
4191Sensors and Materials, Vol. 32, No. 12 (2020) 4191–4200
MYU Tokyo

S & M 2404

*Corresponding author: e-mail: yapwingfen@gmail.com
https://doi.org/10.18494/SAM.2020.3204

ISSN 0914-4935 © MYU K.K.
https://myukk.org/

Recent Advances in Surface Plasmon Resonance Optical Sensors 
for Potential Application in Environmental Monitoring

Wan Mohd Ebtisyam Mustaqim Mohd Daniyal,1 Yap Wing Fen,1,2* 
Nurul Illya Muhamad Fauzi,1 Hazwani Suhaila Hashim,2 

Nur Syahira Md Ramdzan,2 and Nur Alia Sheh Omar2

1Functional Devices Laboratory, Institute of Advanced Technology, Universiti Putra Malaysia, 
43400 Serdang, Selangor, Malaysia

2Department of Physics, Faculty of Science, Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia

(Received November 28, 2020; accepted December 9, 2020)

Keywords: surface plasmon resonance, optical sensor, metal ion, phenol, pesticides

 Surface plasmon resonance (SPR) optical sensors are among the most promising sensors 
for use in various fields of sensing.  Owing to their advantages, SPR optical sensors have 
attracted tremendous attention, especially for monitoring environmental pollutants, e.g., heavy 
metal ions, phenol, and pesticides.  To further enhance their sensitivity and selectivity towards 
a specific target pollutant, the development of various active layers on top of a metal surface 
has been explored over the past two decades.  This paper provides up-to-date information on 
advances in SPR optical sensors for detecting heavy metals, phenol, and pesticides, which 
have been discussed and summarized in chronological order.  The systematic information on 
the detection of these pollutants using SPR optical sensors will give researchers guidelines for 
future developments in this area.

1. Introduction

 Optical sensors are known to be among the most versatile sensing tools, with the ability 
to detect a wide range of targets such as temperature, pressure, radiation level, force, electric 
field, pH, strain, chemical concentration, displacement, liquid level, displacement, humidity, 
magnetic field, acoustic field, and many more.  An optical sensor works by measuring the 
changes in a light beam due to the alteration of the intensity of light, which may change its 
optical properties of phase, wavelength, polarization, and spectral distribution.  In short, it is 
a device that measures the quantity of light and translates it into some form that is readable 
by the instrument.  Surface plasmon resonance (SPR) sensors are versatile optical sensors 
that have received considerable attention since early 1990s.  The SPR phenomenon was first 
observed by Wood in 1902, when he observed a pattern of white and dark bands as he shone 
a monochromatic polarized light on a mirror with a diffraction grating on its surface.(1)  A 
complete physical interpretation of this phenomenon was not available until 1968, when Otto 
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and Kretschmann independently reported the excitation of surface plasmons.  Since then, 
SPR has slowly made its way into the limelight owing to its practical applications in sensitive 
sensors, first emerging in a paper on gas sensing and biosensing in 1983.(2)

 The Kretschmann configuration is the most common setup used for SPR optical sensors.  
In this configuration, monochromatic and p-polarized light is used to form a surface plasmon 
that propagates along a metal surface.  At a certain angle known as the resonance angle, the 
intensity of the reflected light decreases owing to resonance, which occurs when the momentum 
of the surface plasmon wave is equivalent to that of the incident light.  An SPR optical sensor 
works by measuring the refractive index near the metal surface.  Any changes in refractive 
index will also change the resonance angle.  Hence, SPR can be used as an optical sensor.  
However, SPR cannot be used to distinguish solutions with the same refractive index.  Over 
the past two decades, research has been carried out to improve the sensitivity of SPR sensors 
for sensing applications either by the modification of the SPR system or by combination 
with various sensing methods.(3–8)  Another approach has been to modify the metal thin film 
surface with an active layer or a sensing element.  The development of an improved active 
layer is crucial as it determines the optical sensor sensitivity, selectivity, and other parameters 
of sensors.  SPR sensors with different active layers have been studied for various sensing 
applications including environment monitoring and clinical diagnosis.(9–11)  This paper reviews 
the development of active layers for SPR optical sensors as potential optical sensors for sensing 
environmental pollutants including heavy metal ions, phenol, and pesticides, as illustrated in 
Fig. 1.  The detection limit, sensitivity, and selectivity of these active layers in combination with 
SPR sensing for environmental pollutants have been reviewed and summarized.

Fig. 1. (Color online) Schematic illustration of SPR optical sensor incorporating active layer for environmental 
monitoring. 
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2. Advantages of Using SPR for Sensing

 The most practical application and commercial use of SPR are based on the Kretschmann 
configuration, where a gold thin film is placed at the interface of two dielectric media, i.e., 
a prism and air or the solution of interest.  The gold thin film with a thickness of 50 nm is 
deposited on a 24 × 24 mm glass cover slip.  The SPR setup (Fig. 1) consists of a He-Ne laser 
with a wavelength of 632.8 nm, a prism with a high refractive index (greater than 1.60), an 
optical stage driven by a stepper motor (Newport MM 3000), a photodetector, and a lock-in-
amplifier (SR 530).  The SPR optical sensor measures the resonance angle of the reflected 
light from the gold thin film.  Any changes in the refractive index of the thin film surface 
will also change the resonance angle.  By modifying the gold thin film surface with an active 
layer, any binding interaction between target analytes and the active layer can be detected 
rapidly in real time.  This also gives the SPR optical sensor many advantages that include cost-
effectiveness, simple sample preparation, no need for a reference solution, label-free sensing, 
excellent sensitivity, and high selectivity towards target analytes.  Moreover, information on the 
concentration of the analytes, the kinetics, and the affinity of the interaction can be obtained 
from the binding rates and levels of the SPR sensor.  Other existing optical sensors, such as 
colorimetric, electrochemiluminescence, fluorescence, and optical fiber sensors, have great 
performance in detecting low concentrations of environmental pollutants,(12,13) yet have one or 
more disadvantages among high cost, cumbersome operation, and time-consuming sensing.  
SPR also offers more advantages than conventional methods, such as atomic absorption 
spectroscopy (AAS), anodic stripping voltammetry (ASV), inductively coupled plasma–mass 
spectrometry (ICPMS), and X-ray fluorescence (XRF) spectroscopy, which have limitations 
including time-consuming sensing, complicated processing, and high-cost instruments.(14)  It 
is thus believed that SPR is more practical for the in situ remote sensing of environmental 
pollutants and chemical and biological analyses.

3. SPR for Environmental Monitoring 

3.1 Heavy metal ion detection

 Heavy metal ions are very harmful to biological systems and can lead to short-term and 
long-term diseases in humans even in trace amounts.  Therefore, it is crucial to detect trace 
amounts of heavy metal ions in environmental water through continuous monitoring.  Heavy 
metal ions are present in many industries such as the plating, machine, and chemical industries.  
SPR sensors are optical sensors with many advantages such as simple sample preparation, 
rapid measurement, and cost-effectiveness.  The most important finding in the development of 
SPR sensors has been the development of an active layer on top of a gold thin film surface to 
improve the sensitivity of sensors for heavy metal ion detection.  Work on the development of 
the active layer for metal ion sensing from 2001 to 2017 was previously discussed in detail.(15)  
A wide range of materials with positive-ion adsorption properties such as chitosan, carbon, 
graphene oxide, metal oxide, conducting polymers (e.g., polypyrrole and polyanilline), and 
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ionophores have been exploited as base materials for active layer development.(16–48)  As a 
result, the developed active layers have improved the sensitivity of SPR optical sensors for 
metal ion detection down to the ppb level.  Nevertheless, studies on novel active layers for SPR 
sensing are still ongoing to further improve the sensitivity and selectivity of SPR sensors.  For 
instance, Saleviter et al. (2018) deposited a 4-(2-pyridylazo)resorcinol–chitosan–graphene oxide 
composite on top of a gold thin film as an active layer for an SPR optical sensor.  This material 
has high sensitivity to Co2+.  Their optical sensor was able to detect Co2+ at a concentration of 
as low as 0.01 ppm with a sensitivity of 0.00069° ppm−1.(49)  In the same year, Saleviter et al. 
employed a different active layer, namely, a cadmium sulfide quantum dot–graphene oxide–
chitosan composite, on a gold thin film in a further attempt to detect low Co2+ concentrations.(50)  
The optical sensor was also able to detect Co2+ at a low concentration of 0.01 ppm.  In 
another interesting work, Daniyal and coworkers (2018) developed an SPR optical sensor by 
incorporating a nanocrystalline cellulose–graphene oxide nanocomposite into an SPR system.(51,52)  
This optical sensor was able to detect Cu2+ and Ni2+ at a concentration of 0.01 ppm and had 
sensitivities of 3.271 and 1.509° ppm−1 for Cu2+ and Ni2+, respectively.  
 In 2019, Ramdzan et al. attempted to sense one of the most toxic metal ions, Hg2+.(53)  They 
developed a chitosan/carboxyl-functionalized graphene quantum dot thin film and combined 
it with an SPR optical sensor.  The sensor has high potential for sensing Hg2+ with a detection 
limit of 0.5 ppm.  During the same year, Roshidi et al. also investigated Hg2+ detection(54) using 
a graphene oxide/poly(amidoamine) dendrimer as an active layer, which was very good for 
sensing Hg2+, with a reported detection limit of 1 ppm.  They then developed another material, 
namely, a chitosan–poly(amidoamine) dendrimer, to detect Pb2+ using an SPR optical sensor.(55)  
The incorporation of the chitosan–poly(amidoamine) dendrimer in the SPR optical sensor 
improved its performance in sensing Pb2+, where the detection limit was 0.1 ppm.  On the other 
hand, the use of a hydrous ferric oxide–magnetite–reduced graphene oxide active layer was 
reported by Al-rekabi et al.(56)  The thin film they developed was used to detect As3+ and As5+ 
at a very low concentration of 0.1 ppb.  Their SPR optical sensor also had a higher sensitivity 
to As3+ than to As5+.  They also investigated the selectivity of the developed active layer.  The 
sensor had high selectivity towards As3+ when tested with a mixture of other heavy metal ions 
that included Cr2+, Ni2+, Zn2+, and Mn2+.  Also in 2019, Daniyal et al. broadened their research 
from that in the previous year to detect other metal ions.(57)  Their SPR optical sensor using 
nanocrystalline cellulose–graphene oxide as an active layer was found to also detect Zn2+ at a 
concentration of as low as 0.01 ppm in addition to Cu2+ and Ni2+. 
 In the following year, Zhao et al. deposited a germanium selenide (GeSe)–chitosan 
composite on top of a gold thin film.(58) Their SPR optical sensor was able to detect Pb2+ at a 
concentration of 0.097 nM.  Soon after that, Wu et al. demonstrated the sensing of Pb2+ at a 
much lower concentration.(59)  Using DNAzyme–gold nanoparticles as an active layer, their SPR 
optical sensor was used to detect Pb2+ at a concentration of 80 pM and also had high selectivity; 
Pb2+ was distinguished from other metal ions that included Co2+, Cd2+, Cu2+, Fe2+, Ba2+, and 
Ni2+.  More recently, Anas et al. investigated Fe3+ detection using SPR.  They modified a gold 
thin film with CTAB/hydroxylated graphene quantum dots to improve the SPR sensitivity,(60) 
and their SPR optical sensor was able to detect Fe3+ at a concentration of 0.18 µM.  In an 
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additional work, they reported that their sensor can also be used for sensing Zn2+ and Ni2+ with 
a detection limit of 1.8 µM.(61)  Bakhshpour and Denizli (2020) deposited a Cd(II) ion-imprinted 
(IIP) thin film on three different thin films comprising poly(hydroxyethylmethacrylate) 
(pHEMA), pHEMA-based nanoparticles (poly-NPs), and gold nanoparticles (AuNPs) for the 
detection of Cd2+.(62)  The IIP pHEMA, poly-NPs, and AuNPs were able to detect Cd2+ with 
detection limits of 4.45, 0.89, and 0.089 nM, respectively.  Moreover, all three thin films had 
high selectivity towards Cd2+ in the presence of other metal ions (Cr2+, Pb2+, and Zn2+).  Later 
that year, Sadrolhosseini et al. improved the sensitivity of the SPR optical sensor by depositing 
polypyrrole–graphene quantum dots on a metal thin film surface.(63)  Owing to the excellent 
properties of polypyrrole–graphene quantum dots, the SPR sensitivity was enhanced and 
their sensor detected As3+, Hg2+, and Pb2+ with detection limits of 0.67, 0.25, and 0.24 nM, 
respectively.  In summary, SPR optical sensors have encouraged the development of new 
materials as the active layer for metal ion sensing.  The active layer is very important as it can 
enhance the sensitivity and selectivity of the sensors.  Table 1 shows all the recent active layers 
that have been developed for sensing heavy metal ions using SPR from 2018 to 2020.  

3.2 Phenol detection

 Phenol is one of the toxic phenolic compounds that can be harmful to plants, animals, and 
humans.(64–69)  Exposure to phenol over its permissible level can lead to symptoms such as 

Table 1
Heavy metal ion detection using SPR optical sensor.
Type of metal ion Active layer Limit of detection Selectivity Year Ref.

Co2+ 4-(2-pyridylazo)resorcinol–
chitosan–graphene oxide 0.36 µM — 2018 49

Co2+ Cadmium sulfide quantum 
dots–graphene oxide–chitosan 0.36 µM — 2018 50

Cu2+

Ni2+ Nanocrystalline cellulose–graphene oxide 0.16 µM
0.17 µM — 2018 51,52

Hg2+ Chitosan/carboxyl-functionalized 
graphene quantum dots 2.49 µM — 2019 53

Hg2+ Graphene oxide/poly(amidoamine) 
dendrimer 4.99 µM — 2019 54

Pb2+ Chitosan–poly(amidoamine) dendrimer 0.48 nM — 2019 55
As3+

As5+
Hydrous ferric oxide–magnetite-reduced 

graphene oxide 1.33 nM  2019 56

Zn2+ Nanocrystalline cellulose–graphene oxide 0.15 µM — 2019 57
Pb2+ Germanium selenide (GeSe)–chitosan 0.097 nM — 2020 58
Pb2+ DNAzyme–AuNPs 80 pM  2020 59
Fe3+

Zn2+

Ni2+

CTAB/hydroxylated graphene 
quantum dots

0.18 µM
1.8 µM — 2020 60,61

Cd2+
IIP–pHEMA thin film
IIP–poly-NPs thin film
IIP–AuNPs thin film

4.45 nM
0.89 nM
0.089 nM

 2020 62

As3+

Hg2+

Pb2+

Polypyrrole–graphene 
quantum dots

0.67 nM
0.25 nM
0.24 nM

— 2020 63
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vomiting and diarrhea, and further exposure can cause kidney, lung, and liver malfunction.(70–75)  
Consequently, it has drawn researchers’ attention, leading to the rapid development of sensors 
for its detection.  SPR sensors have emerged as novel sensors with high potential for detecting 
phenol.  
 The first work on the use of SPR for phenol detection was introduced by Singh et al. in 
2013, who incorporated tyrosinase entrapped in polyacrylamide gel coated on a silver thin film 
as the sensing layer with a fiber-optic-based SPR optical sensor.  A wide linear response was 
observed from 0 to 1000 µM and a detection limit of 38 µM was obtained.(76)  Next, in 2020, 
Hashim et al. coated a layer of tyrosinase mixed with graphene oxide on a gold thin film and 
used it in a prism-based SPR sensor for sensing phenol.  The shift in resonance angle had a 
linear relationship with the phenol concentration in the range of 0–100 µM with a detection 
limit of 1 µM.(77)  Table 2 shows the findings on phenol detection using an SPR sensor.  

3.3 Pesticide detection

 Over the past few years, pesticides such as synthetic insecticides have been widely used 
in agriculture, medicine, and industry and by consumers.  The release of untreated effluent 
from these industries into the environment can lead to the accumulation of toxic pesticides, 
endangering both humans and the environment.(78)  Among the pesticides, insecticide residue 
analysis is a particularly important requirement to ensure food quality and safety, and protect 
ecosystems and humans from potential hazards.(79) 
 SPR optical sensors have emerged as effective sensors for sensing insecticides since 2006, 
when sensors were first used to detect carbaryl, DDT, and profenofos.(80–82)  Since then, the 
detection of other widely used insecticides such as chlorpyrifos, dimethoate, carbofuran, 
carbendazim, and fenitrothion has attracted the attention of researchers.  For instance, 
Thepudom et al. (2018) demonstrated the detection of chlorpyrifos using SPR enhanced by 
photoelectrochemical sensing.  AuNPs were deposited with a poly(3-hexylthiophene)–titanium 
dioxide (P3HT–TiO2)-functionalized gold grating layer then used to generate an SPR signal.  
Using the hybrid SPR enhancement system, chlorpyrifos was detected at a concentration as low 
as 7.5 nM.(83)

 In 2019, Li et al. reported the use of an SPR biosensor with an antibody-oriented assembly 
as an active layer to rapidly detect residues of chlorpyrifos in agricultural samples.  They used 
a covalent-oriented strategy in which staphylococcal protein A (SPA) was covalently bonded to 
the surface of a gold thin film for the monitoring of chlorpyrifos residues.  The SPA-modified 
biosensor had a low detection limit of 15.973 nM for chlorpyrifos.  It also exhibited excellent 
specificity for chlorpyrifos in cross-reactivity studies on a series of structural and functional 

Table 2
Findings on phenol detection using SPR sensor.
Material Limit of detection Year Ref. 
Tyrosinase–polyacrylamide gel–silver thin film 38 µM 2013 76
Tyrosinase–graphene oxide–gold thin film 1 µM 2020 77
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analogues of chlorpyrifos, including chlorfenvinphos, bromophos-ethyl, dichlofenthion, and 
chlorpyrifos-methyl, indicating excellent selectivity for chlorpyrifos over other pesticides.(84)  
Furthermore, Çakır and Baysal (2019) prepared SPR sensor chip nanofilms of p(EGDMA-
MATrp) polymer using a molecular imprinting method for the detection of dimethoate and 
carbofuran.  The limits of detection of dimethoate and carbofuran were 0.033 and 0.035 nM, 
respectively.  They also reported that SPR sensor chip nanofilms of p(EGDMA-MATrp) 
polymer had high selectivity towards dimethoate and carbofuran when tested with other 
insecticides such as parathion, monocrotophos, bendiocarb, and carbaryl.(85)  Next, Li et al. (2019) 
reported an SPR biosensor for carbendazim that had enhanced performance due to the use of 
a Au/Fe3O4 nanocomposite as an amplifying label on the surface of a carboxymethyldextran-
coated gold layer of the sensor.  To realize a sensor for the real-time detection of carbendazim, 
the surface was further modified with a monoclonal antibody.  According to their report, the 
sensor had good specificity in carbendazim determination when tested with benzimidazole, 
2-(2-aminoethyl)benzimidazole, 2-benzimidazole propionic acid, and 2-mercaptobenzimidazole.  
The limit of detection obtained for carbendazim was 2.301 nM.(86)

 Lastly, Kant (2020) conducted a study on fenitrothion detection using SPR.  They used 
tantalum(V) oxide nanoparticles sequestered in a nanoscale matrix of reduced graphene 
oxide as the sensing layer.  Instead of a gold thin film, the sensing layer was deposited on top 
of a thin layer of silver.  The limit of detection they obtained for fenitrothion detection was 
0.038 µM.  The selectivity for fenitrothion was obtained by comparing the shift attained at 
the resonance wavelength corresponding to the minimum (generally the blank concentration) 
and maximum concentrations of the target analyte with other interferents.  The results showed 
that there was no appreciable influence on selectivity even when the interferents had a 10-fold 
higher concentration.(87)  Table 3 shows all the active layers of SPR optical sensors used for 
the detection of insecticides such as chlorpyrifos, dimethoate, carbofuran, carbendazim, and 
fenitrothion in chronological order. 

4. Conclusion 

 This paper has reviewed recent trends in SPR optical sensors for the potential sensing of 
environmental pollutants.  Various modifications of a metal thin film surface with an active 
layer to improve the sensitivity and selectivity of the optical sensors have been discussed in 
detail.  To conclude, SPR optical sensors have attracted interest and encouraged the development 

Table 3
Insecticide detection using SPR optical sensors.
Type of insecticide Material Limit of detection Selectivity Year Ref.
Chlorpyrifos TiO2/P3HT/AuNPs 7.500 nM 2018 80
Chlorpyrifos SPA 15.973 nM  2019 81
Dimethoate
Carbofuran P(EGDMA-MATrp) 0.033 nM

0.035 nM  2019 82

Carbendazim AuNPs-Fe3O4/mAbs 2.301 nM  2019 83
Fenitrothion Tantalum(V) oxide nanoparticles 0.038 µM  2020 84
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of new materials as active layers for detecting environmental pollutants owing to the advantages 
of SPR.  The development of new active layers is very important as they determine the 
sensitivity, selectivity, and other parameters of optical sensors.  SPR optical sensors have high 
potential in sensing environmental pollutants at concentrations as low as pM to µM.  Moreover, 
the concentration of pollutants can be measured in real time with small samples.  We expect that 
further research on SPR optical sensors will improve their sensing capabilities, enabling cost-
effective, rapid, sensitive, and selective analysis to be widely used in environmental monitoring.
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