peaks produced
by (bio)molecules once immobilized on nanoparticles.

3.2.1. SERS Spectrum of BPE Molecule on 4 nm Gold-Annealed Coverslip

The SERS tests were carried out in the presence of a model molecule, 1,2-bis-(4-pyridyl)-ethene,
which has interesting bonds and atoms giving good SERS spectra when deposited on annealed gold
coated coverslips, as demonstrated in Figure 7.

Figure 7. Surface enhanced Raman spectroscopy (SERS) spectrum of the 1,2-bis-(4-pyridyl)-ethene
(BPE) (1 mM) on annealed gold nanostructured coverslip (4 nm Au, 550 ◦C for 3 h on a hot plate), after
three times of acquisition of 10 s and using a D0 filter.

As reported, the main peaks at 1601 and 1630 cm−1 correspond to the C–N stretching mode in the
pyridyl ring and the BPE vinyl group vibration, respectively [9], while the peaks at 1193 and 1235 cm−1

refer to the ring breathing mode of pyridine and the vibrational movement of the nitrogen atom in
pyridyl, respectively. In the present work, the peak at 1012 cm−1 can be attributed to the chemical
absorption of BPE molecules onto AuNPs on coverslips.

3.2.2. SERS Spectra of Different BPE Concentrations

SERS signals were recorded and compared for different BPE concentrations deposited on
gold-annealed coverslips. These SERS measurements confirmed that the best conditions for the
detection of very low BPE concentrations are as follows: 4 nm Au on glass heated at 550 ◦C for 3 h.
As is shown in Figure 8, gold nanostructured coverslips made possible the SERS detection of the lower
concentration of the BPE molecule at 10−12 M.
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Figure 8. SERS spectra of BPE molecules of different concentrations (10−3, 10−5, 10−7, 10−9, and 10−12 M)
using 4 nm gold-coated coverslips annealed at 550 ◦C for 3 h on a hot plate. Inset-photo of a coverslip
after the deposition of five different BPE concentrations.

Figure 9 depicts the intensity variation of the three main SERS peaks (1193 cm−1, 1630 cm−1, and
1601 cm−1) versus the decimal logarithmic of four BPE concentrations. Whatever the wavenumber, the
intensity variation exhibited an autonomous decay when the concentration of BPE decreased. A linear
fit was used to model the experimental SERS measurements. A pronounced linear behavior was
observed for the 1630 wavenumber, for which a linear regression coefficient of 0.9976 was calculated.
The values of the modeled slopes that represent the sensitivity were of the same order of magnitude.

Figure 9. SERS intensity of three wavenumber main peaks (1193 cm−1, 1630 cm−1, and 1601 cm−1) as a
function of BPE concentration.

The enhancement factor (EF) was calculated using the equation EF = (ISERS/IR) × (NR/NSERS) and
was found to be equal to 2.71 × 107. ISERS represents the intensity of the 1630 cm−1 BPE band, measured
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for 10−5 M concentration, while IR represents the intensity of the Raman band for 10−3 M on reference
glass. NSERS and NR represent the number of molecules formed as a layer of 10 nm thickness under the
laser spot and the number of the BPE molecules in the focal volume. The values of IR and NR are the
same as those reported in [28]. Gold nanoparticles covered 40% of the surface under the spot. By using
the same calculation method, NSERS was found to be equal to 125 molecules for a surface spot laser of
5.2 μm2. In the case of 10−5 M BPE content, an ISERS value of 9000 was measured.

3.2.3. SERS Signal Stability of Thiol-DNA Deposited on Gold-Annealed Coverslip Substrate

A thiol-DNA biofunctionalized gold-annealed coverslip was tested over five weeks to evaluate
the substrate’s SERS signal stability (Figure 10). Interestingly, the intensity of SERS increased after two
weeks and decreased after four weeks. This confirms that the nanostructuration of the coverslip was
stable for more than a month. The stability tests were stopped after five weeks, because the thiol-DNA
probe on AuNPs presented a strong attenuation of the SERS intensity.

Figure 10. Evolution of SERS intensity of the thiol-DNA probe on annealed gold-coated coverslip over
five weeks and obtained after three acquisition times, showing a 10 s spectra with a D0.3 filter (A).
Photo of the sample after five weeks (B).

4. Conclusions

Large-scale, annealed, gold nanostructures were fabricated for the first time on ultrafine glass
coverslips. Several parameters have been optimized to conclude that 4 nm gold-coated coverslip
heated at 550 ◦C on a hot plate for 3 h had the greater sensitivity of the SERS spectrum to different BPE
concentrations. By using the newly SERS annealed coverslips platforms it was possible to detect a
BPE concentration of 10−12 M. Moreover, the stability of SERS spectra intensity over five weeks of a
thiol-DNA probe (10 ng/μL) was also monitored. On the basis of these results, annealed gold coverslips
can be considered as ideal substrates in the construction of ultrasensitive SERS nanobiosensors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/9/2/53/s1,
Figure S1: SERS spectra of various naked solid supports: plastic petri dish, glass coverslip, plastic pipette,
Eppendorf tube, plastic cuvette and quartz QCM crystal, Figure S2: SERS signals of naked annealed gold films
(2, 4, 6 and 8 nm) on coverslips after 3 h, Figure S3: SERS signals of naked annealed gold films on coverslips at
550 ◦C for different periods.
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Abstract: Bacteria in the genus Brucella are the cause of brucellosis in humans and many domestic and
wild animals. A rapid and culture-free detection assay to detect Brucella in clinical samples would
be highly valuable. Nanomaterial optical fiber biosensors (NOFS) are capable of recognizing DNA
hybridization events or other analyte interactions with high specificity and sensitivity. Therefore,
a NOFS assay was developed to detect Brucella DNA from cultures and in tissue samples from infected
mice. An ionic self-assembled multilayer (ISAM) film was coupled to a long-period grating optical
fiber, and a nucleotide probe complementary to the Brucella IS711 region and modified with biotin
was bound to the ISAM by covalent conjugation. When the ISAM/probe duplex was exposed to lysate
containing ≥100 killed cells of Brucella, or liver or spleen tissue extracts from Brucella-infected mice,
substantial attenuation of light transmission occurred, whereas exposure of the complexed fiber to
non-Brucella gram-negative bacteria or control tissue samples resulted in negligible attenuation of
light transmission. Oligonucleotide probes specific for B. abortus, B. melitensis, and B. suis could also
be used to detect and differentiate these three nomenspecies. In summary, the NOFS biosensor assay
detected three nomenspecies of Brucella without the use of polymerase chain reaction within 30 min
and could specifically detect low numbers of this bacterium in clinical samples.

Keywords: Brucella abortus; Brucella melitensis; Brucella suis; optical fiber; biosensor; nucleotide probe;
light transmission; diagnosis

1. Introduction

Brucellae are bacterial pathogens responsible for brucellosis of domestic and wild animals and
are zoonotic pathogens for humans. Brucella spp. are small gram-negative, nonmotile, aerobic,
and slow-growing coccobacilli. Despite the recognition of brucellae as a single genospecies based on
DNA-DNA hybridization studies, they are systematically classified based on host specificity. The main
terrestrial nomenspecies are B. abortus (cattle), B. melitensis (goats and sheep), B. suis (pigs), B. canis
(dogs), B. ovis (sheep), and B. neotomae (woodrats) [1,2]. In addition, Brucella spp. can also be isolated
from marine mammals [3,4]. Human infections are acquired by consuming unpasteurized milk and
dairy products or by direct exposure to animals and their carcasses. Human brucellosis resulting from
direct exposure is primarily a disease of farmers, shepherds, veterinarians, microbiologists, butchers,
and slaughterhouse workers [5,6].

Wild animals play an important role in the epidemiology of Brucella infections. Brucella spp.
remain enzootic in wild elk and bison in the Greater Yellowstone region that includes areas of Montana,
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Idaho, and Wyoming. As a result, these animals are a reservoir for B. abortus in the United States [7].
Transmission of Brucella spp. to susceptible cattle normally occurs by ingestion or oral contact with
infected fetuses that have been aborted, fetal fluids and membranes, or uterine discharges [8]. Elk that
congregate on feeding grounds from November through April overlap with the peak time period when
Brucella is transmitted to other animals (February through June) [9]. Maichak et al. reported that as
many as 12% of the elk attending feeding grounds come into contact with non-infectious elk fetuses
placed on these sites [10]. Bison normally congregate in large numbers, which increases the likelihood
they will come into contact with Brucella-infected fetuses and discharges. Such congregation increases
the possibility that infected bison could transmit Brucella to cattle herds in the area [7]. As a result,
farmers may unnecessarily kill elk or bison that wander out of the park and onto private farmlands.

Development of reliable and cost-effective diagnostic tests for use in elk and other wildlife is a
high research priority. Reliable and portable diagnostic assays that can be carried out in the field by
non-specialist personnel are urgently needed to minimize the spread of the disease among wildlife and
its transmission to domestic animals and humans.

Biosensors combine biological molecules with a physicochemical transducer. Biological
components incorporated into biosensors may include nucleic acids, enzymes, antibodies, etc., and the
transducer may be optical, electrochemical, thermometric, or piezoelectric. Regardless, the detection
of the target biological material results in a measurable signal. The advantages of optical fibers
(light, inexpensive, and low interference) have established them as essential instruments of sensor
technology [11]. Biosensors that consist of optical fibers transmit light based on total internal reflection
through their transduction elements. The sensor produces a signal that can be analyzed and is in
proportion to the concentration of the molecule that binds to the biological element on the sensor.
Grating devices in the optical fiber induce a periodic variation in the refractive index of the optical
fiber’s core. As a result, there is a significant drop in the amount of light transmitted through the fiber
at a specific wavelength. The specific wavelength can be changed to account for temperature, pressure,
or the type of binding event [12].

Layer-by-layer films, also known as ionic self-assembled multilayer (ISAM) films, are a novel type
of materials that enable the user to modify the structure and thickness of the thin film at nanometer levels.
The assembly of such films is simple and inexpensive [13,14]. As a result, optical fibers containing these
nanoscale overlays substantially enhance, through direct light transmission, the detection of antigen
binding to antibody or DNA hybridizing to complementary DNA. Furthermore, these sensors can
be organized into a device that is rugged and portable [15,16]. For the detection of infectious agents,
these fiber-optic biosensors can be used as rapid diagnostic or screening tests prior to culture, serology,
or other means of diagnosis. A variety of fiber grating-based biosensor platforms have recently been
developed [17–20]. For the work described here, a nanomaterial optical fiber biosensor (NOFS) assay
was successfully used to detect Brucella DNA in culture lysates and in infected animal tissues.

2. Materials and Methods

2.1. Oligonucleotide Primers and Probes

The oligonucleotide probes and primers (Table 1) were designed manually based on the DNA
sequences of the respective genes/regions in GenBank and were purchased from Integrated DNA
Technologies, Collinsville, IL, USA. The IS711 DNA region is present in all known nomenspecies of
Brucella, but not in other bacteria. Therefore, the primers IS711-For and IS711-Rev and probes IS711-BIO
and IS711-DIG from the IS711 region (Table 1) were used for detection of all Brucella nomenspecies
and to distinguish them from other bacterial species. In order to identify and differentiate the three
major Brucella nomenspecies (Brucella abortus, B. melitensis, and B. suis), the oligonucleotide probes
BruAb2_0168 (GenBank accession AE017224.1), Melitensis_0466 (GenBank accession AE008918.1),
and Suis_TraJ (GenBank accession CP024421.1) (Table 1) were used. A search using the NCBI BLAST
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program confirmed the specificity of the DNA regions used for identifying and distinguishing the
respective Brucella species.

Table 1. Oligonucleotide probes and primers used for detecting major Brucella nomenspecies.

Probe/Primer Name Sequence (5′ to 3′) Comments

Probe-IS711-BIO AAGCCAACACCCGGCCATTATGGT The probe was biotinylated at the 3′ end
Probe-IS711-DIG GGCCTACCGCTGCGAATA The probe was labeled with digoxigenin at the 5′ end
Primer-IS711-For TTGGCCTTGATCTGAGCCGT
Primer-IS711-Rev ATCGAAAGTCCACGCAGATG

Probe-BruAb2_0168 TGGAACGACCTTTGCAGGCGAGATC Biotin label at the 3′ end; specific for B. abortus
Probe_Melitensis_0466 CCAGCTTTTGGCCTTTTCCAGATTG Biotin label at the 3′ end; specific for B. melitensis

Probe_Suis-TraJ CCATGAGCGCCCGCATGTCCTCTTG Biotin label at the 3′ end; specific for B. suis

2.2. Bacterial Strains and Culture Conditions Used

The Brucella nomenspecies and other bacterial species used as controls in this study are listed
in Table 2. The bacteria were grown to mid-log phase in brain heart infusion (BHI) broth. Bacteria
were harvested by centrifugation, washed, resuspended in phosphate buffered saline, pH 7.2 (PBS),
and killed by boiling for 20 min (confirmed by viable plate count). Serial dilutions of killed cell
suspensions were made in PBS, and genomic DNA was harvested using the DNAeasy Blood and
Tissue kit (Qiagen, Valencia, CA, USA).

Table 2. Bacterial species and strains used.

Bacterial Species Strain Name Source

Brucella abortus 2308 Virginia Tech Biosafety 3 laboratory
Brucella melitensis 16 M Virginia Tech Biosafety 3 laboratory

Brucella suis 1330 Virginia Tech Biosafety 3 laboratory
Klebsiella pneumoniae 2237 Virginia Tech Veterinary Teaching Hospital
Klebsiella pneumoniae 2237-13 Virginia Tech Veterinary Teaching Hospital

Proteus mirabilis 2172B Virginia Tech Veterinary Teaching Hospital
Proteus mirabilis 13-2319 Virginia Tech Veterinary Teaching Hospital
Proteus mirabilis 13-2401 Virginia Tech Veterinary Teaching Hospital

Staphylococcus aures 29213 Virginia Tech Veterinary Teaching Hospital
Enterococcus faecalis 2174 Virginia Tech Veterinary Teaching Hospital
Enterococcus faecalis 13-2321-2 Virginia Tech Veterinary Teaching Hospital

Escherichia coli 2174 Virginia Tech Veterinary Teaching Hospital
Escherichia coli Top10 ThermoFisher Scientific
Escherichia coli 13-2438 Virginia Tech Veterinary Teaching Hospital

Salmonella arizonae 13-2453 Virginia Tech Veterinary Teaching Hospital
Enterobacter aerogenes 13-2329-2 Virginia Tech Veterinary Teaching Hospital
Enterococcus faecium 13-2174-C Virginia Tech Veterinary Teaching Hospital
Enterococcus faecium 13-2248-2 Virginia Tech Veterinary Teaching Hospital

2.3. PCR

PCR, when used, was performed in 25 μL volumes and included 10 pmol each of the primers
Primer-IS711-For and Primer-IS711-Rev (Table 1), 1 mM MgCl2, 200 μM dNTPS, 1X concentration of
OneTaq Standard Reaction Buffer (New England Biolabs, Ipswich, MA, USA), 1.25 units of OneTaq
DNA Polymerase (New England Biolabs), and template DNA. Template DNA included either 26 ng of
genomic DNA or 1 μL of heat-killed, cell lysate from 1 × 105 cells/mL to 3 × 1010 cells/mL. Reaction
conditions were an initial denaturation temperature of 95 ◦C for 5 min, followed by 30 cycles of 95 ◦C/1
min, 57 ◦C/1 min, 72 ◦C/1 min, and a final extension at 72 ◦C/10 min.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

An ELISA was designed using Magnalink Streptavidin Magnetic beads (Solulink Inc., San Diego,
CA, USA). The protocol was as described by the manufacturer (Solulink, Inc.) with modification.
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Briefly, 60 pmol of the biotinylated probe (Probe-IS711-BIO) (Table 1) in 250 μL of nucleic acid binding
and wash buffer (50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, pH 8.0) was incubated for 30 min at
room temperature with the beads in 1.5 mL microcentrifuge tubes. The heat-denatured PCR products
or genomic DNA were incubated with the beads coupled to the biotinylated probe in hybridization
buffer (3× SSC, 0.05% Tween 20) for 2 h at 45 ◦C. A digoxigenin-labeled probe (Probe-IS711-DIG)
(Table 1) in hybridization buffer was then incubated with the bead/probe/DNA triplex for 2 h at 45 ◦C.
The DIG Detection Starter Kit from Roche (Sigma-Aldrich, St. Louis, MO, USA) was used to determine
binding of the probe to the triplex complex. The ELISA was designed solely to confirm that the
designed probe would hybridize with the Brucella genomic DNA, and not as a diagnostic assay itself.
Therefore, quantitative data were not obtained.

2.5. Fabrication of the ISAM Film

ISAM films were fabricated using procedures described by the authors [21]. The ISAM method
simply involves the alternate dipping of a charged substrate (optical fiber) into an aqueous solution
of a polycation and an aqueous solution of a polyanion at room temperature. The optical fiber was
immersed in an aqueous 10 mM poly-allylamine hydrochloride (PAH) (pH 7.0) solution for 2 min
then rinsed three times in distilled water. The fiber was then immersed in a similar aqueous solution
of 10 mM poly-1-[p-(3′-carboxy-4′-hydroxyphenylazo) benzenesulfonamido]-1,2-ethanediyl (PCBS)
(pH 7.0) for 2 min and rinsed again. The final layer was always the negatively-charged PCBS. These two
steps were repeated until the optimal number of bilayers was obtained, which, for this assay, was four
layers (Figure 1).

 
Figure 1. Assembly of the ionic self-assembled multilayer (ISAM) film. Polycationic and polyanionic
solutions were alternately deposited on the optical fiber to form the ISAM film.

2.6. Coupling the Probe to the ISAM Film

The ISAM film was incubated with 0.6 mL of 0.17 M freshly prepared
N-(3-dimethylaminodipropyl)-N’-ethylcarbodiimide (EDC), 0.17 M N-hydroxysulfosuccinimide (NHS),
and 60 pmol of biotinylated oligonucleotide probe in PBS, pH 7.0, at room temperature for 30 min.

2.7. Conjugation of Streptavidin to the ISAM Film

An alternative method to couple the probe onto the ISAM film involved using a streptavidin
intermediate. Four bilayers were deposited onto the optical fiber, leaving PCBS with negatively-charged
carboxyl groups exposed. Then, 40 μL of streptavidin (1 mg/mL in PBS, pH 7.0) was mixed with 0.6 mL
of cross-linker solution (0.17 M EDC and 0.17 M NHSS in PBS, pH 7.0). The mixture was added to the
fiber and incubated for 8 h, with mixing every 15 min. The fiber was then rinsed and the biotinylated
probe was added for spontaneous coupling to streptavidin.
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2.8. NOFS Assay

The NOFS assay consists of turnaround point long-period gratings (TAP-LPGs) with ISAM films
adsorbed on fiber cladding. The TAP-LPGs are TrueWave RSTM (OFS) single-mode optical fibers with a
grating period of 116 μm written by a 248 nm excimer laser through a chrome-plated mask. The grating
couples to the LP0,14 cladding mode of the fiber. White light model SLD-11OESL003 (FiberLabs, Inc.
Fugimino-Shi, Saitama, Japan) was coupled to the optical fiber, and the spectra were measured by an
optical spectrum analyzer (ANDO AQ6317) following the deposition of materials onto the TAP-LPG.

Bacteria grown in broth medium were harvested and washed in PBS. Serials dilutions of cultures
were inoculated to agar medium to determine the colony forming units (CFU)/mL. Brucella cultures
were lysed by boiling for 30 min. Loss of viability was confirmed by viable plate count before removing
the bacteria from the biosafety level-3 laboratory. Prior to beginning the assay, preparations of genomic
DNA, PCR products, and lysates of bacterial cells were boiled for 5 min. The film/probe duplex was
incubated with the heat-denatured sample (genomic DNA, DNA regions amplified by PCR, amplified
DNA from killed cells, dilutions of lysed cells, or dilutions of extracts of tissues from infected animals)
for 50 min to allow hybridization between the probe and sample DNA to occur [21]. The TAP-LPG
was tuned beyond the turnaround point such that the two narrow-band peaks merged into a single
broadband peak that changed attenuation strength as the coupling between the core and cladding
mode was modified by the addition of material to the cladding surface. As light in the range of
1400–1700 nm was transmitted through the ISAM fiber, an optical analyzer was used to record the
attenuation in light transmission at 1550 nm. This attenuation in light transmission occurred due to
the increase in coupling of light out of the core of the optical fiber due to sample DNA hybridizing
to the DNA probe. An example of the series of spectra, as material binds to the cladding surface,
is shown in Figure 2. The thickness of the ISAM films used is determined in order to set the attenuation
at approximately half of the maximum attenuation that occurs before peak split into two separate
narrowband peaks.

 
Figure 2. Transmission spectra after different steps of the assay. Adding the probe to the ISAM-coated
fiber caused a large increase in attenuation. The attenuation was further increased after exposing the
sensor to the positive control. However, further exposure of the fiber to the negative control did not
result in any further change in attenuation, as was expected. As a result, the negative control spectrum
overlaps and is indistinguishable from that of the positive control.

2.9. Detection of Brucella DNA in Tissues of Infected Mice

Groups of two female BALB/c mice each were inoculated intraperitoneally with 6× 104 CFU/mouse
of B. abortus strain 2308, B. melitensis strain 16 M, or B. suis strain 1330. Two mice were injected with PBS
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as controls. One week after inoculation the mice were euthanized, and 0.1 g of spleen and liver samples
were collected. The tissues were ground with 1 mL of PBS. Half of the volume of the extracts of the
ground tissues were used in viable plate count determination to determine the number of bacteria/g of
tissue. The remaining half (500 μL of heat-denatured cell-free extract corresponding to 0.05 g of tissue)
was used per each run of the NOFS assay, as previously described [21]. DNA in these samples were
not amplified by PCR prior to NOFS testing. Serial dilutions of the extract were also cultured onto
BHI agar, and bacterial colony counts were determined as CFU after 72 h of incubation at 37 ◦C with
5% CO2.

2.10. Statistical Analyses

The standard deviations of the means were calculated from assays repeated at least three times.
The online calculator (http://www.danielsoper.com/statcalc3/calc.aspx?id=43) was used to determine
the analysis of variance, which was used to compare the transmission attenuation between different
samples. The online calculator (http://www.socscistatistics.com/tests/studentttest/Default2.aspx) was
used to calculate p-values from the Student t-test and to compare the attenuation of light transmission
recorded for infected versus control tissue extracts. Student t-tests were also used for analysis of the
attenuation of light transmission after exposure of the probe to two different PCR products. Results
with calculated p-values of less than 0.05 was considered significant. The cutoff value in percent
attenuation of light transmission that was used to differentiate negative from positive samples was
calculated by multiplying the standard deviation of the true negative isolates tested by 3. This cutoff
value could change depending on the optical fiber used and varied from 0.6% light attenuation to 3.2%
light attenuation. Larger cutoff values were due to larger standard deviations of the negative controls.

3. Results

3.1. Specificity of the DNA Probes

DNA amplification of Brucella and heterologous species using oligonucleotide primers to the
IS711 region (Table 1) confirmed the specificity of the IS711 region for Brucella nomenspecies.
An approximately 300 bp-size amplicon was obtained when 50 ng of genomic DNA or lysates
containing at least 5 × 103 killed cells of each Brucella nomenspecies was used in PCR reactions.
However, visible amplicons were not seen in agarose gels when lysates representing 8 × 102 or fewer
Brucella cells were used in PCR reactions. PCR amplicons were also not seen when lysates containing
up to 3 × 107 killed cells of Escherichia coli, Pseudomonas aeruginosa, or Salmonella Typhimurium (negative
controls) were used (Figure 3).

3.2. Validation of Target DNA for Hybridization to the DNA Probe

An ELISA was used to validate that target DNA hybridized to probes of the IS711 region. After the
DNA and initial bead-bound probe were allowed to hybridize, a second DIG-labeled oligonucleotide
IS711 probe to a different region of the DNA was added. Only if the sample DNA bound to the first
probe would the second DIG-labelled probe bind and specifically detect Brucella DNA. The use of
genomic DNA or lysate of killed cells in the absence of PCR did not produce a colorimetric change,
indicating there was inadequate complementary DNA sequence from the genomic DNA to be detected
in this assay. However, following DNA amplification of the test sample (genomic DNA or lysate
containing 8 × 103 cells of Brucella), a positive reaction was obtained (Figure 4), but not if lysate
representing 8 × 102 or fewer Brucella cells were tested (not shown). These results were consistent with
results obtained by gel electrophoresis of PCR products and confirmed that the probe successfully
bound to amplified DNA from the IS711 region and was valid for use in the NOFS assay.
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Figure 3. PCR amplicons from Brucella and control strains. Lanes and lysates representing the number
of cells from nomenspecies used for PCR: 1 and 21, molecular size standards; 5 and 11, blank wells; 2–4,
3 × 107, 3 × 105, and 3 × 103 cells of Pseudomonas aeruginosa (the same negative results for the same
number of cells are not shown for Escherichia coli and Salmonella Typhimurium); 6–10, 8 × 106, 8 × 105,
8 × 104, 8 × 103, and 8 × 102 cells of B. abortus; 12–16, 6 × 106, 6 × 105, 6 × 104, 6 × 103, and 6 × 102 cells
of B. suis; 17–20, 5 × 106, 5 × 105, 5 × 104, and 5 × 103 cells of B. melitensis; 22, positive control (26 ng of
B. abortus genomic DNA; 23, negative control.

 
Figure 4. Magnetic bead ELISA. All tubes contained the beads, biotinylated probe of IS711 gene,
and digoxigenin-labelled probe to a distinct IS711 DNA region. Tube 1 contained the PCR amplicon
from a lysate of 7 × 106 cells of Brucella abortus. Tube 2 contained all the reaction components of tube 1,
but the genomic DNA was not amplified by PCR.

3.3. Identification of Brucella Nomenspecies by NOFS Assay

Reaction of the ISAM/probe (IS711) duplex with the entire 25 μL of PCR amplicons from a lysate
representing 104 cells of B. abortus strain 2308, B. melitensis strain 16 M, or B. suis strain 1330 in
500 μL of PBS resulted in 18.7%, 18.6% and 20.11% attenuation of light transmission, respectively,
with positive results being above 0.6% light attenuation. When lysate from 102 cells of these same
nomenspecies were tested, 8.8%, 14.2% and 13.6% attenuation of light transmission was obtained,
respectively (Figure 5). These results indicated that the NOFS assay was capable of detecting PCR
products with at least 102 cells of Brucella, which is much lower than the number of cells that could
be detected by gel electrophoresis or ELISA. In contrast, when lysate from 104 cells of P. aeruginosa,
E. coli, or S. Typhimurium were tested by the NOFS assay following PCR, less than 0.2% attenuation of
transmission was obtained for any of the non-Brucella species tested (Figure 5).

Reaction of the ISAM/IS711 probe duplex containing streptavidin with lysate representing 4 × 102

or 4 × 104 cells of heat-killed B. abortus without the use of PCR resulted in 4.3% and 14.5% transmission
attenuation, respectively. Reaction of the same duplex lysate representing 5 × 104 cells of heat-killed E.
coli failed to produce a positive transmission attenuation (Figure 6). These results confirmed that the
assay could specifically detect low numbers of Brucella without the use of PCR.
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Figure 5. Detection of Brucella DNA amplified by PCR from B. suis, B. abortus, and B. melitensis by
nanomaterial optical fiber biosensors (NOFS) assay. Each experiment consisted of 3 sequential steps:
The biosensor was first tested with sample amplified by PCR from a lysate containing 104 cells of a
negative control strain (E. coli, Salmonella, or P. aeruginosa), followed by an amplified sample of lysate
from 104 Brucella cells, then lysate from an amplified Brucella culture containing 102 cells.

Figure 6. Detection of B. abortus DNA from lysates of killed cells by NOFS assay without PCR
amplification. This experiment consisted of 3 sequential steps: The biosensor was first tested with
lysate representing 5 × 104 cells of a negative control strain (E. coli), followed by lysate containing
4 × 104 cells of B. abortus, followed by lysate containing 4 × 102 cells of B. abortus.

When 10 replicates of each of the Brucella nomenspecies above were tested with lysates containing
102 cells/reaction by NOFS with streptavidin and without PCR, all were positive for attenuation of light
transmission and significantly greater in comparison to three different non-Brucella species tested in
duplicate as negative controls (p ≤ 0.0004, pooled averages). The average light attenuation for B. abortus
was 3.81% ± 0.92%, for B. suis was 3.50% ± 1.15%, and for B. melitensis was 5.15% ± 1.63% (all above
the respective cutoff value for a positive result). Light attenuation results using lysates containing 104

cells/reaction of the negative control species E. coli, P. aeruginosa, and Salmonella were 0.41% ± 1.28%,
0.93% ± 1.68%, and 1.04% ± 0.89%. These results could be obtained in 30 min and confirmed that the
NOFS assay was a highly sensitive, specific, and rapid assay for the detection of Brucella DNA.
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3.4. NOFS Assay to Detect and Distinguish Different Brucella Nomenspecies and to Distingusih Brucella from
Non-Brucella Bacterial Types

When the ISAM/probe BruAb2_0168 complex (specific for B. abortus but not for other Brucella
nomenspecies) was reacted directly with lysate containing 105 heat-killed cells of B. abortus strain 2308
(without PCR), light transmission was attenuated by 5.4%. However, when the same ISAM/probe
complex was reacted with a similar number of B. melitensis 16 M cells, transmission was attenuated
only by 0.2%. In a separate assay, when the ISAM/probe Suis_TraJ complex (specific for B. suis) was
reacted with lysate containing 105 cells of B. suis strain 1330, light transmission was attenuated by
3.8%. However, when the same ISAM/probe complex was reacted with lysate containing 105 cells
of B. abortus, no positive attenuation of transmission was observed. When the ISAM/probe IS711
complex was reacted with lysate representing 105 cells of 15 non-Brucella bacterial samples (Table 3),
less than 2.2% light transmission attenuation was observed (all below the respective positive cutoff
value). Thus, the NOFS assay was specific for Brucella and could detect and distinguish different
Brucella nomenspecies.

Table 3. Percent NOFS light attenuation from non-Brucella bacterial types.

Bacterial Species Strain Name Transmission Attenuation (Mean ± Standard Deviation)

Klebsiella pneumoniae 2237 −1.67% ± 0.15%
Klebsiella pneumoniae 2237-13 2.09% ± 2.63%

Proteus mirabilis 2172B 0.65% ± 0.31%
Proteus mirabilis 13-2319 0.70% ± 1.64%
Proteus mirabilis 13-2401 0.25% ± 0.95%

Staphylococcus aures 29213 1.30% ± 0.70%
Enterococcus faecalis 2174 1.57% ± 1.03%
Enterococcus faecalis 13-2321-2 1.04% ± 0.85%

Escherichia coli 2174 0.23% ± 0.06%
Escherichia coli Top10 −0.62% ± 0.94%
Escherichia coli 13-2438 1.54% ± 0.12%

Salmonella arizonae 13-2453 −0.59% ± 1.27%
Enterobacter aerogenes 13-2329-2 1.64% ± 0.46%
Enterococcus faecium 13-2174-C 2.14% ± 0.10%
Enterococcus faecium 13-2248-2 1.69% ± 0.38%

3.5. Identification of Brucella in Tissues from Infected Mice by NOFS Assay

When the ISAM/probe BruAb2_0168 complex (specific for B. abortus) was reacted with 2 spleen
or 2 liver extracts from B. abortus-infected mice, light transmission was attenuated by 6.79% ± 0.34%
and 3.38% ± 0.78%, respectively (positive values were above 3.2% light attenuation for these assays).
The average bacterial loads in the spleen and liver extracts used in the assays were 3.8 × 104 and 4 × 103

cells, respectively. However, when the same ISAM/probe complex was reacted with 2 spleen or 2 liver
extracts from control mice inoculated with PBS, there was no positive attenuation of transmission for
any of the samples (mean attenuation was −1.47% and −1.78%, respectively). Therefore, the NOFS
assay could detect B. abortus in infected mouse spleen and liver. When the ISAM/probe Melitensis_0466
(specific for B. melitensis) was reacted with 2 spleen or 2 liver extracts from B. melitensis-infected
mice, light transmission was attenuated by 7.6% and 6.1%, respectively. However, when the same
ISAM/probe complex was reacted with 2 spleen or 2 liver extracts from PBS-injected mice, positive
attenuation of transmission was not seen. Similarly, when the ISAM/probe Suis_TraJ complex (specific
for B. suis) was reacted with 2 spleen or 2 liver extracts from B. suis-infected mice, light transmission
was attenuated by 6.9% and 5.1%, respectively, but light transmission was less than 1% when the probe
complex was reacted with 2 spleen or 2 liver extracts from PBS-injected mice (Table 4).

125



Biosensors 2019, 9, 64

Table 4. Percent NOFS a light attenuation from spleen and liver extracts from mice infected with
Brucella spp.

Challenge Organ
Average % Attenuation
± Standard Deviation

Test Result b

With probe BruAb2_0168
(specific for B. abortus) B. abortus Spleen (from mice 1 and 2) 6.80 ± 0.32 Positive

Liver (from mice 1 and 2) 3.38 ± 0.78 Positive

PBS Spleen (from mice 7 and 8) −0.74 ± 1.12 Negative
Liver (from mice 7 and 8) −1.78 ± 0.29 Negative

With probe Melitensis_0466
(specific for B. melitensis) B.

melitensis
Spleen (from mice 3 and 4) 7.60 ± 1.86 Positive

Liver (from mice 3 and 4) 6.13 ± 2.81 Positive

PBS Spleen (from mice 7 and 8) −1.78 ± 2.60 Negative
Liver (from mice 7 and 8) −0.64 ± 0.41 Negative

With probe Suis_TraJ (specific
for B. suis) B. suis Spleen (from mice 5 and 6) 6.94 ± 0.59 Positive

Liver (from mice 5 and 6) 5.10 ± 1.45 Positive

PBS Spleen (from mice 7 and 8) 0.72 ± 2.93 Negative
Liver (from mice 7 and 8) 0.34 ± 1.59 Negative

a All samples included streptavidin as a linker in the NOFS assay. b The positive cutoff value for this assay was 3.2%.

4. Discussion

Biosensors are becoming established diagnostic modalities and, when combined with PCR,
have been used for detection of DNA using impedance spectroscopy [22,23] and piezoelectric gold
electrode [24]. However, such biosensors are very expensive (i.e., may cost over $10,000 apiece), require
high maintenance by experienced personnel, and have the additional PCR step. Therefore, these assays
may also not be practical for many laboratories. Optical transduction methods such as surface plasmon
resonance (SPR) are rapid and sensitive devices that have been developed for detection of bacterial
agents [25]. However, these assays require the use of LED and spectroscopy to generate excited light
and receive a signal. SPR sensors are also expensive and require highly trained personnel. Unlike other
published biosensors, the NOFS assay described here utilizes nanometer-thick layers that can include
a variety of materials, such as DNA, antibodies, and antigens. TAP-LPGs that are coupled to a DNA
probe specific to the bacterium and supplemented with additional layers of biotin-streptavidin further
enhance the limit of detection of the assay. As a result, PCR was not required for adequate detection of
DNA with this NOFS assay. When the target DNA binds to the complementary oligonucleotide probe,
thus altering the thickness of the film, the refractive index is also changed. As a result, the transmission
characteristics of the fiber are modified, resulting in attenuation of the percent light transmitted. Due to
the high specificity of the compatible DNA probe and target, specific DNA can be detected.

DNA probe assays have previously been used to identify the common nomenspecies of Brucella [26].
Specific primers have been used with DNA amplification to successfully differentiate B. abortus biovars
1, 2, and 4, B. melitensis, B. suis biovar 1, and B. ovis. [27,28]. Several investigators have shown that by
targeting highly conserved genes (i.e., 16S rRNA [29], 16S-23S intergenic spacer regions [30], bcsp31 or
IS711 for all Brucella species [31,32], alkB for B. abortus, and BMEI1162 for B. melitensis [27,33]), probes and
primers can be developed for direct detection of these agents. In this communication, DNA amplification
was used to confirm that the IS711 DNA region was specific for all three nomenspecies of Brucella, and
an ELISA was used to demonstrate that the oligonucleotide probe specifically binds to the IS711 region
of Brucella. The NOFS assays, which included a biotin-streptavidin linker, were used to detect as few
as 100 cells of Brucella with a high degree of sensitivity and specificity in the set of samples studied
here, even without prior PCR amplification. The NOFS assay was also capable of detecting Brucella in
the tissues of infected mice. The probes to BruAb2_0168, Melitensis_0466, and Suis_TraJ DNA regions
were specific for B. abortus, B. melitensis, and B. suis, respectively, as determined by NOFS. Therefore,
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these designed oligonucleotide probes could be used to distinguish each of the respective Brucella
nomenspecies from each other or heterologous bacteria. Major advantages of the NOFS assay were
that it could be completed in less than 1 h, did not require particular expertise to perform, and did not
require a large amount of bench space.

The detection of antibodies to the lipopolysaccharide (LPS) O-antigen by serological methods is
the accepted diagnostic method for brucellosis in all hosts. However, specificity can be problematic
due to the structural similarity of the O-antigen side chain of Brucella with that of other bacteria,
particularly Yersinia enterocolitica O:9, Vibrio cholerae, and E. coli 0:157. At this time, no other antigens
have been identified that can successfully replace the LPS O-antigen in diagnostic assays. Molecular
diagnostic tests are now important methods in clinical microbiology, although they remain restricted to
larger laboratories that have the funds, expertise, and equipment to utilize this technology. Real-time
(q)PCR assays can detect the DNA of infectious disease agents with same day results [34–36]. However,
qPCR technology is restrictive due to the large cost of equipment and expertise needed to carry out
these assays. Therefore, qPCR is normally not available in medical settings that have or utilize small
laboratories, particularly in rural communities where infections due to Brucella may be more prevalent.
Furthermore, Brucella can be exceptionally difficult to detect in blood, and although isolation from
animal tissues may be more productive, as we show here by detection of Brucella by NOFS from mouse
tissues, such isolation is normally not practical with human tissues. Nonetheless, the NOFS assay can
be modified to detect antibodies to Brucella by coupling the antigen to the fiber, rather than a DNA
probe, or alternatively coupling antibodies to the fiber to detect a specific antigen. We have described
such an assay using antibody-coupled sensors to detect methicillin-resistant Staphylococcus aureus [21]
and Francisella tularensis [37].

The most prominent reservoir of B. abortus in the United States in in bison and elk in the Yellowstone
National Park area [7]. Cattle farmers are particularly concerned that bison or elk that wander onto
their farmlands may be infected with Brucella and transmit the agent to their cattle, resulting in their
loss of Brucella-free status. The NOFS assay has the advantage that samples collected from anesthetized
animals or aborted fetuses could be used in a small regional facility to rapidly detect the presence of
B. abortus. In addition, B. suis is the most prevalent Brucella nomenspecies in the United States and
is present in feral hogs in 14 U.S. states [38]. B. suis can be transmitted to humans through hunting
(field dressing and butchering) or other close contact [39]. Although Brucella diagnosis in humans can
be difficult due to non-specific flu-like symptoms, detection of the agent in the animal’s tissues can
strongly support the diagnosis. Therefore, with the correct primers and probes, this NOFS assay can
be adapted to detect any of the Brucella nomenspecies.

The NOFS assay described here is at the proof-of-principle stage. Further work will be required to
develop a diagnostic test ready for regulatory approval. Such work will require a large number of
Brucella strains of the different nomenspecies, as well as additional negative control strains, to adequately
determine the sensitivity and specificity of the assay. Although the limit of detection of the assay has
been determined (about 100 cells/mL), due to the low number of strains of Brucella available to us,
sensitivity (defined as the true positive rate divided by false positives) was not able to be accurately
calculated. Although the specificity of the assay appeared to be 100%, additional control strains
encompassing a wide variety of species would need to be tested to confirm this. In addition, the NOFS
assay can easily be modified to detect antigens, antibodies, or DNA from a wide variety of infectious
agents, including viruses, fungi, and parasites, as well as other bacteria. In addition, the assay could be
used to detect DNA encoding for antibiotic resistance genes to aid in screening patients that may be
colonized with bacteria carrying specific antibiotic resistance genes. Such an assay would be highly
beneficial in hospital infection control situations, particularly with an assay that can be completed in a
short period of time for reasonable cost, and without the need for highly trained personnel.
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