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A B S T R A C T   

The upsurge in the alarm about the hazardous effects of one of the important emerging contaminants, Per- and 
polyfluoroalkyl substances (PFAS) are increasing in recent days. Due to the widespread use of PFAS in various 
fields, it has a high tendency to be accumulated in the environment and living entities. Due to the persistent and 
carcinogenic nature of PFAS, it is necessary to detect and remove them from the environment. Chromatographic 
techniques combined with mass spectrometry are the current conventional methods for PFAS detection. Some 
more methods like liquid chromatography, solid-phase extraction, solid-phase mass extraction, tandem mass 
spectrometry, optical, electrochemical, fluorescence-based sensors, biosensors, etc. are also implemented to 
detect PFAS. Even though these methods could detect perfluorooctane sulfonic acid (PFOS) and per-
fluorooctanoic acid (PFOA), the detection limits attained through these methods are unsatisfactory, and the 
detection of other PFAS has not been prioritized. Surface-enhanced Raman scattering (SERS) technique can be a 
great solution for the sensing of PFAS as it is highly sensitive, specific, and has a lot of potential in water research 
for the detection of contaminants. Due to the challenges associated with detecting PFAS using SERS, there is a 
limited amount of literature available on this topic. The reason behind this is the strong fluorescence nature of 
PFAS, and it is widely recognized that distinguishing fluorescence emission from Raman scattering is challenging 
due to their similar origins. In this perspective, causes for fluorescence in Raman scattering and the different 
ways to diminish the fluorescence are detailed in the later section. The article discusses the limitations of current 
PFAS sensors, advantages and limitations of fluorescence-based detection of PFAS in Raman scattering. The 
challenges related to the PFAS detection and possible solutions to resolve the issues have been focused. Further, 
an insightful discussion towards future research directions in this field has been provided.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are artificial anthropo-
genic organofluorine chemicals made up of carbon-fluorine chains with 
attached functional groups, which give them surfactant properties [1]. 
PFAS are a cluster of nearly 4000 exceedingly fluorinated aliphatic 
compounds that are employed in a variety of applications. It is predicted 
that anthropogenic activities emit more than 10 million tonnes of 
harmful chemicals into aquatic habitats each year. PFAS owing to their 
high thermal and chemical stability have widespread application as 
industrial, chemicals in fire-retardant or firefighting foams, as well as in 
consumer goods such as adhesives and cosmetics [2,3]. The surfactant 
properties of PFAS make them water-soluble [4]. As a result, higher 

concentrations or non-permissible levels of PFAS are found in the 
environment. Unfortunately, the toxicity of these compounds has 
recently come to light because of increased environmental and health 
awareness [1]. PFAS cause several health issues, including preeclamp-
sia, infertility, thyroid disease, and a decreased response to vaccines. 
Extreme or high-level of exposure to PFAS has links to lipid metabolism 
which can contribute to the development of dyslipidaemia. Therefore, 
scientists are working to improve detection and treatment techniques for 
PFAS at lower concentrations [1,5,6]. In recent years, perfluorooctanoic 
acid (PFOA) and perfluorooctane sulfonic acid (PFOS) are the two most 
commonly studied long-chain PFAS among the family of various PFAS. 
In the pollutant studies, both have been registered as emerging con-
taminants and are integrated into the list of persistent organic 
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pollutants. Apart from inorganic anions, a group of organic anionic 
chemicals known as PFAS has gained a lot of attention in the last few 
decades. These organic pollutants are proven to be persistent in nature 
and pose a potential threat to humans, aquatics, and the environment. 
PFAS are found to be the key constituents of aqueous film-forming 
foams, which act as oxygen suppressing surfactants and are generally 
used in firefighting [7,8]. The extensive use in firefighting as well as the 
discharges from ammonium perfluorooctanoate, fluoropolymer manu-
facture, and fluoropolymer dispersion have led to wide dispersal which 
also persists in the environment due to its inert fluorocarbon skeleton 
[9–11]. Hence, the advancement in development of exceptional sensor 
materials for the detection of PFAS has received special attention [12].  
Fig. 1 shows the pictorial representation of diverse effects of PFAS on 
human health (male and female individually) [13]. 

The United States Environmental Protection Agency (USEPA) 
allotted “Drinking Water Health Advisories for PFOA and PFOS” at 70 
parts per trillion (ppt) in 2019, and later in 2022, USEPA set 0.004 and 
0.02 ppt limits for PFOA and PFOS, respectively [1,14]. The detection of 
PFAS above the reporting threshold is associated with manufacturing 
units, wastewater plants, landfill leachate sites, and fire training areas 
[1,14]. As a result, a great concern has been raised on the detection of 
concentration of PFAS in contaminated water to ensure public health 
[15]. Chromatographic techniques combined with mass spectrometry 
are currently used in conventional methods 533, 537, and 537.1 [3, 
16–18]. Branched and linear isomers of PFAS can be detected via the 
conventional method 533 with a 1.8–13% relative standard deviation in 
high fortification (80 ng/L) [17]. Methods 537 and 537.1 are further 
improved to meet data quality objectives based on liquid chromatog-
raphy solid-phase extraction, and /tandem mass spectrometry [19,20]. 
These methods are approved and validated by the USEPA. Nevertheless, 
real-time monitoring and on-field testing are difficult using these 
gold-standard methods. Further, Ryu et al. reviewed optical-based 
techniques and electrochemical-based sensors for PFAS detection [21]. 

The authors suggested to custom covalent organic frameworks (COF) to 
prepare sensing probes. Also, selectivity can be enhanced when target 
molecules form intermolecular hydrogen bonds with a sensing probe. 
Most recently, Menger et al. presented the challenges in sensor devel-
opment and commercialization [19]. 

Table 1 provides an overview of the existing conventional analytical 
techniques for measuring PFAS in different environmental conditions. 

The existing conventional analytical techniques for measuring PFAS 
in various environmental matrices include [22–32]: 

Fig. 1. Pictorial representation of diverse effects on human health (female & male) due to the existence of PFAS [13].  

Table 1 
Existing conventional analytical techniques for measuring PFAS in different 
environmental matrices (sample), analytical tools, and respective limit of 
detection (LOD).  

Sl 
No. 

Sample Analytical 
tool 

LOD Reference 

1 River water and coastal 
wastewater 

SPE-HPLC- 
MS/MS 

0.05–0.22 ng/ 
L 

[23] 

2 Ultrapure/ Deionized 
(DI) water 

HPLC-MS/MS 0.01–12.3 µg/L 
0.20–53.6 µg/L 

[24] 

3 DI water and artificial 
groundwater 

LC-MS/MS 10–20 ng/L [25] 

4 Artificial groundwater 
(soil) 

LC-MS/MS 0.02–0.5 ng/g [26] 

5 DI water HPLC 1 mg/L [27] 
6 Water: methanol (1:4) UPLC-MS 0.4 ng/mL [28] 
7 DI water HPLC 0.11–0.18 mg/ 

L 
[29] 

8 Tap water, river water, 
and well water 

VALLMEs-LC- 
MS 

1.6 ng/L [30] 

9 Biosolids and biosolid- 
amended soils 

LC-MS/MS 0.02–0.5 ng/g [31] 

10 Groundwater, lake 
water, and river water 

SPE-LC-MS/ 
MS 

0.1–1.0 ng/L [32]  
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1. High-Performance Liquid Chromatography coupled with Tandem 
Mass Spectrometry (HPLC-MS/MS): This is the most common tech-
nique used for PFAS analysis. The process involves the separation of 
PFAS compounds using liquid chromatography, followed by their 
detection and quantification using tandem mass spectrometry. 

2. Gas Chromatography-Mass Spectrometry (GC-MS): GC-MS is occa-
sionally employed for analysing specific PFAS compounds. It in-
volves separating PFAS compounds using gas chromatography after 
which they are detected and quantified using mass spectrometry.  

3. Liquid Chromatography-Mass Spectrometry (LC-MS): LC-MS is 
another method used for analysing selected PFAS compounds. It 
involves separating PFAS compounds using liquid chromatography 
followed by the detection and quantifying them using mass 
spectrometry.  

4. Orbitrap or Time-of-Flight (ToF) Mass Spectrometry: This method 
utilizes orbitrap or ToF MS for both qualitative and quantitative 
analysis of PFAS compounds in some cases. The other techniques 
include are,  

5. SPE-HPLC-MS/MS - Solid Phase Extraction (SPE) coupled with High- 
Performance Liquid Chromatography (HPLC) and Tandem Mass 
Spectrometry (MS/MS)  

6. UPLC-MS - Ultra-Performance Liquid Chromatography-Mass 
Spectrometry  

7. SPE-LC-MS/MS - Solid Phase Extraction-Liquid Chromatography- 
Mass Spectrometry  

8. VALLMEs-LC-MS- Vacuum-Assisted Liquid-Liquid Microextraction- 
Liquid Chromatography-Mass Spectrometry 

The choice of analytical tool depends on factors such as the specific 
PFAS compounds being targeted, the desired level of sensitivity, and the 
type of information required from the analysis [22–32]. 

1.1. Limitations of currently available methods 

However, existing approaches in PFAS analyses suffer from a 
considerable loss in sensitivity which may arise due to the low frag-
mentation yield of PFAS. Toxicological information has suggested reg-
ulatory parameters for PFAS of less than 1 ng/L [33] which is below the 
limit of quantification of current techniques. Furthermore, these tech-
niques are time-consuming and difficult to access. A major drawback is 
their limited ability to analyse only a small fraction of the numerous 
existing PFAS compounds that exist. The extensive number of PFAS 
variants poses a challenge for currently existing methods to accurately 
report the concentrations [34]. These limitations hinder the advance-
ment of scientific understanding and investigation within an already 
restricted domain. Consequently, the advancement of PFAS research 
demands a supplementary sensitive sensing technique capable of esti-
mating the concentration of all PFAS. The existing detection approaches 
are primarily targeted on the detection of precise PFAS, such as PFOS 
and PFOA. 

Surface-enhanced Raman spectroscopy (SERS) offers several advan-
tages over conventional Raman spectroscopy and other traditional 
methods, making it a powerful analytical technique in various fields. 
The advantages of SERS, including its high sensitivity, selectivity, sta-
bility, multiplexing capability, versatility, and non-destructive nature, 
make it a valuable tool for sensing [35–37]. This perspective is focused 
on the development of SERS sensor technology for PFAS detection. 
Initially, the detection mechanism and operation of SERS were dis-
cussed. Subsequently, it provides technological advancements and 
future research directions based on SERS sensors for PFAS detection are 
summarised. 

2. SERS detection mechanism for PFAS 

2.1. Why SERS? 

SERS is a powerful technique that is widely used to significantly 
enhance the inelastic light scattering of molecules (by factors of up to 
108 or even greater in some cases), allowing for single-molecule SERS 
upon adsorption onto the surface of noble metal nanoparticles (MNPs) 
such as Ag or Au in most of the cases. Raman, an inelastic scattering was 
discovered in 1928 and has since been widely used as a spectroscopic 
technique for chemical analysis, sensing, and imaging. Raman scattering 
is a relatively weak signal that occurs when photons interact with 
molecules in an inelastic manner. The critical feature of the Raman 
scattering technique is the importance of molecular specificity and 
selectivity, which enable the unique identification of analytes. However, 
the primary disadvantage of this technique is the small signal or low 
quantum yield of scattering [38]. In 1973, Fleischmann observed the 
incredible enhancement (104 to 106) in the Raman signal for pyridine as 
an analyte on a silver electrode; the effect of using MNPs as substrate in 
Raman analysis set a benchmark [39]. The high enhancement in signal 
intensity is because metallic nanostructures (MNS) aid in the enhance-
ment of electromagnetic signals through the well-known surface plas-
mon excitation. This technique of using MNS in the Raman analysis to 
improve the signal intensity for analyte detection is named as SERS [40]. 
Since SERS enhances Raman scattering by several orders of magnitude, 
it has a significant impact on ultra-low detection of analytes, low laser 
intensity, short acquisition times, high specificity, selectivity, multiple 
analyte detection, as well as single-molecule detection [41,42]. How-
ever, when the substrate surface is filled with MNS, Raman scattering 
can be significantly enhanced because of an increased electromagnetic 
field at the surface of the metal caused by improved incident light ab-
sorption. SERS has been extensively studied for various applications, 
due to the amplification of the signals in multi-folds. Compared to other 
optical techniques, SERS has several advantages in handling and 
detecting multiple analytes in the reaction mixture [43,44]. SERS stands 
as a milestone in the detection of environmentally hazardous analytes 
[45,46]. A schematic representation of SERS, representing the effect of 
placement of analyte at a different position on Au NPs on signal intensity 
is shown in Fig. 2 [47]. 

The Raman spectrum is unique due to the variety of vibrational 
modes present in each molecule. SERS is dependent not only on the 
shape, size, and structure of MNPs but also on the distance between the 
analyte and the surface of the metal, the orientation of the particles, and 
their conformation. The strength of the interaction between the analyte 
molecule and the MNPs determines the signal enhancement. The Raman 
intensity varies according to the position of the analyte, as depicted in 
Fig. 2. At position 1, as the analyte (represented as a star in neon colour) 
is located outside the metal surface, there is an absence of electromag-
netic charge transfer between the metal surface and the analyte, 
resulting in very poor or no Raman scattering. When the analyte is at 

Fig. 2. Schematic illustration of SERS, representing the effect of placement of 
analyte at different positions on Au NPs with signal intensity [47]. 
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position 2, an electromagnetic charge transfer is developed between the 
MNPs and the analyte, resulting in a weak Raman spectrum. Fig. 2 il-
lustrates the weak Raman spectrum (red line spectrum) observed due to 
the presence of an analyte on the surface of the MNPs. When the analyte 
is present in between two MNPs, i.e., at the nanogaps (position 3 in 
Fig. 2), Raman scattering is enhanced. When the analyte is present at the 
nanogaps between the two metal surfaces, significant electromagnetic 
charge transfer occurs; as a result, a localized surface plasmon resonance 
(LSPR) effect is ascribed, increasing in Raman intensity, referred to as a 
hotspot. Raman scattering exhibits an extremely intense and sharp 
spectrum due to the presence of hotspot effects at the nanogaps (blue 
line spectrum). Clusters of two or more nanoparticles create an extinc-
tion range with multiple peaks, allowing for single-molecule detection 
via SERS. This effect is caused by the coupling of strong localized elec-
tromagnetic fields generated by incident light of appropriate wave-
length and polarization on each nanoparticle. While electromagnetic 
field coupling decays exponentially with particle distance, it can exceed 
2.5 times the diameter of the nanoparticle [43,48]. Fig. 3 shows the 
general schematic representation for the interaction of PFAS and sensor 
resulting in SERS signals. 

The detection mechanism of analytes is generalized for PFAS using 
SERS, which involves several key factors [39–42,46,49]:  

1. Plasmonic Enhancement: The detection sensitivity of PFAS is 
significantly enhanced in SERS due to the plasmonic enhancement 
effect. Plasmonic nanoparticles, typically made of Au or Ag, are used 
as the SERS substrate. These nanoparticles possess LSPR, which can 
enhance the electromagnetic field in their vicinity [50].  

2. Adsorption onto SERS Substrate: PFAS molecules adsorb onto the 
surface of the plasmonic nanoparticles through various interactions, 
such as hydrogen bonding, electrostatic forces, and Van der Waals 
force of attraction. The adsorption facilitates the proximity of the 
analyte to the plasmonic surface, enhancing the Raman scattering 
signals [45,46].  

3. Electromagnetic Enhancement: When the plasmonic nanoparticles 
are irradiated with a laser, the LSPR is excited, leading to an 
enhanced electromagnetic field in the vicinity of the nanoparticles. 
This enhanced electromagnetic field interacts with the adsorbed 
PFAS molecules, resulting in an increase in the Raman scattering 
signal intensity [51].  

4. Raman Signal Acquisition: The incident laser excites the PFAS 
molecules, and as they return to their ground state, they emit Raman 
scattered light. The scattered light contains information about the 
vibrational modes and molecular structure of the PFAS molecules. 
The plasmonic enhancement amplifies the weak Raman signals, 
allowing for their detection and analysis [52].  

5. Specific Raman Fingerprints: PFAS exhibit unique Raman spectra, 
which serve as their molecular "fingerprint". These spectra provide 
characteristic peaks corresponding to the specific vibrational modes 
of the PFAS molecules. By comparing the obtained Raman spectrum 

with reference spectra, the presence and identity of PFAS compounds 
can be determined [53]. 

The combination of plasmonic enhancement, adsorption onto the 
SERS substrate, electromagnetic enhancement, and specific Raman fin-
gerprints enables the sensitive detection and identification of PFAS 
using SERS. This technique offers advantages such as high sensitivity, 
selectivity, and the ability to analyse PFAS in complex matrices, making 
it a promising tool for PFAS analysis and monitoring. 

2.2. Detection mechanism 

Due to the excitation of LSPR attributed to MNPs, SERS significantly 
increases the intensity of Raman scattering from contaminants, which 
are adsorbed on or near the metallic surface. As a result, an ultrasensi-
tive plasmon-enhanced spectroscopic method has been developed to 
retain Raman spectroscopy’s intrinsic structural specificity while 
allowing experimental adaptability [54]. Thus, SERS is increasingly 
escalating into the arena of feasible environmental contaminant detec-
tion. SERS can significantly increase the Raman cross-section of a 
compound adsorbed on Au or Ag nanoparticles. SERS is triggered by two 
distinct mechanisms: electromagnetic enhancement (EE) and chemical 
enhancement (CE). The electromagnetic process occurs when involving 
an enhanced electromagnetic field near the nanoparticle’s surface, 
nanogaps, and at the tips [55]. This enhancement occurred because of 
the MNPs’ surface-amplification of electromagnetic radiation. CE, which 
includes metal-particles charge transfer (CT) to increase resonance with 
the Raman excitation laser, is less prominent. CE is highly dependent on 
the surface properties of the MNPs and the analyte molecule’s nature 
[56]. Among both mechanisms, EE is considered as the main mechanism 
and CE occurs rarely [57,58]. 

The presence of EE and CE resulted in a multi-fold increase in the 
intensity of the SERS signal; however, the first EE is the primary 
contributor [59]. The EE is caused by the LSPR near the surface of noble 
MNPs. The EE mechanism in SERS is depicted in Fig. 4a, where I denotes 
the Raman intensity, Ei denotes the incident electric field, Ei,s denotes 
the metal-induced field, and (Ei + Ei,s) denotes the incident enhanced 
field; Er denotes the scattered Raman field, which is intensified by the 
metal-induced Er,s, and (Er + Er,s) denotes the scattered enhanced field 
[55]. CE, on the other hand, occurs because of electron transfer between 
the analyte substance and the nanomaterial surfaces when incident light 
energy collides with the energy associated with electron (Fig. 4b). This 
results in a change in molecular polarisation and a 102-fold increase in 
the Raman signal. 

In Fig. 4b, three distinct CE mechanisms are illustrated: (i) CE of the 
ground state; (ii) Raman resonance enhancement; and (iii) charge- 
transfer resonance enhancement. In this figure, HOMO stands for the 
highest occupied molecular orbital, LUMO stands for the lowest unoc-
cupied molecular orbital, and Ef stands for the local electromagnetic 
field. The total number of SERS enhancement features could theoreti-
cally reach 1014, depending on the metallic nanostructure. Compared to 
the other two techniques, the EE technique exhibits a high degree of 
specificity and activity due to its high magnifying properties. When the 
CE technique is detected up to 102 times or more following the envi-
ronmental conditions, the EE technique is detected up to 108 times or 
more in accordance with the environmental conditions [60,61]. 

At present, it is widely acknowledged that the primary factor 
contributing to the enhancement of the electromagnetic field (EF) is the 
electromagnetic mechanism (EM). This mechanism explains that the 
amplification of Raman signals takes place through surface plasmonre-
sonance (SPR). In other words, when the energy of the laser used for 
excitation aligns closely with the surface plasmon energy of a substrate, 
typically composed of noble metal, the Raman response experiences 
significant enhancement. However, it is evident that there must be an 
additional mechanism to account for SERS results, which relies not only 
on the properties of the substrates but also on the characteristics of the 

Fig. 3. Schematic representation for the interaction of PFAS and sensor 
resulting in SERS signals. 
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analyte molecules. This alternative mechanism is known as the chemical 
mechanism (CM). [62,63]. The term "CE" is a broad category rather than 
a specific phenomenon with a singular origin. It encompasses various 
transitions and processes. For instance, within a metal substrate, the 

most relevant aspect of CE is the CT transition between the HOMO of the 
analyte molecule and the Fermi level of the metal surface. In the case of 
dielectric substrates, the critical transitions involve charge transfer be-
tween either the HOMO of the molecule and the conduction band (CB) 

Fig. 4. Schematic illustration for the mechanism involved in SERS detection, (a) EC and (b) CE [55].  

Fig. 5. Depicts an EM and CM for SERS enhancement. (a) Electromagnetic enhancement in plasmonic nanosphere-based SERS. (b) Representation of a "hot spot" in 
the space between adjacent particles and the accompanying change in SERS enhancement factor with relative positions. Charge-transfer transitions in a (c) metal- 
molecule system and (d) semiconductor-molecule system. [66]. 
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edge of the substrate material, or the valence band (VB) of the substrate 
material and the LUMO of the molecules. Additionally, electronic tran-
sitions from HOMO to LUMO or transitions between the VB and CB of 
the substrate molecule could also add to the enhancement of Raman 
signals through resonance processes, leading to surface-enhanced reso-
nance Raman spectroscopy (SERRS). All these effects can contribute to 
the enrichment of Raman results, and determining the exact origin of a 
specific enhancement is not always straightforward [64] While, the 
electromagnetic (EM) theory offers a satisfactory explanation for the 
underlying cause of enhanced Raman scattering, it struggles to account 
for the varying degrees of enhancement observed in different vibrational 
modes. To address this, a CM has been proposed, which suggests that CT 
occurring within the substrate molecule system can modify the electron 
density distribution of the molecules. This alteration leads to increased 
polarizability and, consequently, enhanced Raman scattering. Theoret-
ically, the signal amplification achieved through the CM is estimated to 
range up to 103 for a hypothetical metal-molecular system.[65]. 

Fig. 5 demonstrates the EM and CM for SERS enhancement [66]. The 
initial stage involves a local field enhancement in the vicinity of the 
plasmonic nanoparticles at the incident frequency (ω0), which is in 
resonance with the plasmon mode. This local field enhancement in-
tensifies the Raman scattering process. The subsequent step involves an 
additional enhancement of the scattered Raman light when the Raman 
frequency (ωR) coincides with the plasmon resonance, resulting in 
further amplification of the Raman signal (as illustrated in Fig. 5a). In 
theory, the maximum EE achievable in SERS conditions is approxi-
mately 1011. However, this value can decrease significantly as the dis-
tance increases from the peak value observed at the shortest junction. 
Typically, the EM enhancement varies by orders of magnitude over 
small distances, such as a few molecular dimensions (approximately 
2–4 nm). 

In a collective theoretical and experimental study conducted by 
Petryayeva and Krull, they observed that the electromagnetic field 
exhibited a gap-size dependent behaviour [67]. Specifically, they found 
that the SERS enhancement increased from 105 to 109 as the gap 
amongst adjacent Au nanoparticles size reduced from 10 nm to 2 nm (as 
depicted in Fig. 5b). This demonstrates the significant impact of gap size 
on the enhancement of SERS signals. Jensen et al. introduced three 
different forms of CT contributions to elucidate the chemical impact in a 
metal-molecule system [68]. These include the transfer of ground-state 
charge at the interface (µGSCT), the photo-induced CT (µPICT), and the 
resonance of electronic excitation within the molecule itself. The sche-
matics shown in Fig. 5c and d illustrate the three types of contributions 
to enhancements in SERS. Firstly, the enhancement resulting from 
ground-state CT (µGSCT) is a non-resonant effect, where the molecule 
chemically interacts with the substrate in its ground state without any 
excitations. This interaction alters the polarizability of the 
metal-molecule complex, leading to increased Raman cross-sections and 
variations in the shapes of the Raman spectra [68]. 

Secondly, the µPICT effect is wavelength-dependent and arises from 
CT between the substrate and a molecule in resonance with the incident 
photons. In a metal-molecule system, this CT can arise in either the 
molecule-to-metal or metal-to-molecule direction, depending on the 
relative positions of the Fermi level in the metal and HOMO/LUMO 
levels in the molecule (as depicted in Fig. 5c). The most significant PICT 
effect generally occurs when there is CT to or from levels near the 
metal’s Fermi level. Additionally, resonance Raman scattering (RRS) can 
occur when the laser excitation frequency closely matches the electronic 
transition frequency of the molecule (µmol), contributing significantly, 
typically by a magnitude of 102 to 106, to the overall Raman signal 
strength. It is worth noting that RRS effects are particularly prominent in 
fluorescent molecules, although increased fluorescence is a significant 
drawback in such cases. It is important to mention that in non-metal 
substrates, additional CT transitions can similarly influence the en-
hancements in SERS. For instance, in semiconductors, exciton resonance 
can be involved, where electrons transfer from the VB to the CB, creating 

electron-hole pairs also called excitons (depicted in Fig. 5d). The CT 
mechanism in semiconductors is comparable to that in metal substrates 
but comprises a band gap that separates the VB and CB. The maximum 
SERS enhancement in semiconductors is typically observed at the band 
edges [69]. 

3. Technological advancements 

Due to the growing urgency of developing flexible and reliable 
detection approaches for PFAS detection, many research groups have 
contributed to different sensors which can detect PFAS at low concen-
trations. Additionally, a SPR-based plastic optical fibre (POF) biosensor 
was developed to detect PFOS and PFOA in an aqueous solution. Cen-
namo et al. established a sensing platform used to determine the change 
in the resonance wavelength of PFOS and PFOA at concentrations 
ranging from 0 to 100 ppb (parts per billion) [70]. 

Despite the urgent need of ultrasensitive and rapid detection 
methods, only a few studies on the detection of PFAS using SERS have 
been published to till date. Fang and his co-workers used SERS tech-
niques to detect firefighting foams, which are a major source of the PFAS 
fate in environmental concern [44]. There have been detections of PFOS, 
PFOA, and perfluorooctanesulfonic acid (6:2FTS). The LOD for PFOA is 
50 ppb. Two SERS substrates were prepared using nanosphere lithog-
raphy Ag and graphene oxide (GO) membrane to demonstrate the high 
loading affinity of the GO surface for fluoro surfactants (FS). Rather than 
straight loading FS on the SERS substrate surface, the dye-FS precipitate 
ion pair was loaded. Ethyl violet (EV) dye was used, and it behaves as a 
Raman probe because of its high Raman activity compared to FS. Two 
SERS substrates were prepared, dye-FS-Ag and dye-FS-GO, respectively, 
to detect FS. The FS was enhanced through the use of dye [44]. SEM 
images of SERS substrates are shown in Fig. 6. Fig. 6a shows the silica 
nanosphere embedded in a 200 nm thick Ag layer. The top and side 
views of the GO membrane taken at titling angle 30◦ are displayed in 
Fig. 6b and c, respectively. The SEM morphology of Ag NPs deposited on 
the GO membrane surface is shown in Fig. 6d. 

The smooth surfaces of the incorporated Si-Ag-GO membranes allow 
the targeted PFAS compounds to adsorb rather than trap or embed. 
Fig. 6e-h illustrates the Raman spectra of dye-FS-Ag. The GO membrane 
in Fig. 6e was protected overnight in a solution of 5 ppm PFOA, 1 ppm 
EV, and 10 ppm sodium chloride (NaCl). Due to the significant 
improvement of the Raman signal on the Ag surface, Raman scattering 
on the GO surface should also be significantly enhanced, albeit not as 
significantly as on the Ag surface. In Fig. 6f and g, a controlled experi-
ment was performed using the GO membrane (not the Ag surface) in a 
solution of 1 ppm EV with 10 mM NaCl (absence of FS) [44]. When 
associated with a dye, the typical peaks of EV were amplified 
(2–20-fold), supporting the proposition that the existence of a dye in-
creases the loading capacity of FS onto the GO surface. Keeping in mind 
that the PFOA has been substituted by PFOS (Fig. 6f), and the 6:2 FTS 
has been replaced by 6:2FTS (Fig. 6g). Another substance was 
substituted in the ion-pair of dye–FS, the dye–from EV to MB to sup-
plement the preceding statement. Fig. 6h illustrates the resulting 
finding. Fig. 6I and j illustrate dye-FS-Ag LOD assemblies. The 
dye-FS-GO LOD incubation assemblies are shown in Fig. 6k and l, 
respectively. Fig. 6l shows that the LOD should be 50 ppb, rather than 
the higher concentrations (50 and 5 ppb), where the Raman signal is 
stronger and more intense. When the GO membrane was relatively thin, 
the silicon peak at 512 cm-1 assisted as an internal reference [44]. 

Bai and coworkers fabricated plasmonic superstructure arrays and 
applied them for the detection of PFOA through SERS analysis [71]. 
PFOA is a strong fluorescent material, hence difficult to sense through 
the SERS technique. As PFOA is a fluorescent material, the fluorescence 
persuaded by the Raman excitation laser might screen Raman signals. 
One of the solutions is using longer Raman excitation wavelengths of 
633 nm, which helps in suppress the fluorescence; though, this may 
diminish the Raman intensity due to the lower photon energy for general 
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Ag nanoparticles [71]. As a result, laser near-field reduction tuned Ag 
plasmonic superstructure arrays with LSPR for the longer wavelength is 
useful for the wide-range studies of PFOA. Due to its LSPR at 657 nm, the 
plasmonic superstructure arrays with a 500 nm period used in this work 
were produced using a continuous wave (CW) laser. Although a hybrid 
superstructure of Au or Ag spherical nanoparticles can be produced 
using the laser near-field reduction approach, the hybrid structure’s 
LSPR would be higher than 657 nm owing to the LSPR of Au. Because 
the Ag plasmonic superstructure’s LSPR at 657 nm matches the 
employed Raman excitation wavelength (633 nm), it remained chosen 
for this measurement. Therefore, crystal violet (CV) was added to PFOA 
for Raman detection to prevent fluorescence [71]. When compared to 
the direct detection of PFOA, the incorporation of CV into PFOA 
significantly reduces the power of the Raman excitation laser and 

shortens the exposure time. This leads to the suppression of fluorescence 
generated by PFOA for precise sensing. The addition of PFOA to CV 
empowered the CV to display higher Raman activity through the 
development of ion-pairs among CV and PFOA. The produced ion pairs 
enhance the Raman activity and are useful for Raman measurements. 
This causes the number of analyte molecules adsorbed on the plasmonic 
superstructure arrays to increase. The fact that the creation of ion pairs 
did not cause the CV’s Raman scattering wavenumber to change is 
another noteworthy observation [44]. 

Fig. 7a shows the SERS spectra of PFOA using a plasmonic hollow 
nanocluster array. For the baseline, 10-7 M of CV solution was used in 
this work. The Raman intensity gradually rises with the increase in 
concentration of PFOA owing to the formation of more ion-pairs with 
concentration. The LOD of PFOA can be determined as 3.3 σ/k, where σ 

Fig. 6. SEM morphology of SERS substrate (a) displays the silica nanosphere surface coated with Ag nanoparticles; (b) and (c) shows that top-view and side-view of 
depicted GO membrane, (d) demonstrates that the Ag NPs deposited on the GO membrane; (e-h) shows that the Raman spectral analysis of the assemblage of 
dye–FS–GO; (k) and (l) shows the dye-FS-GO LOD incubation assemblies [44]. 

Fig. 7. SERS study of PFOA utilising a plasmonic hollow nanoclusters array. (a) SERS spectra of 10-7 M CV mixed with different concentrations of PFOA, measured 
using a plasmonic superstructure array with a period of 500 nm (b) The calibration curve for the sensing of PFOA for the Raman peak at 1175 cm-1 (inset photograph 
of CV solution (left) and CV mixed PFOA solution). [71]. 
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represents the standard error of the y-intercept in the regression line and 
k stands for slope with respect to the IUPAC definition [72,73]. The LOD 
is determined in the lower concentration range of 0–100 ppb, which is 
10.52 ppb according to this description of a linear relationship. When 
PFOA reached 100 ppm, two broad peaks related to its fluorescence 
were observed between 1000 and 1620 cm-1; however, these overlapped 
with the Raman signals and were hence undetectable. As a result, the 
upper detection limit for PFOA, which is 100 ppm, cannot be reached 
with the current technology. For varying PFOA concentrations, Fig. 4b 
displays a calibration curve for the Raman intensity of CV with respect to 
1175 cm-1. 

Since the fluorescence of PFOA at higher concentrations obscures the 
Raman peaks of CV, the fluorescence intensity is used to determine the 
upper detection limit for PFOA [71]. Therefore, compared to the 500 nm 
periodic superstructure, the 1000 nm periodic superstructure had a 
greater detection limit. Additionally, the author calculated how well 
PFOA could be detected when polyvinylpyrrolidone (PVP) was added. 
According to the data, PVP has a slight effect on the Raman signal’s 
strength. However, only PFOA can raise the peak intensity of CV through 
the creation of ion pairs. As a result, the use of plasmonic superstructure 
arrays can enable the specific detection of PFOA through indirect 
analysis [71]. 

Fig. 8a shows the SERS spectra of PFOS surface integration onto Ag/ 
graphene surface, with the spectrum from bulk source at the bottom and 
declining analyte concentrations (10-3 to 10-12 M) from bottom to top 
[74]. Additional peaks were observed and the source is unknown, but 
their presence could be ascribed to the SERS effect, which is the 
augmentation of vibrational modes that are otherwise not observable in 
standard Raman spectroscopy studies. The ability of the present SERS 
sensors to detect low quantities of PFOS is demonstrated by the persis-
tence of the C-F peaks down to the lowermost PFOS concentration (10-12 

M). The Raman and SERS spectra of PFOA are shown in Fig. 8b. The 
band from as-obtained powder is exposed at the bottom of Fig. 8b. PFOA 
has multiple similar peaks, such as the CF deformation mode of about 
730 cm-1 and the CC stretching mode of about 1350 cm-1. The PFOA 
concentration-dependent on SERS spectra (Fig. 8b) shows less stronger 
than those of PFOS. LOD of PFOS and PFOA obtained are 10-12 M and 
10-9 M, respectively [74]. 

Huang and group have implemented SERS for analyzing PFAS [75]. 
To generate the LSPR effect required for SERS, 40 nm Ag NPs were 
employed. Utilizing the SERS approach, PFAS concentrations as detec-
ted down to 20 femto grams/liter in 30 s. A mixture of Ag NPs and water 
samples was prepared in a ratio of 2:3 and subsequently drop-casted 
onto aluminum substrates. The specific choice of 40 nm Ag NPs, 
which were kept at a temperature of 5 ◦C prior to usage, was made in 

order to fine-tune the enhancement of SERS. Aluminum foil was selected 
as the physical substrate to minimize any potential interference with the 
Raman signal. Raman spectra were obtained for PFAS and PFOA with Ag 
NPs with good enhancement. As a result, SERS has shown a significant 
improvement for both PFOA and PFOS. The Raman peak at 1300 cm-1 

was recognized as the asymmetric stretching mode of the difluoro 
methylene (CF2) group, which confirms the support of PFAS [75]. 

When PFAS sensors are fabricated from different types of materials, 
several limitations exist. Here are some of the key limitations and their 
associated details:  

1. Selectivity: One of the major challenges in PFAS sensing is achieving 
high selectivity for target PFAS compounds. PFAS molecules can 
have similar structures and properties, making it difficult to differ-
entiate between them accurately. Many sensor materials may exhibit 
cross-reactivity, leading to false-positive or false-negative results 
when detecting specific PFAS compounds [76].  

2. Sensitivity: Another limitation is achieving high sensitivity in PFAS 
sensors. Due to the low concentrations of PFAS often found in 
environmental samples, sensors need to be highly sensitive to detect 
these compounds reliably. However, some sensor materials may not 
provide sufficient sensitivity, leading to lower detection limits and 
potential missed detections [77]. 

3. Stability and Durability: PFAS sensors should maintain their per-
formance over extended periods. However, some materials used in 
sensor fabrication may exhibit limited stability and durability, 
especially when exposed to harsh environmental conditions or 
repeated use. Factors such as material degradation, fouling, or loss of 
sensitivity over time can affect the sensor’s reliability and lifespan 
[78].  

4. Interference and Matrix Effects: Environmental matrices often 
contain various interfering substances that can impact PFAS sensing. 
These interferences can affect the selectivity and sensitivity of the 
sensor, leading to inaccurate results. The presence of matrix effects, 
such as high ionic strength or complex sample matrices, can further 
complicate PFAS sensing and result in decreased sensor performance 
[79].  

5. Cost and Scalability: The cost of materials used in PFAS sensors can 
influence their widespread deployment and accessibility. Some 
sensor materials may be expensive, limiting their practicality for 
large-scale monitoring applications. Additionally, the scalability of 
sensor fabrication processes can be challenging, impacting the 
availability and affordability of PFAS sensors [64,67,68,80]. 

Addressing these limitations requires ongoing research and 

Fig. 8. Ag+graphene arrays were used for SERS detection of PFOS and PFOA. SERS of (a) PFOS and (b) PFOA under excitation at 633 nm. The structure of each 
molecule is displayed above the Raman spectra [74]. 
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development efforts to improve the selectivity, sensitivity, stability, and 
cost-effectiveness of PFAS sensors. Integration of advanced materials, 
surface functionalization techniques, and signal processing algorithms 
are being explored to overcome these challenges and enhance the per-
formance of PFAS sensing technologies. Table 2. Summarizes the 
available literature on the detection of PFAS via SERS and respective 
LOD. From these studies, it is confirmed that SERS is a highly effective 
technique for the detection of PFAS [44,71,74,75,81]. In recent days, 
the SERS technique is further extended to the detection of corona virus, 
amino acids, and drug molecules [82–84]. 

4. Fluorescence in Raman spectroscopy and methods to avoid 

It is highly necessary to discuss the suppression of fluorescence in 
Raman scattering at this stage. Due to the strong fluorescence of PFAS, 
its detection is difficult and thus limited. Knowing the causes of the 
fluorescence in Raman scattering and how to address this issue are 
crucial from this viewpoint. As a result, fluorescence can be reduced and 
PFAS detection effectiveness can be increased. The presence of fluores-
cence alongside Raman spectra is one of the most significant concerns. 
This is due to the similar origins and strong competition between Raman 
scattering and fluorescence emission. In the majority of applications, the 
measured Raman spectrum is typically obscured by a high fluorescence 
background. This occurs because fluorescence emission is more potent 
than Raman scattering [85]. Two fundamental problems arise due to the 
fluorescence backdrop are removal of fluorescence causes errors in both 
concentration measurement and material identification since the Raman 
bands are narrow and the fluorescence has a smooth spectrum. Addi-
tionally, it reduces the signal-to-noise ratio by dominating the photon 
shot noise. This problem still causes restrictions on Raman applicability 
in some cases [48]. 

Raman scattering and fluorescence have some significant differ-
ences, which makes it easier to separate them. Raman scattering has a 
lifespan that is significantly shorter than fluorescence emission [86]. 
The fluorescence background will be greatly reduced, and the Raman 
signal will be significantly boosted when a molecule interacts with the 
metal nanoparticles. As a result, SERS has enhanced quickly [87–89]. 
Their discrepancies may contribute to a decrease in fluorescence and a 
consequent increase in Raman scattering. 

Limitations and advantages of PFAS detection using fluores-
cence of Raman scattering. 

Detection of PFAS using fluorescence of Raman scattering has both 
limitations and advantages. 

Limitations of fluorescence-based detection of PFAS in Raman scat-
tering: [71,74,75]. 

1. Background Interference: Fluorescence interference can be a sig-
nificant limitation in fluorescence-based detection. Fluorescence 
from impurities or sample matrices can overlap with the Raman 
signal, leading to false-positive or false-negative results. This 

interference can hinder the accurate detection and quantification of 
PFAS [90].  

2. Signal-to-Noise Ratio: Fluorescence signals can be relatively weak 
compared to background noise, especially in complex samples or at 
low analyte concentrations. The low signal-to-noise ratio can limit 
the sensitivity and reliability of the PFAS detection, making it chal-
lenging to detect trace levels of PFAS accurately [91].  

3. Overlapping Emission Spectra: PFAS often exhibit fluorescence 
emission spectra that overlap with other fluorescent species present 
in the sample. This spectral overlap can make it difficult to distin-
guish and differentiate the fluorescence signals of PFAS from other 
interfering components, affecting the specificity and selectivity of 
the detection [92]. 

4. Photobleaching: Fluorescent molecules can undergo photo-
bleaching, leading to a loss of fluorescence signal intensity over time. 
This degradation of fluorescence can limit the duration of measure-
ments and the stability of the detection method [93]. 

Advantages of fluorescence-based detection of PFAS in Raman 
scattering:  

1. Enhanced sensitivity: The combination of Raman scattering and 
fluorescence detection can provide enhanced sensitivity compared to 
conventional Raman spectroscopy. Fluorescence-based detection 
amplifies the weak Raman signals, making it possible to detect PFAS 
at lower concentrations and improve the limit of detection [94].  

2. Selectivity and specificity: PFAS exhibit unique fluorescence 
spectra, allowing for their specific identification and differentiation 
from other fluorescent species. This selectivity and specificity can 
enable accurate detection and quantification of PFAS in complex 
samples containing multiple fluorescent components [95].  

3. Multiplexing capability: Fluorescence-based detection allows for 
the simultaneous detection of multiple PFAS or other fluorescent 
analytes within a single measurement. By using different fluo-
rophores or probes, multiple PFAS can be targeted and analyzed 
simultaneously, providing high-throughput capabilities [96].  

4. Imaging and visualization: Fluorescence detection in Raman 
scattering can be utilized for imaging and visualization purposes. It 
allows the spatial distribution and localization of PFAS to be mapped 
in samples, providing valuable insights into their distribution and 
concentration gradients [97].  

5. Non-destructive analysis: Fluorescence-based detection is non- 
destructive, allowing for repeated measurements on the same sam-
ple without altering its chemical or physical properties. This non- 
destructive nature facilitates the investigation of dynamic pro-
cesses and longitudinal studies [98,99]. 

Overall, fluorescence-based detection of PFAS in Raman scattering 
offers enhanced sensitivity, selectivity, multiplexing capabilities, imag-
ing possibilities, and non-destructive analysis. However, limitations 
related to background interference, signal-to-noise ratio, spectral over-
lap, and photobleaching should be considered when developing and 
applying this detection method. Careful experimental design, appro-
priate sample preparation, and advanced data analysis techniques can 
help mitigate these limitations and improve the accuracy and reliability 
of PFAS detection using fluorescence of Raman scattering. [100–105]. 

There are mainly three different ways to diminish the fluorescence. 
1) Time-Domain Methods. 
Ultra-short laser pulses are necessary for time-domain techniques 

[106]. On the timescale, where fluorescence has a substantially longer 
lifetime than Raman scattering (about hundreds of picoseconds to a few 
nanoseconds). This method takes advantage of the differences in 
response between the two signals (picoseconds to femtoseconds). The 
fast-arriving Raman scattered light could be temporally detached by an 
ultrafast optical pulse from the late- arriving fluorescence emission of a 
sample [48,107]. The temporal profiles of the excitation laser pulse, the 

Table 2 
Summarizes the available literature on the detection of PFAS via SERS and 
respective LOD.  

SI 
No. 

Material PFAS LOD Laser 
Wavelength 
(nm) 

Refrences 

1 Ag NPs 
+ Graphene 
oxide 

PFOS 
PFOA 

50 ppb 532 [44] 

2 Ag NPs + Silica PFOA 11–400ppb 405 [71] 
3 Ag NPs 

+ Graphene 
PFOS 
PFOA 

10-12 M 
10-9 M 

532 
633 

[74] 

4 Ag NPs PFOA 
PFOS 

10-15 g/l 780 [75]  
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Raman scattering signal, and the fluorescence signal are shown in Fig. 9. 
The excitation laser light and the Raman emission occur almost simul-
taneously [107]. 

2) Frequency-Domain Methods. 
This technique is also known as the phase-modulation technique. 

The Fourier transform relates time-domain and frequency-domain 
techniques [108]. This method contains two categories [109,110]. The 
frequency domain demodulation technique is based on the disparate 
responses of Raman scattering and fluorescence to high-frequency 
manipulation [109]. In Frequency-domain phase nulling, a function 
generator integrated into a gain-modulated image intensive produces 
sinusoidally modulated light at an angular frequency to illuminate the 
sample [111]. 

3) Wavelength-Domain Methods. 
According to Kasha’s theory, a fluorescence peak’s wavelength does 

not considerably change with the excitation wavelength, whereas a 
Raman peak’s wavelength closely tracks the excitation source’s wave-
length [112]. This idea is making use of wavelength-domain methods to 
reinforce tremendously weak Raman signals that are 
fluorescence-dominated while eliminating the fluorescence [113]. 
Shifted excitation Raman difference spectroscopy (SERDS), 
wavelength-modulated Raman spectroscopy (WMRS), and subtracted 
shifted Raman spectroscopy are typical wavelength-domain techniques 
(SSRS). 

4) Computational Methods. 
Computational techniques have been broadly used to post process 

measured Raman spectra directly to eliminate the fluorescence back-
ground, in addition to experimental techniques for fluorescence sup-
pression. The wavelet transforms, derivatives, and polynomial fitting are 
the three most utilised computational techniques [114–116]. 

5) Other methods. 
Other techniques for suppressing fluorescence emission exist, none of 

which fall under the categories mentioned above. Dark-field Raman 
microscopy [117], the polarisation modulation approach [118], 
Laguerre-Gaussian or holey-Gaussian beams [119], photobleaching 
[120] etc. 

Challenges related to the detection of PFAS by the SERS method. 
The detection of PFAS using the SERS method faces several chal-

lenges. These challenges include:  

1. Signal Enhancement: While SERS provides significant signal 
enhancement, the detection of PFAS using SERS can be challenging 
due to their low Raman scattering cross-sections. PFAS molecules 
often exhibit weak Raman scattering signals, which can make it 
difficult to achieve sufficient signal enhancement for sensitive 
detection [121].  

2. Substrate Selection: The choice of suitable SERS substrates for PFAS 
detection is crucial. PFAS molecules have unique chemical struc-
tures, and not all SERS-active substrates may interact effectively with 
PFAS, leading to weak or inconsistent signals. Developing specialized 

substrates that can effectively enhance the Raman signals of PFAS 
molecules is a challenge [122].  

3. Surface Adsorption and Aggregation: PFAS tend to adsorb onto 
surfaces, including SERS substrates. This can lead to aggregation or 
clustering of PFAS molecules, altering their chemical environment 
and potentially affecting the Raman signals. Controlling the surface 
interactions and minimizing aggregation effects is important for 
accurate and reliable detection [123].  

4. Matrix Interference: Environmental samples often contain complex 
matrices that can interfere with the detection of PFAS using SERS. 
Interfering substances may contribute to background signals or 
spectral overlap, making it challenging to distinguish the Raman 
signals of PFAS molecules from the background noise. Sample 
preparation techniques to reduce matrix interference and improve 
selectivity are necessary [124].  

5. Quantification: Quantitative analysis of PFAS using SERS can be 
challenging due to the lack of suitable reference standards and 
calibration methods. Accurate quantification requires establishing a 
calibration curve using known concentrations of PFAS, which may be 
difficult due to the limited availability of PFAS standards and their 
often-complex mixture compositions [125–130]. 

5. Future research directions for PFAS detection via SERS 

As observed from the literature, it is highly difficult to detect PFAS 
through SERS because of its high fluorescence. SERS is an extremely 
sensitive technique for the detection of analytes. SERS shows high 
sensitivity, excellent performance, and reproducibility, which are 
frequently cited as critical characteristics for analytical application 
analysis. Precise stages based on SERS nanotags, chemosensors, and 
chiral-selective systems have been developed and synthesized within 
this framework to support a variety of sensing strategies. As PFAS are 
highly fluorescent, their detection is challenging. It is observed that both 
fluorescence emission and Raman scattering have similar origins, and it 
is hence difficult to separate them. Many of the methods discussed above 
are of great importance in diminishing fluorescence. Different ways, 
such as time-domain, frequency-domain, wavelength-domain, compu-
tational, and other approaches, are briefly discussed. With these tech-
niques, its detection efficiency can be enhanced. 

The implementation of nanomaterials can significantly decrease 
fluorescence. As PFAS are soluble in water, their detection in water is 
essential. In this regard, the nanomaterials used for the detection of 
PFAS can be synthesized in water, which makes them facile for the real- 
time detection of PFAS. It is well known that anisotropic nanostructures 
have outstanding direction dependent properties, which makes them a 
very special class [131]. Highly faceted nanostructures with more edges 
and vertices are rich sources of hotspots and thus beneficial in the 
ultra-low detection of PFAS. This is because electromagnetic field dis-
tribution is more concentrated at edges and vertices than at faces [46]. 
Shape and size-dependent nanostructures (nanorods, nanocubes, octa-
hedral, decahedral) were believed to show extraordinary enhancement 
due to different surface energies with various planes present in the 
anisotropic nanostructure. So, ultra-low detection of PFAS demands 
highly faceted anisotropic nanostructures. Core-shell or alloys of 
low-cost anisotropic nanostructures are assumed to show enhanced 
SERS due to synergistic effects [132]. Spiky nanostructures also exhibit a 
great improvement in signal enhancement due to their sharp tips [133]. 
Nanogap between nanostructures, which affects the detection limit. 
Nanogaps are rich in hotspots, and hence uniform distribution of hot-
spots brings a significant input to ultra-low detection of PFAS via SERS 
[134]. Uniform nanogaps can be achieved by the formation of an as-
sembly of nanostructures [135]. Different assemblies like side-by-side, 
end-to-end, and bridging facets can create a uniform distribution of 
hotspots and thus help in the detection [45,136]. The selection of laser 
wavelength and power can also affect the detection of analytes in SERS. 
When the laser wavelength and nanostructure plasmon wavelength 

Fig. 9. Temporal profiles of the emitted fluorescence, emitted Raman scat-
tering signal, and emitted laser excitation pulse. While the fluorescence in-
tensity decreases exponentially over time, the Raman emission nearly 
immediately follows the excitation laser pulse [48]. 
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match, that yields the best signal enhancement [137]. SERS is an 
extremely specific and selective technique for identifying the molecular 
fingerprint information of PFAS through Raman scattering without 
generating toxic waste. SERS is an excellent tool for multiple analyte 
detection, different PFAS can be analyzed simultaneously. One more 
important aspect of SERS is the detection of analytes in water. As water 
does not affect the Raman spectra [138], water-soluble PFAS can be 
detected in the solution form. Metal nanoparticles that interact with 
PFAS or PFAS functionalized with dye molecules, or thiol compounds 
can be enhanced many folds due to the creation of hotspots. The addi-
tion of external additives like dye molecules [12] has a certain limit of 
detection for PFOA; hence, fine tuning of detection methods is required 
without the addition of additives in order to detect PFOA at an ultra-low 
concentration. Ongoing research is being conducted to apply the SERS 
method to real-world samples. To enhance the accuracy of concentration 
calibration curves, the analysis of data will involve the integration of 
Partial Least Squares (PLS) regression along with genetic algorithm 
variable selection [75]. There are both advantages and disadvantages to 
fluorescence-based detection of PFAS in Raman scattering. Hence, the 
choice of parameters during the analysis can certainly help to improve 
the signal quality and intensity. There are some ways to diminish the 
fluorescence like Time-Domain Methods, Frequency-Domain Methods, 
Wavelength-Domain Methods, Computational Methods, and some other 
methods. All the above-mentioned parameters and inputs can be 
considered in future research directions to improve PFAS detection. 

6. Conclusions 

This perspective article focuses on the detection of one of the haz-
ardous emerging contaminants, PFAS. The article gives a complete in-
formation related to PFAS, their hazardous effects, detection techniques, 
existing literature for detection via SERS and future outcomes to 
improve the detection efficiency. The article initially discusses the 
properties, uses, and hazardous effects of PFAS. Later on, traditional and 
current approaches for the detection of PFAS are discussed which 
include, chromatographic techniques combined with mass spectrom-
etry, liquid chromatography solid-phase extraction, tandem mass spec-
trometry, optical, electrochemical, fluorescence-based sensors, and 
biosensors were also mentioned. From these methods, it is observed that 
PFOA and PFOS were only focused as an analyte for the detection. The 
LOD results achieved from these techniques are non-satisfactory and 
onsite detection is not possible. SERS stands as a great solution to 
overcome problems associated with these methods. The main two 
mechanisms of SERS: electromagnetic enhancement and chemical 
enhancement were discussed in detail. Even though SERS is sensitive 
and precise for detection, only a few literature are available. This is 
because of the difficulty in the detection of PFAS and the main problem 
with fluorescence. The limitations of PFAS sensors like selectivity, 
sensitivity, stability, durability, interference and matrix effects, and cost 
and scalability were also detailed. The article also discussed about the 
cause of fluorescence and the different methods to diminish fluorescence 
such as Computational Methods, Time-Domain Methods, Wavelength- 
Domain Methods, Frequency-Domain Methods, and other methods 
were mentioned. Fluorescence-based detection of PFAS in Raman scat-
tering has both limitations and advantages, which are discussed in the 
article. Challenges related to the detection of PFAS by the SERS method 
is also one of the important section, deliberated here. Finally, all the 
possible future research directions and conclusions are given to further 
improvise the detection efficiency of PFAS via SERS. 
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