.
&)

chemosensors

Review

Detection of Kidney Complications Relevant Concentrations of
Ammonia Gas Using Plasmonic Biosensors: A Review

Fahad Usman "%, Kamarul Hawari Ghazali 1'3*, Razali Muda '3, John Ojur Dennis 40,
Khalid Hassan Ibnaouf 07, Osamah A. Aldaghri >*{), Ahmed Alsadig ¢, Nasrul Hadi Johari "7 and Rajan Jose %°

check for
updates

Citation: Usman, F.,; Ghazali, K.H.;
Muda, R.; Dennis, J.O.; Ibnaouf, K.H.;
Aldaghri, O.A.; Alsadig, A.; Johari,
N.H.; Jose, R. Detection of Kidney
Complications Relevant
Concentrations of Ammonia Gas
Using Plasmonic Biosensors: A
Review. Chemosensors 2023, 11, 119.
https://doi.org/10.3390/
chemosensors11020119

Academic Editor: Brian Cullum

Received: 5 December 2022
Revised: 17 January 2023
Accepted: 31 January 2023
Published: 6 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Centre for Advanced Industrial Technology, Pekan Campus, University of Malaysia Pahang,

Pekan 26600, Pahang, Malaysia

2 Department of Physics, Al-Qalam University Katsina, PMB 2137, Katsina 820102, Nigeria

Faculty of Electrical and Electronic Engineering, Pekan Campus, Universiti Malaysia Pahang,

Pekan 26600, Pahang, Malaysia

Department of Fundamental and Applied Sciences, Universiti Teknologi PETRONAS,

Seri Iskandar 32610, Perak, Malaysia

Physics Department, College of Science, Imam Mohammad Ibn Saud Islamic University (IMSIU),

Riyadh 13318, Saudi Arabia

6 CNR Nanotec, University Campus Ecotekne, 73100 Lecce, Italy

Faculty of Mechanical & Automotive Engineering Technology, Pekan Campus, Universiti Malaysia Pahang,
Pekan 26600, Pahang, Malaysia

Center for Advanced Intelligent Materials, Universiti Malaysia Pahang, Kuantan 26300, Pahang, Malaysia
Faculty of Industrial Sciences and Technology, Universiti Malaysia Pahang, Kuantan 26300, Pahang, Malaysia
*  Correspondence: kamarul@ump.edu.my (K.H.G.); odaghri@imamu.edu.sa (O.A.A.)

Abstract: Kidney-related health problems cause millions of deaths around the world annually.
Fortunately, most kidney problems are curable if detected at the earliest stage. Continuous monitoring
of ammonia from exhaled breath is considered as a replacement for the conventional blood-based
monitoring of chronic kidney disease (CKD) and kidney failure owing to its cost effectiveness, non-
invasiveness, excellent sensitivity, and capabilities for real-time measurement. The detection of
ammonia for renal failure requires a biosensor with a detection limit of 1000 ppb (1 ppm). Among
biosensors, plasmonic biosensors have attracted considerable research interest due to their potential
for ultra-sensitivity, single particle/molecular level detection capability, multiplexing capability,
photostability, real-time measurement, label-free measurement, room temperature operation, naked-
eye readability, ease of miniaturization via simple sensor chip fabrication, and instrumentation,
among other features. In this review, plasmonic sensors for the detection of ammonia gas relevant
to kidney problems (LOD < 1 ppm) are reviewed. In addition, the utilized strategies and surface
functionalization for the plasmonic sensor are highlighted. Moreover, the main limitations of the
reported sensors are stated for the benefit of future researchers. Finally, the challenges and prospects
of plasmonic-based ammonia gas biosensors for potential application in the monitoring and screening
of renal (kidney) failure, as well as the endpoint of the dialysis session, are stated.

Keywords: chronic kidney disease; ammonia biosensor; plasmonic sensors; kidney failure;
non-invasive detection; blood urine nitrogen

1. Introduction

Kidney diseases are a rising global health problem [1]. Globally, 10% of the population
is reported to be affected by chronic kidney disease (CKD), which leads to millions of
deaths annually due to lack of affordable treatments [2—4]. According to a recent global
burden of disease (GBD) study, 1.2 million people died from kidney failure in 2015, an
increase of 32% since 2005 [1,5]. Moreover, the prevalence rising to 5-10 million annual
deaths of other kidney diseases are considered in [1]. Coupled with the global economic
burden of kidney disease, the number of people undergoing dialysis globally is projected to
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rise from 2.62 million in 2010 to 5.24 million by 2030 [5]. Fortunately, kidney complications
are controllable if detected at their early stages [1].

Thus, the quest for a reliable procedure is necessary. Regular and continuous mon-
itoring of blood, imaging, and urine are currently considered as the only way to avoid
renal failure [6-9]. However, these procedures are invasive, annoying to the patients,
time-consuming, expensive, operator-dependent, require special skills, and are therefore
not suitable for point-of-care testing and real-time monitoring.

Continuous monitoring of ammonia from exhaled breath offers a non-invasive way
to monitor kidney health status [10-16]. Ammonia is a nitrogen waste product naturally
produced in the body and excreted in the urine. Ammonia concentrations increase in the
body when the kidneys or liver are not working properly, allowing water products to
remain in the bloodstream [17]. When a patient has kidney failure, solute that is normally
filtered out of the body begins to build up in the blood. Urea reaches a toxic level and
hydrogen compounds make the blood more acidic.

The effective monitoring and screening of CKD, renal (kidney) failure, and the end-
point of the dialysis session can be achieved through breath ammonia analysis due to 0.95
and 0.83 correlation factors found between the breath ammonia and blood urine nitrogen
(BUN), and between the breath ammonia and creatinine, respectively [18]. The mean
ammonia concentration for patients with end-stage renal failure was found to be 4880 ppb,
ranging from 820 to 14,700 ppb [19]. In another study, patients with renal failure had an
amount of ammonia in their breath ranging from 1500 ppb to 2000 ppb [18]. Analytical
techniques are required to be able to quantify breath ammonia down to a limit of detection
of 29 ppb before they can be considered efficient. However, to detect ammonia for renal
failure screening, the detection limit will be 1000 ppb (1 ppm) [20].

The non-invasive exhaled breath ammonia-based monitoring and screening for re-
nal failure is ultra-sensitively achieved using conventional equipment such as GC, laser-
induced fluorescence (LIF), tunable diode laser absorption spectroscopy (TDLAS), and
SIFT-MS. Unfortunately, these methods are costly and bulky, and require trained and
qualified personnel, and they are tabletop equipment [21-24].

A sensor-based approach is currently considered among the easiest ways of detecting
ammonia vapours. Unfortunately, the development of most of the available ammonia sen-
sors based on quartz crystal microbalance (QCM), CMOS fabrication process, chemiresistive
techniques, and MEMS is hindered due to one or more issues such as poor accuracy, low
sensitivity, and short detection range [21,25,26]. Sensors based on nanostructured inorganic
structures such as SnO;, WOj3, and TiO, have large sensitivity and response time, but the
technology for producing both the materials and devices for gas sensors usually requires a
vacuum and high temperature that results in considerably large expenses [27,28]. With the
aim to reduce these costs, many research groups were able to develop gas sensors based on
conducting polymers that feature a simple fabrication process, low power consumption,
and room-temperature operation [28-31].

Recently, increased research interest was recorded in plasmonic sensors including
surface plasmon resonance (SPR), localized surface plasmon resonance (LSPR), and surface-
enhanced Raman scattering (SERS), owing to their superior features such as ultra-sensitivity,
single particle/molecular level detection capability, multiplexing capability, photostability,
naked-eye readability, and the ease of miniaturization without sophisticated sensor chip
fabrication and instrumentation [32,33]. SPR technique is based on the interaction of electro-
magnetic waves with planar metallic substrate, while LSPR arises due to the interaction of
electromagnetic waves with discrete metallic nanoparticles with dimensions smaller than
the incident wavelength [34,35]. Another nanoparticle-based technique, surface enhanced
Raman scattering (SERS) employed the huge production of electric field at the resonance
condition for its sensing application [36]. Unfortunately, investigations on the application
of plasmonic sensors for the management of renal complications based on the detection
of NHj gas are lacking despite the promising advantages of the sensing technique. As
such, the current review is aimed at revealing the potential of plasmonic sensors in this
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regard by reporting contributions related to the plasmonic sensing of low concentration
NH3 gas of CKD or renal failure interest (<1 ppm) in a broad manner. As part of this
effort, the principle of the plasmonic sensors, including SPR, LSPR, and SERS, is described.
In addition, the performance parameters required to be optimized before the successful
deployment of plasmonic sensors in the detection of low concentrations of the NHj3 gas
for the management of CKD and kidney failure are reported. Thereafter, the advances in
the detection of the low concentrations NH3 gas (<1 ppm) using plasmonic biosensors are
presented. Finally, the conclusion and outlook for the detection of low concentrations NHj
gas using plasmonic biosensors are stated.

2. Principles of Plasmonic Biosensors

Plasmonic biosensors are broadly categorized into two classes, surface plasmon reso-
nance (SPR) biosensors, which use a thin film of plasmonic materials, and localized surface
plasmon resonance (LSPR) biosensors, which are based on plasmonic nanoparticles. Promi-
nently, the plasmonic materials based on noble metals such as gold and silver are more
attractive owing to their superior plasmonic properties at visible range. Apart from these,
other optical sensors such as surface-enhanced Raman scattering (SERS), surface-enhanced
fluorescence (SEF), and surface-enhanced infrared absorption spectroscopy (SEIRA) can be
classified as plasmonic sensors owing to the strong dependence of their enhanced optical
properties with incorporation of plasmonic materials [37]. The principles of plasmonics
biosensors relevant to this review including SPR, LSPR, and SERS have been extensively
explained elsewhere [37,38] and in our previous review [39]. A comprehensive summary
of these principles is given below.

2.1. SPR Biosensors

Surface plasmon resonance (SPR) biosensors exploit the alteration of refractive index
(RI), an optical parameter to monitor the concentration or quantity of a particular analyte. A
surface plasmon wave is generated following the interaction of a plane polarized light wave
with planar thin film of a metallic/plasmonic material (mostly gold or silver) surrounded
by a dielectric medium. As shown in Figure 1a, the surface plasmons have the features
of both an electromagnetic wave and surface charge. The wave propagates along the
metal-dielectric interface with its electric field perpendicular to the interface and decays
exponentially into the metal and dielectric medium [40,41]. The electric field of the surface
plasmon is perpendicular to the interface and decays exponentially into the metal and
dielectric medium. The penetration depth of the electric field in metal is much smaller than
that in the dielectric medium [41].
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Figure 1. (a) Electric field lines and charge distributions associated with a surface plasmon traveling
on a metal-dielectric interface [42]; (b) dispersion curves of light in free space and the surface
plasmon [39,43].



Chemosensors 2023, 11,119

4 of 24

The surface plasmon can be excited by an incident light propagating along the in-
terface. However, as shown in Figure 1b, the surface plasmons cannot be excited by a
direct light and require the wave vector of excitation light along the metal-dielectric in-
terface to be equal to the wave vector of the surface plasmon wave, a condition called the
resonance condition.

Prism coupling technique is prominently employed to increase the wave vector of the
excitation light due to its simplicity (Figure 2). Typically, the base of a prism is coated with
a plasmonic material through the deployment of a well-known Kretchmann configuration
and is followed by striking one face of the prism with a light source. At a certain angle
of incident beyond critical angle, total internal reflection (TIR) occurs which leads to the
generation of an evanescent wave (excitation light) that propagates along the prism-metal
layer interface (Figure 2) [41,44]. Based on this, the propagation constant of the evanescent
wave (K¢y) can be calculated using Equation (1), implying the dependency of the K., with
the increment of dielectric constant of the prism ().

w .
Koy = ?\/QsmG 1)

where es, e, and 1, represent the dielectric constant of sample or dielectric medium,
dielectric constant of the plasmonic material (metal), and the refractive index of the material
of the prism, respectively. In addition, w is the angular frequency, c is the speed of light in
a vacuum, and 6 is the angle of incidence of light.

Prism (np)

Reflected light Incident light

Figure 2. The excitation of SPR using prism couplers. Figure adapted from [39].

Upon satisfaction of the resonance condition, an intense reduction in the intensity
of the reflected light is observed at a certain angle of incidence, resonance angle (fres).
As shown in Figure 3a, any adsorption or introduction of a particular analyte toward the
surface of the metal coated layer of the SPR biosensor will result in displacement of the
SPR angle (SPR shift). This is exploited for SPR sensing. Despite the simplicity of the
prism-based SPR biosensors, their development is hindered due to their bulkiness and
involvement of various components and moving parts (Figure 3a,b). Apart from the prism
coupling techniques, other SPR biosensors based on waveguide, optical fibers, and grating
coupling techniques are also available [39]. Among these, fiber-optic SPR biosensors seem
to be more promising, enabling ultrasensitive detection, point of care testing (POCT), and
attainment of portable biosensing devices, among other advantages [41,45].
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In the case of a fiber-optic (FO) SPR biosensor, the so-called surface plasmon resonance
(SPR) condition is satisfied in a process similar to prism-based SPR biosensors. However,
the evanescent wave spreads along the core-cladding interface [46]. Additionally, wave-
length interrogation is employed as opposed to the angular interrogation method for the
prism-based SPR biosensors. As such, the wavelength of the light at which nearly com-
plete attenuation of the transmitted intensity of the reflected light occurs is called the SPR
wavelength (Aspr), and it is a function of the optical properties of the metal, optical fiber
properties, dielectric medium, and any adsorbate on the metal [47,48]. This dependency
is exploited in fiber-optic SPR biosensing applications. The SPR wavelength is observed
through SPR curve, the plot of transmitted intensity against the wavelength. SPR-based
sensors feature high sensitivity, real-time non-invasive measurement, label-free measure-
ment, and non-requirement of electrodes [41,48]. The schematic diagram of a fiber-optic
biosensor is shown in Figure 4. For realization of this biosensor, an optical fiber core with
diameter D, surrounded by a cladding, is required. The cladding is removed in the middle
to obtain a sensing region, L. The unclad portion of the fiber is coated with a sheet of
plasmonic material (mostly gold or silver) film, having thickness of d, and sensing layer of
thickness ds. Light is launched with a polychromatic light source and data are collected
using a portable spectrometer /normal spectrometer and computer. The power, P, of the
light launched by the polychromatic light source into one end of the fiber core is indicated
by the red arrow in Figure 4. Assuming dP is the power arriving at the other fiber end
between the incident angles 6 and 0 + d6, then dP can be expressed by Equation (2) [49].

dP o P(6)d6 2)

where P(6) is the modal power related to the incident angle 6. It can be mathematically
written by Equation (3) [49]:

n? sin 6 cos 6
(1 — n2cos? 0)*

where 7, is the refractive index of the fiber core. The normalised transmitted power (Pr)
due to single reflection at the core/metal (mostly gold or silver) interface is described by
Equation (4) [49,50]

P(9) = ®)

Jo RR" P (6)d6

Pr =
Jo/? P(0)do

(4)

where Nrep(6) = L/(Dtan®) is the total number of light reflections in fiber, § is the incident
angle of the light rays, L is the length of the sensing layer, D is the diameter of the fiber core,
and 0c (sin-1(ncp /nc)) is the critical angle of the optical fiber, while n¢y is the refractive
index of the cladding.

The performance of both prism and FO SPR biosensors are described in terms of their
sensitivity, detection accuracy, and the quality factor among others, as explained in the
proceeding section, which are all required to be high [41,50].

2.2. LSPR Biosensors

LSPR biosensors have the potential to enable ultrasensitive detection of analytes
including gaseous-based ones such as ammonia, especially within a few nanometers
from their surface [37]. Unlike SPR biosensors that employ a thin film of plasmonic
materials (such as gold), LSPR biosensors are based on a non-propagating oscillation of
conducting electrons due to an interaction between light waves and subwavelength-sized
metallic nanoparticles [40]. As shown in Figure 5, the interaction results in the buildup
of polarization charges on the surface of the metallic nanoparticle, which is behaving as a
dipole. Consequently, strong absorption and scattering of the light (light extinction) are
manifested in addition to the strong enhancement of EM field proximal to the nanoparticle
surface [40].
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Figure 4. The schematic diagram of a typical portable FO SPR sensor.
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>
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Electron cloud

Figure 5. Localised surface plasmon resonance (LSPR) due to collective oscillations of delocalised
electrons in response to external electric field [39].

The localized resonance is featured as an extinction wavelength peak, LSPR peak,
where the maximum light extinction (absorption and scattering) is observed. As shown in
Figure 6A,B, the LSPR peak and its corresponding wavelength are extremely sensitive to the
changes (e.g., refractive index change) in the medium of the metallic nanoparticle [51]. This
is exploited in LSPR sensing. In addition, the LSPR peak depends on the shape, size, and
material of the metallic (plasmonic) nanostructure [37]. A significant advantage of LSPR
biosensors over SPR biosensors is that the plasmonic resonance can be achieved through
excitation with direct light (Figure 6A,B), simplifying their system setup by avoiding the
incorporation of complex light couplers such as prism or gratings.
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Figure 6. LSPR biosensing principle. (A) Biomolecular recognition elements (e.g., antibody) on the
surface of metal nanosubstrate (a) recognize and capture analytes (e.g., antigens) present in a liquid
sample, (b) producing a local increase in the refractive index at the metal surface. (B) The increase
in local refractive index induces a peak-wavelength shift of the extinction spectra. Figure adapted
from [51].

For the prominent spherical nanoparticle with a radius smaller than the wavelength
of the incident wave (2r << ), its optical extinction (o) is given using Equation (5) [39].

 24n?e)/°N ei(A)
%) = —Xinq0) ((sr(A)+ZSd)2+€i()‘>2> ;

where N, A, g4, €, €; represent the electron density, wavelength of the incident light, dielectric
medium permittivity, real part metallic nanoparticle’s permittivity, and imaginary part
metallic nanoparticle’s permittivity, respectively.

LSPR biosensing platforms defend on the surface density of the nanoparticles. As
shown in Figure 7a, for high density surfaces, the optical response is easily measured
using an extinction measurement. Typically, a plasmonic nanostructure (nano hole), or
occasionally, plasmonic nanoparticles on a substrate are directly illuminated and have the
resulting transmitted light measured using either a spectrometer (wavelength interrogation)
or CCD/CMOS camera (intensity interrogation) (Figure 7a) [40].

Alternatively, when dealing with low-density nanoparticle surfaces, the incident light
and the light absorbed by the metallic nanoparticle are required to be significantly con-
trasted. In that case, scattering measurements capable of realizing higher signal-to-noise
ratios are the most suitable and can be accomplished using dark-field (DF) microscopy or
total internal reflection (TIR) microscopy (Figure 7b,c). DF microscopy functions in trans-
mission configuration, using a darkfield condenser to targets the surface of the nanohole (or
other nanostructure), as shown in Figure 7b. Next, a microscope objective is employed to
measure the light scattered by the plasmonic nanoholes (or other plasmonic nanostructures).
The prism-coupling based TIR microscopy also utilizes a microscope objective to measure
the scattered light, as shown in Figure 7c.

2.3. SERS Biosensors

SERS phenomenon is considered as a landmark achievement in Raman analysis with
characteristic weak signal. The weak nature of Raman signal has hindered its development
and detection of low-concentration analytes despite the advantages of Raman spectroscopy
in offering non-destructive, fast, and precise analysis; simplified sample preparations and



Chemosensors 2023, 11,119

9 of 24

handling capabilities; and excellent specificity, among others [53]. SERS is reported to
enhance an original Raman signal up to 1015 [54], enabling improved fingerprint capability
and detection of chemicals and biomolecules even at a single-molecule level, which opens
a way to its popularity in various applications including medical diagnostics, food safety
and security, environmental monitoring and defense, and security, among others [38].
Prominently, the Raman enhancement is described in terms of two (2) mechanisms, namely,
(i) electromagnetic (EM) enhancement (plasmonic), and (ii) chemical enhancement (charge
transfer) [53,54].

Detector Liaht
(Spectrometer/CCD/CMOS) Ight source
; LR AN °
- .o ¢ vegvvv ‘%‘vz'?"'%"v“
e @ \;"«" ";’},« s_;’\ ﬁ-&\f:@%\‘.‘«;‘:f’ “:-.- s T
“"’"".&‘f‘“‘-’oﬁ Q‘ Q:p‘,‘vv =
1 ./' '
Light source Microscopic Objective  Light source Detector

E-field

(@)

(b) (©

Figure 7. Diagrams illustrating nanoplasmonic-based biosensor setups: (a) extinction measurements,
(b) dark-field microscopy, and (c) total internal reflection (TIR) microscopy. Figure adapted from [52].

Among these mechanisms, EM enhancement plays a greater role for metallic SERS
substrates leading to the consideration of SERS biosensors as an integral part of the plas-
monic biosensors by numerous researchers [37,55,56]. Figure 8a,b illustrates the processes
for the EM enhancement and the charge transfer mechanisms, respectively, for a metallic
SERS substrate. On the other hand, SERS substrates based on organic and inorganic semi-
conductors have demonstrated excellent chemical stability and reproducibility. However,
their enhancement mechanism is mainly regarded as a chemical enhancement with highest
reported EF of 107 [57].

(b)

Analyte
molecules
e-
8-%
O-e 78
: 0-0?‘ e- ©-
Positive Negative Roughed substrate

charge cloud charge cloud

Figure 8. SERS enhancement mechanisms (a) EM: surface plasmon resonance on metal surface;
(b) CM: charge transfer between analyte molecules and roughed substrate. Figure adapted from [58].

The principle of EM is mainly due to the localized surface plasmon resonance (LSPR)
on a nanometal surface generated from the interaction between light waves, metallic
nanoparticles, and target molecules. This produces enhanced local EM and the fingerprint
information of the molecules in the form of the Raman spectrum. Therefore, EM takes
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care of signal enhancement in SERS biosensing [59]. CM arises due to the transfer of
electrons between adsorbed molecules and the SERS substrate during development of an
adsorbate—surface complex, giving rise to stronger molecular selectivity [38,59]. Generally,
an ideal metallic SERS substrate is required to possess two important properties which
include excellent plasmonic activity and presence of abundant hotspots (nanometer-sized
spaces in between metallic nanoparticles) for the generation of an intense electromagnetic
field. This is normally generated using rough or nanostructured surfaces. Based on this,
the highest enhancement is observed when the molecules are present in these hotspots
(Figure 9) [54].

\ 1
\\\\\\\ j =1 Norrrad Rarman
—2 SERS
= ——3 Hot spot SERS
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\. . Q
Ry Slgnal| £
. - M—W\M\‘—/\
800 1000 1200 1400 1600
Analyte: * rel (1/om)
Electromagnetic Field: we=)
Edge of LSPR: - = = = — Raman Spectrum

Figure 9. Schematic of SERS phenomenon for an organic analyte on AuNPs showing highest Raman
intensity when the analyte is present in the hotspot. Figure adapted from [60].

3. Performance Characteristics Requirement for the Deployment of Plasmonic NH;
Sensors in Renal Disease or Kidney Failure

The mitigation of complications related to the CKD progression to end-stage kidney
disease (kidney or renal failure) is subject to the early identification of impaired kidney
function. Despite the potential application of biosensors for exhaled breath NHj in this
respect, the inherent low concentrations of NHj3 in exhaled breath as well as the presence
of abundant interferents hinders its rapid development. These oblige the exploration
of biosensors with ultra-sensitive detection capability and overall excellent performance
characteristics for the accomplishment of this task in a reliable and non-invasive man-
ner. Optimization of the following performance parameters is essential for the potential
application of plasmonic sensors in the detention of renal complication-related NHj gas.

3.1. Sensitivity and Lowest Detection Limit

Sensitivity of a sensor refers to the fraction between its output signal and quanti-
fied property which is simply the slope of an output-input graph. In SPR sensors, and
depending on the interrogation techniques, the sensitivity is defined as the ratio of the
change in output signal (resonance angle or wavelength, intensity, or phase (AByes, Alres,
Al or Ag)) and change in the analyte property (refractive index or analyte concentration
(An or Ac)), as shown in Figure 10. Broadly, the SPR sensitivity can be evaluated using
Equation (6) [61,62].

Aoutput signal

AC (6)

Sspr =
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Figure 10. The methodology of SPR measurement (a) principle of intensity, angular, and wavelength
interrogations. (b) The principle of phase interrogation method for SPR signal acquisition. Figure
adapted from [61].

In the case of LSPR sensors, the sensitivity is calculated (Equation (7)) from the
resonance peak wavelength shift [63].

AA
Srspr = Ac ()

where AA is the wavelength shift of the plasmonic resonance peak, and Ac is the change
in concentration.

For SERS sensors, the sensitivity is defined by measuring the enhancement factor (EF)
across different substrates, as shown in Equation (8). A more reliable EF value is usually
obtained through the analysis of multiple spots on the SERS substrate.

Isgrs
Nsurf
Igs
Ny

EF =

®)

where Isgrs and Igs represent the intensity of Raman scattering and SERS, respectively. In
addition, Ng,r and Ny stand for the number of molecules adsorbed on the SERS active
substrate and sampled in bulk, respectively [64,65].

Another important parameter is the lowest detection limit (LOD), which refers to the
lowest concentration of analyte that can be detected by a biosensor. In several medical
and environmental monitoring applications, biosensors are required to detect analyte
concentrations of as low as ng/mL, ppb, ppm, or fg/mL to confirm the presence of traces
of analytes or disease biomarkers. In the case of renal-related complications, a biosensor
capable of detecting NHj3 gas at least down to 1ppm is required. The LOD for SPR sensors
has been defined as the ration of refractive index change (An) and resonance angle variation

as shown in Equation (9).
An

AOpes

In general, the detection limit of bio-analyte based plasmonic biosensors (LODy,) is
defined as the concentration of analyte that produces a sensor output corresponding to
three standard deviations of the sensor output measured for a blank sample, as shown in
Equation (10).

LOD =

% 0.001° )

3
LOD,, = % (10)
a

where Sy, is the sensitivity related to the bio-analyte concentration.
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3.2. Detection Accuracy and Quality Factor

In plasmonic sensors, specifically SPR and LSPR sensors, the detection accuracy
(DA) and figure of merit or quality factor (FOM or QF) complement the performance
measurement of plasmonic sensors. This is attributed to the widening of SPR and LSPR
curves at large shifts (increased sensitivity), making it difficult to locate the SPR dip and
LSPR peaks with certainty, in other words, decreasing the resolution of the sensor [63,66,67].
As shown in Equations (11) and (12), calculations of DA and FOM require the full width
at half maximum (FWHM) of the SPR and LSPR spectra to be evaluated [68]. FWHM is
defined as the width of the SPR/LSPR curve for the half value (50%) of the maximum
response signal [69].

1
DA = FWEM (11)
Sensitivity e
FOM = W = DA x SenSItIVIty (].2)

3.3. Selectivity

Selectivity is another important performance parameter that generally depicts the
ability of a receptor in a biosensor to detect an analyte of interest amidst interfering an-
alytes and contaminants. In plasmonic sensors, this is usually achieved through diverse
novel approaches by functionalizing the surface of the biosensor or nanoparticles’ surface
(LSPR and SERS) with antibodies, enzymes, peptides, nucleic acids, semiconducting mate-
rials, polymeric materials, or other unique materials capable of capturing the analyte of
interest [70-74]. For example, the utilization of an SERS sensor based on Au nanoparticles
decorated on polystyrene colloidal crystals (PSCCs) has demonstrated better H,S selectivity
compared to gases like NH3, hydrogen peroxide (H2O;), and nitrous oxide (N,O) [75].
Equally, selective detection of NH3 gas has been achieved with polymer-coated plasmonic
sensors [76-78]. Overall, the selectivity of a biosensor to a particular analyte is highly
dependent on the proper selection of its bioreceptor.

3.4. Reproducibility and Repeatability

Reproducibility is the ability of the biosensor to generate identical responses for a
duplicated experimental set-up. On the other hand, repeatability refers to the ability of
a biosensor to generate identical responses for a series of experimental testing utilizing
a single experimental set-up. Usually, the reliability of a sensor is subject to improved
reproducibility and repeatability. By extension, the deployment of plasmonic sensors and
other sensing devices in medical applications requires a compromise between sensitivity
and reliability [72]. In plasmonic sensing, performance reproducibility and repeatability
measurements are achieved by conducting multiple number of experiments under similar
conditions (at different spots for sensors such as SERS-based ones) and followed by the
evaluation of relative standard deviation (RSD%), standard deviation (S.D.), or coefficient
of variation (COV) [72,78-84].

3.5. Stability

Stability is the degree of vulnerability to ambient disruptions in and around the
biosensing system. These disruptions can cause a drift in the output signals of a biosensor
under measurement. This can cause an error in the measured concentration and can affect
the reliability of the biosensor. The response stability of a plasmonic sensor is usually
evaluated through continuous usage of the sensor for up to a few months to ensure that
little or no change is observed in the output signal [85-87]. A stable biosensor is expected
to be free from issues related to temperature sensitivity, poor affinity, and time-related
degradation of the active sensing layer of the biosensor, which may influence the stability
of a biosensor [88].
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3.6. Linearity

Linearity measurement uses linear relationships to reveal the correctness of the mea-
sured response of a particular sensor at diverse concentrations of the analyte of interest.
It is mathematically expressed as y = kx, where x is the concentration of the analyte, y is
the output signal, and k is the sensitivity of the biosensor. Using linear fittings, correlation
coefficients determine the extent of linearity. Usually, the maximum linearity is achieved at
one and decreases from one to zero. Linearity is equally an important determining factor
for the deployment of biosensors in medical and other applications. For example, the
detection of a disease-related biomarker requires the response of the biosensor to be linear
at least within a wide range of interest [66,72,88].

4. Plasmonic Biosensors for the Detection of Ammonia (NHj3) Vapour

Plasmonic sensors including surface plasmon resonance (SPR), localized surface plas-
mon resonance (LSPR), and surface-enhanced Raman scattering (SERS) have gained sig-
nificant popularity over other sensing techniques owing to their ultra-sensitivity, single
particle/molecular level detection capability, multiplexing capability, photostability, naked-
eye readability, and ease of miniaturization without sophisticated sensor chip fabrication
and instrumentation [32,33]. However, the development of gas sensors based on plasmonic
techniques is generally hindered due to the poor absorptivity of the gaseous molecules
resulting from their low molecular weight. Additionally, the gaseous molecules tend
to diffuse more rapidly than those of liquids and solids due to the extra space between
their molecules. Fortunately, adoption of appropriate strategies and selection of unique
novel materials are considered among the promising ways of mitigating this hurdle [89].
For example, conducting polymer-based films such as polypyrrole, polythiophene, and
polyaniline (PANI) have been successfully applied for the detection of ammonia gas [30].
In addition to the superb performance of these polymer-based sensors, researchers are
also attracted by their easy synthesis methods, cost-effectiveness, low power consumption,
presence of functional groups, high environmental stability, tunable conductivity through
doping, and room temperature operation [28,30,90-98]; Moreover, the doping and dedop-
ing nature of PANI when exposed to NHj gas has resulted in numerous PANI-based NH3
sensors [30,99-101]. Likewise, the general detection mechanisms between the NHj3 gas
and other conducting polymers (e.g., polypyrrole, polythiophene), as well as metal oxide
semiconductors such as SnO;, are based on the consideration of NHj3 as a reducing gas with
capability of increasing the resistance of a sensing layer by removing a proton [102-108].

This is the case in the majority of resistive-based biosensors. In the case of plas-
monic biosensors, their response is mainly attributed to either the alteration of refractive
index of the sensing layer or that of its surrounding medium upon exposure to NHjs
gas [45,109-111]. However, improved comprehension of the interaction mechanism during
ammonia detection, as well as consideration of the peculiarities associated with renal
complication-related NHj gas, still require great scientific efforts before the successful
deployment of plasmonic sensors in line with management of CKD and renal failure.

Exhaled breath is mainly composed of nitrogen, oxygen, carbon dioxide, and water
vapour. In addition, thousands (over 3500) of other trace components are present at
extremely low concentrations, in parts per million (ppm), parts per billion (ppb), or parts
per trillion (ppt) concentrations which serve as important biomarkers of various diseases.
NH3; is one of these components and its comprehensive analysis in exhaled breath has been
reviewed recently [112].

In addition, in the following subsections, the plasmonic detections of low concentra-
tions of NHj applicable to kidney-related issues (<1 ppm) are reported and summarized
in Table 1.

4.1. SPR Sensors for the Detection of Ammonia Gas Relevant to Kidney Disease

In the past two decades, a simple and cost-effective grating-based surface plasmon
resonance sensor capable of detecting ammonia down to part per billion (ppb) concentra-



Chemosensors 2023, 11, 119

14 of 24

tions range was devised [113]. As shown in Figure 11a, the conventional interrogation
approaches based on angle, wavelength, phase, or intensity were changed to time-based
measurement using a sensor disk approach. The rotating optical disk was coated with
a silver film, a transparent dielectric (Yttria) film, and functionalized with bromocresol
purple. Upon exposing the surface of the sensing layer to ammonia, a detection limit down
to 10 ppb was accomplished. This resulted from the change in optical properties of BCP
layer. Unfortunately, the sensors presented significant noise that required elimination in
addition to other issues related to long-term drift and selectivity, and secondary effects
such as changes in temperature and humidity.

In another development, the doping and de-doping feature of drop-casted camphor
sulfonic acid doped polyaniline was exploited for the SPR sensing of NHj3 gas. In this
work, spectroscopic ellipsometry confirmed the wavelength-dependent response observed
via SPR. More importantly, the device demonstrated the capability to detect ammonia gas
down ~0.2ppm theoretically [77]. Unfortunately, long response times were observed in
addition to the manifestation of significant hysteresis effects.

Additionally, Mishra et al. [114] demonstrated the detection of low concentrations
of NHj gas using a fiber-optic SPR sensor based on polyaniline and PMMA /reduced
graphene oxide nanocomposite. However, the sensor could not detect ammonia gas
below 10 ppm concentrations despite the theoretical detection limit of 0.367 ppm [78]. To
overcome this shortcoming, the coatings were replaced with indium tin oxide (ITO) and
bromocresol purple (BCP), which realized the detection of NHj3 gas down to 1 ppm and
theoretical LOD of 0.175 ppm [111]. The authors attributed this to the porosity, defects,
densities, and coarse nature of the ITO layer, which triggered the swelling effect of the ITO
layer upon exposure to the NHj3 gas, as well as the associated refractive index increment.
Surprisingly, the ITO-based sensor even surpassed SPR sensors based on conventional
plasmonic metals including Ag/BCP and Cu/BCP in terms of detection sensitivity and
lowest detection limit [114]. Moreover, the same group observed a better theoretical LOD,
and detection sensitivity with the utilization of Ag and SnO; as the plasmonic and sensing
layer, respectively [111]. Generally, SnO; is widely employed for gas detection owing to
its superior chemical stability and simple adsorption of molecular oxygen among other
features [110].

—
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Figure 11. (a) Design of the sensor disk optical system. Reprinted from [113] with permission from
Elsevier; (b) (I) Schematic of the SnO, /Polypyrrole based SPR gas sensor; and (II) Kretschmann
configuration utilized for ammonia gas detection. Figure adapted from [115].

A different group also reported the detection of NH3 down to 0.5 ppm using a SnO,-
based SPR sensor [110]. Unlike the SPR sensor reported by Mishra et al., gold (Au) was
used as the plasmonic material, and the detection system was based on the well-known
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prism coupled Kretschmann configuration (Figure 11b). Interestingly, the response time
significantly improved (0.11 min to 1 sec) after the replacement of the SnO; layer with a
composite-based sensing layer comprising of a conducting polymer (polypyrrole (PPy))
and the SnO, [115].

It is worth noting that the NHj3 gas from exhaled breath is well-humidified. As such,
SPR sensors capable of managing this humidity effect are required before their successful
deployment for the management of kidney-related issues. An issue analogous to this
has been addressed through the utilization of a waveguide SPR sensor based on poly
acrylic acid (PAA) and poly vinyl alcohol (PVA) for the detection of NH3 gas under diverse
humidity conditions [116]. During the experiment, simultaneous detection of NH; and
humidity was achieved using the PAA- and PVA-based waveguide SPR sensors. PAA
responded significantly to the NH3 gas containing water vapour as opposed to PVA, which
responded to water vapour only. The authors attributed the PAA response to the NHj3 re-
lated destruction of its hydrogen bond as well as water sorption augmentation [116]. Apart
from these, several investigations for the detection of NHj gas at higher concentrations
are available [76,117-121]. Additionally, other issues, including higher response time and
poor repeatability, among others, are also reported [113]. Although significant efforts have
been put in place towards the miniaturization of SPR sensors through the introduction of
fiber-optic techniques [78,109,114,118,122], the fiber-optics system is still considered bulky
due to the requirement to incorporate components such as spectrometers. This will hinder
the realization of plasmonic sensors of point-of-care testing (POCT) of the NH3 vapour.
More importantly, a reliable selectivity test needs to be conducted against other interfering
analytes to enable the sensors to be considered as potential monitors for renal (kidney)
failure and the endpoint of dialysis.

4.2. LSPR Sensors for the Detection of Ammonia Gas Relevant to Kidney Disease

Noble metal nanoparticles (MNPs) show unique optical properties when excited by the
electromagnetic field of light. This results in the generation of sharp extinction peaks and
enhancement of electric fields at their surface, which are exploited for ultrasensitive sensing
and detection of molecular interactions near the surface of the nanoparticles using LSPR
sensors. Usually, LSPR sensors are coated with MNPs and upon exposure to the analyte of
interest, an obvious wavelength shift (LSPR shift) corresponding to the concentration of
the analyte is observed at the position of maximum light extinction, called the LSPR peak
wavelength [39,123]. However, the performance of LSPR sensors for NHj is hindered by the
agglomeration of the MNPs in addition to poor absorptivity of gas molecules towards the
surface of the MNPs. Research has been conducted to overcome these issues. For example,
Pandey et al. [124] reported a fast responsive (2-3 s) detection of NH3 solution down to
1ppm using an LSPR sensor based on silver nanoparticles synthesized from silver nitrate
using polysaccharide and guar gum (GG) as a template. In this case, the GG serves as both
the reducing and capping agent for synthesized silver nanoparticles. Unfortunately, the
prospective medical diagnosis application of the sensor targets liquid-based analytes such as
plasma, sweat, saliva, and cerebrospinal liquids, among others. In another development, the
incorporation of MNPs into a polymer matrix is considered as another promising method
of overcoming the accumulation and agglomeration of MNPs [125]. Raj et al. [45] have
exploited this synergistic property to develop their tapered plastic optical fiber NH3 gas
sensor by coating it with a hybrid composite of silver nanoparticles/polyvinylpyrrolidone
(PVP)/polyvinyl alcohol (PVA) (Figure 12). Normally, a fiber-optics sensor is designed
by uncladding a small portion at the center of the fiber and depositing thin layers of the
plasmonic and sensitive materials [78]. The sensor demonstrated a sensitive and selective
detection of NHj3 against interfering analytes including methanol and ethanol. Apart from
utilization of polymer/nanoparticle composite, the incorporation of graphene sheets to
MNPs has also demonstrated better sensing abilities. The two-dimensional single layer of
graphene sheets features superior electrical, mechanical, thermal, and optical properties,
making them an attractive sensing material. Similar performance has been observed for an
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LSPR sensor based on silver nanoparticle/polyaniline composite [126]. The incorporation
of silver nanoparticles (AgNPs) to reduced graphene oxide sheets (rGO) for the detection
of NHj3 gas has been reported for a resistive sensor exploiting LSPR phenomena. In that
case, the silver nanoparticles (AgNPs) were uniformly decorated on the reduced graphene
oxide sheets (rGO), and interestingly, a sensitive detection of NH3 gas down to 100 ppt was
observed [127]. The LSPR phenomenon also has the potential to improve other sensing
techniques towards the detection of NHj3 such as colorimetric sensors [128-130]. Moreover,
numerous other investigations demonstrating the potential application of LSPR sensors
for the detection of NHj at concentrations greater than 1ppm are available based on
diverse configurations [109,123,131-136]. With the improvement of these sensors as well
as investigations of other novel LSPR sensors, the detection of NHj3 gas of interest to
kidney-related complications is highly anticipated.

Ammonia

Silver nanoparticle/PVP/PVA

R -

: Spectrometer
Light source P
Optical fiber /\/\
computer

Figure 12. Schematic representation of the experimental setup of the ammonia sensor. Reprinted
from [45], with permission from Elsevier.

4.3. SERS Sensors for the Detection of Ammonia Gas Relevant to Kidney Disease

Sensing technologies with the ability to acquire concentration based on specific bands
such as Raman and Near Infrared spectroscopy (NIRS) attract significant attention [137].
Among these techniques, Raman spectroscopy demonstrates superior performance en-
abling easier identification of target peaks with Raman spectroscopy compared to the NIRS
technique, but affected by long collection time [138,139]. Thanks to the immense rise in
the electromagnetic (EM) near field of plasmonic nanostructures upon light excitation, a
way is opened to the popularity of surface-enhanced Raman scattering (SERS) capable of
both ultrahigh detection sensitivity (signal-molecule detection) and high specificity due to
its promising SERS fingerprint capability [138,140,141]. In other words, the weak Raman
signals are enhanced in the case of SERS, giving rise to better detection sensitivity and
specificity. However, the development of a SERS sensor is significantly hindered due to the
poor reproducibility of most SERS substrates due to the complex nature of their synthesis
procedure. Recently, simple, fast, sensitive, and selective detection of ammonia has been
reported using a simple SERS designed system (Figure 13) [142]. The SERS experiment
was conducted using a commercially available SERS substrate comprising of leaning sili-
con nanopillars covered with silver and another SERS substrate based on silver (Ag) ink.
The method allows ultrasensitive detection of sub-1 ppm ammonia concentrations with
a short acquisition time of 1~2 s, and more importantly, the device can detect both liquid
and gaseous forms of ammonia. Interestingly, the device is capable of even revealing the
number of NHj3 molecules at the region of interest. However, the long-term utilization
of the SERS substrate is hindered by the oxidation of thin Ag film, which was revealed
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in ink-based substrates in the form of a strong coloration. In addition, an excellent Ra-
man signal has been observed in a substrate based on sandwich-structured mesoporous
PPy-Ag (mPPy/Ag), which demonstrated excellent resistive sensitivity toward NH3 with
fast response time (7 s), short recovery time (21 s), and practical detection limit reaching
up to 200 ppb. The performance was attributed to the synergy between the Ag and PPy
along with the unique architecture [143]. The outstanding Raman signal, as well as the
resistive sensing performance of the PPy/Ag nanoplates, reveals its potential application
as an excellent SERS substrate for the detection of NHj gas of interest to kidney-related
complications. In addition, other SERS sensors investigated for the detection of higher
concentrations of NHj gas are reported [84,144-147].

Table 1. Summary of plasmonic sensors for the detection of ammonia vapour.

Material Technique/Coupler LOD (ppm) Main limitations References
. . e Bulkiness
Au/SnO; films SPR/Prism 0.500 . . [117]
e  Fair gas generation system
e  Background noise
Ag/Yttria films SPR/Grating 0.010 *  Longterm drift [113]
e  Selectivity issue
e Ambient effects
. . e Bulkiness
Au/SnO,-PPY films SPR/Prism 1.000 . . [115]
e  Fair gas generation system
o  Tested only at higher
concentrations (>18 ppm)
Polyethylene film SPR/Fiber optics 0.001 e  Notlinear at concentrations [122]
below 180 ppm
e  Longrecovery time
o  Tested only at higher
concentrations (10-100 ppm)
Ag/SnO; films SPR/Fiber optics 0.154 e  Non-linearity [111]

e Decreased sensitivity at
higher concentration

Indium tin oxide

e  Direct inconsistency between

(ITO)/bromocresol SPR/Fiber optics 0.175 experiment and theory [114]
purple (BCP) films e  Fair gas generation system
Au/CSA Doped Long response times

Polyaniline (PAni) films

SPR/Prism 0.200 Hysteresis effects

Silver
nanoparticles/PVP/PVA
hybrid

e Longresponse and
LSPR/Fiber optics <1.000 recovery time [45]
e  Absence of carrier gas

Au/SnO, films

e  Decreased sensitivity at

SPR/Prism 0-500 higher concentration

[110]

Agink and Si/Ag

e  Not suitable for long term

SERS Sub 1 ppm usage due to oxidation

[142]
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Figure 13. Schematic Diagram of NHj3 Detection by the Surface-Enhanced Raman Scattering (SERS)
Approach Proposed by Liu and Colleagues. Reprinted from [142], with permission from Elsevier.

More importantly, a reliable selectivity test is required to be conducted against other
interfering analytes before the available sensors can be considered as potential monitors for
renal (kidney) failure and the endpoint of dialysis.

5. Conclusions and Future Outlooks

The effective monitoring and screening of CKD, renal (kidney) failure, and the end-
point of dialysis sessions can be achieved through the analysis of exhaled breath ammonia.
However, the concentrations of NHj in patients suffering from kidney complications are in
the order of <1ppm, which requires the deployment of a simple and excellently performing
device. Biosensors demonstrate the potential to overcome the invasive and complex nature
of blood-based monitoring methods and conventional means of detecting ammonia gas, re-
spectively. This is due to their ability to provide a non-invasive, real-time, simple, sensitive,
and specific detection of disease biomarkers. Among biosensors, plasmonic sensors attract
greater attention owing to their ultra-sensitivity, single particle/molecular level detection
capability, multiplexing capability, photostability, naked-eye readability, and the ease of
miniaturization without sophisticated sensor chip fabrication and instrumentation.

In this review article, the potential application of plasmonic biosensors for the moni-
toring and screening of kidney disease-related challenges based on the detection of NH3
gas has been explored. First, the principle of the plasmonic biosensors was described.
The essential performance characteristics of plasmonic sensors were also summarized and
related to the detection of NHj gas relevant to kidney compilations. Then, plasmonic
sensors including SPR, LSPR, and SERS sensors for the detection of NHj gas down to
1 ppm, the threshold for the evaluation of kidney failure, were reported. Although numer-
ous investigations on the detection of NHj3 are available, only a few explore the detection of
NH3 gas down to 1ppm and most fail to provide detail description of essential performance
parameters. Additionally, the reported plasmonic detections feature several limitations
such as bulk/complex detection system, poor selectivity, long response and recovery times,
poor gas control system, non-linearity, hysteresis effect, and saturation, among others. More
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alarmingly, in addition to the failure to account for the essential performance parameters,
the studies rarely consider the humidified nature of exhaled breath NHj (detection of NH3
vapour with moisture level approaching that of exhaled breath), which hinders their appli-
cability for the management of kidney-related issues/complications. In summary, it could
be concluded that plasmonic sensors have great potential as future means of overcoming
and mitigating kidney-related issues. However, future researchers need to put maximum
effort to address issues related to the improvement of limits of detection, sensitivity, speci-
ficity, linearity, portability /miniaturization, and optical response optimization, among
others. Certainly, these could be accomplished shortly with determination and appropriate
selection of novel sensing layer materials, as well as the deployment of novel plasmonic
sensing strategies.
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