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Abstract: In both the scientific and technological fields, there is a fundamental need for highly 

sensitive and specific detection of chemical traces or biological targets at the single molecule 

level. To achieve this, sensor technology based on surface-enhanced Raman scattering (SERS) 

is a promising approach due to its extremely narrow linewidth, high sensitivity and signal-to-

noise ratio, target specificity and ability for non-destructive and multiplexed monitoring of 

chemical or biological species. Raman scattering is a phenomenon that occurs due to the 

interaction between photons and molecules depending on the kinetic modes of the analytes, 

providing unique fingerprints that enable real-time detection of chemical or biological species. 

By monitoring molecular activity in the vicinity of nanostructured surfaces, SERS-based 

sensors not only provide valuable insight into molecular interaction or binding, but also serve 

as a reference for the further development of powerful and optimized detection methods. While 

the existing reviews on SERS devices mainly focus on classical planar or chip-based substrates, 

a detailed review covering various strategies for highly sensitive SERS sensors based on optical 

fibers, nanostructuring of the fiber surface, their working mechanisms and practical 

applications is still pending. Only recent advances in nanotechnology and related equipment 

have made it possible to effectively and reliably use optical fibers as SERS substrates. Our aim 

is therefore to report on the current status of SERS fiber technologies, their detection 

mechanisms, the different fiber geometries used so far to develop miniaturized lab-on-fiber 

devices, and the extensive range of applications associated with these advances by highlighting 

the advantages, limitations and future perspectives in this field. 

Keywords: Surface enhanced Raman scattering (SERS), nanomaterials, surface nano-

structuring, fiber optics, and plasmonics. 

1. Introduction  

Raman spectroscopy is a powerful analytical tool with the ability to provide useful 

information about the molecular vibrations and structural characteristics of a sample, all 

without the need for extensive sample preparation and manipulation. It has garnered significant 

attention due to its unique ability to offer a distinctive "fingerprint" of molecular structures [1]. 

However, the Raman spectroscopy potential is somewhat hidden by the modest Raman 

scattering cross-section and the presence of stronger fluorescence or chemiluminescence 

signals, which often overshadow the Raman signal. Nevertheless, since its discovery in 1974 
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and subsequent confirmation in 1977, SERS has widely been employed to greatly amplify the 

Raman scattering signal emitted by molecules that are adsorbed on or near metallic 

nanostructures, such as gold (Au), silver (Ag), and copper (Cu) [2,3]. Surface enhanced Raman 

scattering (SERS) takes Raman spectroscopy a step forward by exploiting metallic 

nanoparticles or nanostructures that enable to unveil the Raman signals [4,5]. When a molecule 

undergoes adsorption on the surface of a metallic nanoparticle, the incident laser light prompts 

the surface electrons of the nanoparticle to oscillate, producing a localized electric field due to 

light-matter interactions. This localized effect dramatically enhances the intensity of Raman 

signals of the adsorbed molecule. SERS offers a valuable capability in the identification and 

quantification of minuscule amounts of chemicals and biomolecules, as well as for 

investigating molecular interactions and dynamics at the nanoscale level [6]. 

This technique has undergone significant advances in the development of new substrates, 

characterization methods, and theoretical models. In terms of substrates, researchers have 

developed a wide range of materials that exhibit strong SERS signals. The most commonly 

used substrates are based on metal nanoparticles, such as Ag and Au, which are functionalized 

with organic molecules to enhance their SERS activity. Other materials used for SERS 

substrates include carbon nanotubes, graphene, and metal-organic frameworks [7–10]. A wide 

range of SERS-active substrates have been utilized, encompassing Ag films, electrochemically 

roughened electrodes, produced through acid-etched Ag foils, sputtering or  evaporation as 

well as colloidal metal nanoparticles [11]. In terms of characterization methods, researchers 

have developed new techniques for imaging and analyzing SERS signals. Tip-enhanced Raman 

spectroscopy (TERS) can be considered as one of the examples of such advanced techniques 

that enable the study of single molecules and surfaces with sub nanometer resolution [12]. To 

augment the sensitivity and spatial resolution of SERS, additional techniques such as confocal 

Raman microscopy and surface plasmon resonance (SPR) imaging have been developed [13]. 

Theoretical modeling and computational methods have been devised to simulate spectra of 

SERS and better understand the underlying physical, chemical and biological behaviors 

involving SERS. These models have aided in explaining the enhancement mechanism of SERS 

and designing new substrates with improved sensitivity and selectivity. Nowadays SERS is 

becoming increasingly important, in areas such as monitoring the environment analyzing 

pharmaceuticals ensuring food safety and imaging, for purposes [14,15].  

However, the growing range of users on Raman spectroscopy has also brought attention to 

its drawbacks, which mainly stem from the limited signal strength of Raman platforms. Other 

constraints include difficulties of working in label-free mode with biological samples and with 

tiny volumes, of entirely removing the fluorescence signal or other interfering signals, and of 

developing remote sensing platforms operating in real time. Another significant limitation of 

mostly SERS sensors is associated with their rigid and bulky design, which can hinder their 

deployment in complex or hard-to-reach environments. The lack of flexibility and compactness 

in conventional SERS setups dramatically limits their domain of applications where in-situ and 

real-time monitoring is required. Additionally, traditional SERS sensors may face challenges 

in optimizing the delivery and collection of light, impacting sensitivity, signal stability and 

signal-to-noise ratio (SNR). All these limitations underscore the need for more innovative and 

adaptable sensing solutions using a different SERS substrate. 



In this scenario, the advent of optical fibers as novel SERS substrate is providing new 

chances to get around the existing problems. Optical fibers possess unique features in guiding, 

managing and collecting light that the other sensing platforms can hardly attain [8]. Those also 

enable to keep costs within a reasonable threshold. In order to efficiently stimulate and collect 

Raman scattering while obstructing unwanted photons, optical fibers have the direct capability 

of filtering and focusing light via embedded lenses needed at the distal end of the fibers [16]. 

In addition, a considerable amplification of the Raman signal is feasible and effective when 

using specialty optical fibers, such as hollow core fibers, since light can be confined into tiny 

regions of the fiber, leading to intense light-matter interaction over long distances. 

Furthermore, fiber flexibility allows easy integration into diverse and challenging settings, with 

the possibility for in situ measurements and real-time monitoring, and the miniaturization of 

the system enables the creation of compact and portable devices, expanding the applicative 

domain of SERS technology to fields such as environmental monitoring, medical diagnostics, 

and point-of-care testing. Last but not least, the efficient transmission of light through optical 

fibers enhances sensitivity and signal quality, with a better SNR. Therefore, the combination 

of SERS with optical fibers seems representing a perfect marriage that has led to the rise of a 

new class of SERS sensors, which have garnered significant interest over the past decade owing 

to the peculiarities of optical fibers that can overcome many drawbacks associated with 

conventional SERS sensors. 

SERS-based optical fiber sensors have witnessed high demand across a diverse range of 

applications, including environmental monitoring, food safety, biological diagnostics, and 

chemical sensing, due to their exceptional sensitivity, specificity, and selectivity [17–20]. The 

capacity to remotely measure analytes in real-time through optical fibers is a key benefit, 

allowing for the creation of dispersed sensing systems for continuous monitoring. In order to 

increase the Raman signal of the surface adsorbed analytes, the metallic nanoparticles or 

nanostructured surfaces are typically used in the coating of the fiber used in SERS-based 

optical fiber sensors. The laser is used to excite the analytes molecules, and the resulting 

scattered light are collected and analyzed with a Raman spectrometer. Recent advances in 

materials science, nanotechnology, and fiber optic technology have made it possible to create 

more sensitive and robust SERS-based optical fiber sensors. The plasmonic nanoparticles e.g., 

Au, Ag, and Cu, have shown considerable gains in SERS signal amplification. Furthermore, 

the use of microstructured optical fibers has permitted the construction of very sensitive sensors 

with enormous surface areas. SERS-based optical fiber sensors provide several benefits over 

traditional sensing approaches, including real-time monitoring with ultrahigh sensitivity and 

specificity. The ongoing advancements in these sensors undoubtedly promise their extensive 

adoption across diverse domains in the future, including chemical sensing,  environmental 

monitoring, and biological diagnostics [21]. Figure 1 exhibits the key information of proposed 

review work, which encompasses several applications. [22–27]. 

    



 

Fig. 1. An overview of conventional and emerging SERS based optical fiber sensors for 

various sensing applications (Reprinted/adapted from [22–27]). 

The main novelty of the review lies in the various types of SERS based optical fiber sensors 

which are not available in the literature review. In this review article, we have covered most 

promising and latest technologies developed in the past decade based on the SERS. Also, for 

the ease of the scientific community, the present review is categorized in four different 

application areas so that one can easily identify the area of interest based on their expertise. 

The selected published articles are also summarized in tabulated form at the end of the each 

section to compare the sensing performance for better understanding. The present review is 

organized as follows. It starts with a brief introduction on SERS mechanism and a technique 

used for electromagnetic and chemical enhancements (Section 2) and then goes on with the 

different geometries used to implement fiber-based SERS sensors (Section 3). Later, Section 4 

highlights application domains of SERS sensors, such as chemical sensing, biosensing, drug 

delivery, and agricultural and food quality monitoring. This section not only provides a detailed 

discussion of the most significative examples of SERS sensors, but also aims at covering the 

recent development in the respective domain with advantages and limitations. Finally, Section 

5 will emphasize the future perspectives and challenges of the SERS fiber-based sensors and, 

in Section 6, an overall conclusion is drawn. 

2. SERS mechanism 

The basic SERS mechanism involves the enhancement of Raman scattering signal by the 

interaction of the analytes molecule with a roughened metal surface or metal colloidal 

nanoparticles. Metallic nanoparticles involving conventional choices i.e., Au and Ag have been 

extensively used as SERS substrates because of their unique plasmonic characteristics. The 



resonance peak of Ag nanoparticles has better sharpness and intensity compared to Au  [28]. 

However, Ag is prone to oxidization and has strong toxicity, making it less suitable for 

applications involving organic samples  [29,30]. In such a situation, the stability and 

biocompatibility of Au nanoparticles are more desirable [31]. 

When a molecule adsorbs on the surface of metallic nanostructures, it leverages on 

localized electromagnetic field generated in the proximity of the metal clusters due to light-

matter interactions. This highly localized electromagnetic field termed as hotspot can 

significantly improve the Raman signal, leading to a much stronger and more easily detectable 

Raman signal than would be observed in conventional Raman spectroscopy. Optimization of 

the substrates involves modification in terms of surface morphology and metal deposition 

parameters to produce well-distributed hotspots  [32]. The Raman scattering signal can be 

significantly enhanced via two different approaches (i) electromagnetic, and the (ii) chemical, 

enhancement approach. The electromagnetic enhancement arises from the interaction of the 

molecule with the localized electromagnetic field generated by the metal surface. The chemical 

enhancement, on the other hand, arises from the formation of a charge transfer complex 

between the molecule and the metal surface. In actual, both enhancements work in tandem, and 

the separation of the effects has largely been unsuccessful  [33]. 

Electromagnetic enhancement is one of the primary mechanisms responsible for the large 

signal enhancement observed in SERS [34]. Interaction of light with strong localized 

electromagnetic field in the vicinity of the analytes molecule induces Raman process in the 

molecule and the scattered radiation is transmitted back into the plasmon with its frequency 

changed by the energy transferred to the nuclei in the Raman process. 

Electromagnetic enhancement is typically viewed as the product of local field enhancement 

and radiation enhancement. Local field enhancement relies on effects such as local surface 

plasmon resonance (LSPR) arises from the collective oscillation of conduction electrons in the 

metal nanoparticle in response to the incident electromagnetic field. The presence of LSPR 

strengthens the local electric field that subsequently enhances the power radiated by the 

molecule oscillating at Raman scattering frequency. The resulting local field enhancement 

factor (Mloc) at laser angular frequency (ωL) is then viewed as the average of the enhanced 

electric field amplitude (Eloc) over the incident electric field amplitude (E0) as expressed in 

Equation 1 [35]: 

Mloc(ωL) = [
Eloc(ωL)

E0(ωL)
]

2

                                        (1)  

The concept of radiation enhancement comes from the fact that radiation from a dipole is 

dependent on the surrounding dielectric material and its interactions. This consequently affects 

Raman scattering leading to the combination of local field and radiation enhancements. The 

enhancement factor at Raman frequency, MRad(ωr) is expressed by Equation 2, which takes 

into account the ratio of radiated power, 𝑃𝑟𝑎𝑑  to radiated power in a vacuum (P0) dielectric 

constant in vacuum (ε0), wavenumber (k), and complex amplitude of the dipole (p0):  

MRad(ωr) =
PRad

P0
= 1 +

6πε0

|p0|

1

k3
Im{p0

∗ . ESR−0}               (2)  



In a vacuum, the self-reaction field, ESR−0 is equal to zero while PRad is equivalent to P0. 

This is of course different if the molecules are placed near plasmonic materials, which changes 

the value of ESR−0, and subsequently the radiated power, PRad. Based on the optical reciprocity 

theorem and under some conditions, radiation enhancement can be represented as local field 

enhancement at frequency, ωr. MRad(ωr) is then equivalent to Mloc(ωr) and the SERS 

enhancement factor is expressed as [36]: 

EF(ωL, ωr) =  Mloc(ωL). Mloc(ωr) = [
Eloc(ωL)

E0(ωL)
]

2

. [
Eloc(ωr)

E0(ωr)
]

2

    (3)  

This |E|4 expression is a standard SERS approximation that is applied in general SERS 

application with a small Raman shift. By taking Stokes shift into account, a more elaborate 

expression, |𝐸(𝜔)|2|𝐸(𝜔′)|2 |𝐸0|4⁄ , where ω′ is the Raman emitted frequency was 

acquired [37]. Correction to the |𝐸(𝜔′)|2 factors to include emission from the inelastic 

emission dipole was also able to obtain a more accurate approximation. 

In addition to the electromagnetic enhancement, SERS is also influenced by chemical 

enhancement, which can further increase the Raman signal intensity of the analyte molecule. 

The chemical enhancement arises due to the formation of a charge transfer complex between 

the analyte molecule and the metal surface [38]. The energy created from the generation of 

electron-hole pairs in the metal is transferred to the analyte, enabling the Raman process to 

occur. The chemical enhancement mechanisms are highly dependent on the electronic structure 

of the analyte molecule and the metal surface. It is typically observed for molecules with pi-

bonding, such as aromatic compounds, as well as for molecules with lone pair electrons, such 

as thiols and amines. The metal surface also plays a critical role in the chemical enhancement 

mechanisms, with different metals exhibiting varying degrees of chemical enhancement. This 

complex results in a change in the molecular vibrations of the molecule, leading to an increase 

in the Raman scattering cross-section and the Raman signal intensity. Physical adsorption of 

molecules driven by Van der Waals force is weaker and only slightly modifies the structure of 

the molecule. A stronger Raman effect is expected in the case of chemical adsorption 

(chemisorption), in which a chemical bond between the molecule and substrate is formed. 

Although the enhancement is less significant compared to electromagnetic enhancement, 

chemical enhancement influences the spectral pattern of SERS [38]. 

Chemical enhancement is dependent on three mechanisms, as shown in Fig. 2. The first 

mechanism is the Raman resonance (RR) scattering, which is induced by resonance, takes place 

between the molecules and the incident light. In SERS, the presence of metal nanoparticles 

forms a complex with the molecule that can alter the Raman resonance frequency. Metal-

adsorbate charge transfer can only occur when the sufficient overlap of the molecule and 

substrate wave functions is achieved [39,40]. The dependence of this relies on the relative 

positions of the Fermi level in the metal and the levels of the highest occupied/lowest 

unoccupied molecular orbital in the molecule. Electron transfer can occur from molecule to 

metal or vice versa. The last mechanism present in chemical enhancement is ground state 

charge transfer, which is a non-resonant electron transfer that occurs without excitation. This 

is attributed to chemisorption interaction which does not form a new electronic state but alters 



the geometrical or electronic structure of the molecules, resulting in a slight improvement of 

the Raman shift and intensity of vibrational modes [41]. 

 

Fig.2. Mechanisms of chemical enhancement represented by a blue arrow (ground state 

charge transfer), a red arrow (metal-adsorbate charge transfer), and a green arrow (Raman 

resonance scattering) 

The interplay between electromagnetic and chemical enhancement is an intricate 

interdependence [42]. Achieving optimal SERS enhancement necessitates a delicate balance 

between these two mechanisms. Factors such as the choice of metal substrate, the nature of the 

analytes molecules, and experimental conditions play pivotal roles in determining the extent to 

which each enhancement mechanism contributes.  Moreover, the interplay is not uniform 

across the SERS substrate as different regions may exhibit varying degrees of electromagnetic 

and chemical enhancement. Quantitative estimation of signal enhancement can be calculated 

using average enhancement factor (EF) based on the following equation: 

𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆 𝑁𝑆𝐸𝑅𝑆⁄

𝐼𝑏𝑢𝑙𝑘 𝑁𝑏𝑢𝑙𝑘⁄
 (4) 

𝐼𝑆𝐸𝑅𝑆 and 𝐼𝑏𝑢𝑙𝑘denote the enhanced and normal Raman intensities, respectively while 

𝑁𝑆𝐸𝑅𝑆and 𝑁𝑏𝑢𝑙𝑘 are the corresponding number of probe molecules contributing to the 

intensities. This equation provides the overall enhancement from SERS but minimal 

information on the individual contribution of electromagnetic and chemical 

enhancements  [43]. One method to observe the influence of chemical enhancement is through 

the experimentally derived spectral output. In [44], the presence of a weak absorption peak at 

1,060 nm for rhodamine 6G (R6G) adsorbed on Ag nanoparticles, is evidence of the formation 

of charge transfer complex between a molecule and substrate. Varied spectral shapes in SERS 

relative to normal Raman spectra are also an indicator of charge transfer contribution. Clear 

distinction between electromagnetic and chemical enhancements can be achieved by utilizing 

plasmon-free materials as SERS substrate, allowing the generation of SERS heavily based on 

charge transfer mechanism  [45,46]. Liu et al. have recently reported groundbreaking research 

introducing a miniaturized and cost-effective method for creating an exceptionally sensitive 

and mechanically stable fiber SERS substrate [47,48]. This innovative approach involves the 

fabrication of Ti3C2TxMXene@graphene oxide/Au nanoclusters through wet spinning and 



subsequent in situ reduction processes. In the reported work the use of MXene@graphene fiber 

provides good flexibility and improves the charge transfer enhancement (i.e., chemical 

mechanism) for a SERS sensor allowing additional in situ growth of AuNCs on its surface to 

create extremely sensitive hot spots (i.e., electromagnetic mechanism), enhancing the 

capability of SERS performance of the substrate in challenging environments. Therefore, the 

flexible Ti3C2TxMXene@graphene oxide/Au nanoclusters fiber exhibits a noteworthy low 

limit of detection (LOD) of 1 × 10–11 M, accompanied by a substantial enhancement factor of 

2.01 × 109. The reported work also exhibits excellent signal repeatability and temporal stability 

of 9.80% and 75% for R6G molecules even after 90 days of storage. 

3. Optical fiber SERS sensor geometries:  

The miniaturization of the technology has appeared as an growing research area which is 

based on the integration of optically active materials onto a micro- or nano-scale surface of 

optical fiber advancing the new generation of all-in-fiber miniaturized sensing configuration 

with several applications [49]. The technology is primarily based on advancing conventional 

fiber into a multi-parameter sensing device comprises with ultra-compact labs for various 

applications [50]. In the context of biosensing, the device unveils the precise control of light at 

the nanoscale, in conjunction with sophisticated chemistry techniques, to improve the light-

matter interaction [51].The light-matter interaction occurring between the incident light and 

target molecule may take place either inside the fiber (such as the air hole cladding of 

microstructured optical fiber (MOF)) or on the sensing materials deposited around the optical 

fiber surface or on fiber tip. When the probe is based on the material coated around the fiber it 

is known as lab-around-fiber allowing the light-matter interaction takes place around the fiber. 

The classification of this phenomenon primarily relies on the utilized mechanism to extract 

photons as they propagate along the core of fiber and direct them towards the surrounding 

medium. These devices can be categorized into two major classes among which (i) one deals 

with the complete or partial reduction of the diameter of fiber cladding e.g., tapered fiber, D-

shaped fiber, etc., whereas (ii) second is based on the introduction of periodic changes in the 

RI of fiber core that allows the coupling of light from core to the cladding, like in fiber Bragg 

grating (FBG), titled fiber Bragg grating (TFBG), and chirped fiber Bragg grating [52]. 

Therefore, the lab-on-fiber technology encompasses various platforms which are categorized 

based on the location of the sensitive material, referred to as the lab. In this study, we are 

exclusively focusing on fiber probes integrated with SERS material for various applications. 

An appropriately configured miniaturized SERS sensing system is considered as the most 

significant analytical detection tool for accurate specific detection in various fields. This 

section covers various types of optical fiber SERS sensing configurations along with their 

sensing principle, advantages, and limitations. 

3.1. End-coupled SERS probe:  

The end-coupled SERS sensors are also known as optrode aims to exploit the advantages of 

alignment-free sampling using optical fibers. The optrode generally achieve this feature by 

employing a single fiber in order to transmit and receive both simultaneously, i.e., the 

excitation light and the backscattered SERS signal, thereby simplifying the sampling process. 



In the optrode configuration the SERS substrate used to be considered on tip of fiber ensuring 

an excellent overlapping of excited and collection signals. In 2019, Kwak et al. reported an 

plasmonic optrode utilizing gold nano-islands as SERS substrate [53]. The sensing probe 

comprises with Au nanoislands on the fiber-tip, fabricated through iterative solid-state 

dewetting, which induces a strong EM fields and improve the Raman scattering of 

biomolecules. The SERS enhancement factors for plasmonic optrode were first measured on 

the top surface of optrode based on repeated dewetting condition. In the experiment, the tip of 

fiber was immersed for 12 h in 3mM concentration of BT in methanol. The SERS signals of 

BT were monitored using He-Ne laser and a spectrometer used with an inverted microscope. 

An excitation laser was coupled along the multimode fiber, and the SERS signals from 

biomolecules near the fiber-top surface were collected through the same fiber, enabling highly 

sensitive detection. The reported probe exhibited an enhanced SERS factor of 7.8 × 106 with a 

low LOD of 100 nM for crystal violet. In 2023, Li et al. demonstrated the first dual-mode 

SERS-fluorescence optrode for detection of R6G in aqueous solution with an improved 

performance using tapered optical fiber coated with Ag nanoparticles [54]. The fabrication of 

sensor consists of two steps i.e., tapering and half-coating. In first step a small segment of 

hydroxyl multimode fiber (MMF) was processed to form tapered waist which was later cut to 

obtain two separate tips, as shown in Fig. 3 (a). The automated program of splicing system 

allows precise control over the shape of the fiber tip, including the arc power and tensile speed. 

Figure 3 (b) showed the schematic of the experimental setup utilized for SERS detection. The 

fabricated sensor was set on a fiber holder fixed on a 3-axis stage as shown in Fig. 3 (b). The 

exciting laser, emitting from the Raman spectrometer, was coupled to the fiber sensor via 

mechanical splicing. The Raman signal was received and amplified at the partially Ag 

nanoparticles coated fiber tip before being transmitted back to the spectrometer. In reported 

work only 20% out of 80 mW of the total exciting power was used for the detection. The NA 

of the utilized objective lens was selected to be 0.22 to match with the MMF. The working 

distance was considered to be ∼6 mm. In order to prevent the influence of surrounding light 

the experiment was performed in the dark environment. The spectrum of pure water was 

recorded in advance and subtracted from the detected spectra as the background. The minimum 

detectable aqueous R6G concentration using the reported optrode was achieved of 10−6 M, with 

a low LOD of 0.2 × 10−6 M while for the same concentration, the fluorescence spectra were 

recorded along with the LOD of 2.25 × 10−6 M. The two modes exhibited a closely aligned 

range of detection, with recognition and quantitation analyses reported to be achieved at 

comparable magnitudes. 

 
 



Fig.3 (a). Schematic diagram of the fabricated optrode, and (b). experimental setup 

used to characterize the performance of the sensor (Reprinted/adapted from  [54]) 

Several techniques have been reported so far to develop an effective SERS optrode with 

improved performance. These techniques mainly include the alumina nanoparticles and Ag 

coatings on the fiber [55], immobilization with colloidal Ag particles [56], and diamond 

particles [57]. Au nanostructures such as nanopillars and nanorods have been deposited on the 

tip of fiber using the focused ion beam milling technique [58], whereas the layer of Ag 

nanoparticle has been deposited using photochemical modification [59]. In 1998, Viets and 

Hill reported a comparative study in which they observed that the optrode fabricated using 

metal nano-islands layer over the nanoparticle and thin film over the sandblast-roughened 

surfaces. From the reported work they concluded similar enhancements in the intensities of the 

Raman signal using both approach [57]. Furthermore, they also concluded that the sandblast 

approach can be considered in real applications as it provides the most robust sensing platform. 

In 2023, Du et al. reported an experimental approach of oil-water separation utilized to modify 

AgNPs on the end face of fiber to fabricate opticla fiber SERS substrates and therefore 

effectively improve the Raman signals [60]. The preparation of SERS probe requires three 

steps as shown in Fig. 4 (a). The first step comprises the preparation of fiber by striping and 

cleaving the end face to make it perfectly flat facet. In second step require the centrifugation 

and functionalization of AgNPs on the tip of fiber. Before functionalization the prepared silver 

sol was centrifuged at 6000 rpm to obtain the desired silver solution. After centrifugation n-

hexane and AgNps was mixed in into a separate cleaned petri dish which was later extracted 

with absolute ethanol. Finally the separated silver film was functionalized on the fiber face. 

The last step contains the immersion of prepared substrate in the analytes for 20 min and then 

dried for monitoring by dip and dry technique. Figure 4 (b) illustrates the experimental setup 

used for the characterizations. The setup mainly consists of laser source, spectrometer, compute 

and sensor attached with Raman probe. All SERS signals were collected by portable Raman 

system instrument and excited by 785 nm laser. The laser power is 100 % (500 mW), and the 

signal acquisition time is 6 s. The R6G was diluted to a concentration of 10−4 M with deionized 

water, and R6G with a concentration of 10−4 M was selected for detection. 



 

Fig. 4. (a). Flowchart of preparation of fiber SERS substrate, (b) Diagram of experimental 

testing device. (Reprinted/adapted from [60]) 

Therefore, from above discussion it can be stated that the SERS signals can be improved 

either by appropriate geometry of fiber tip or by selecting the correct deposition approach. The 

proximity of the optical fiber to the SERS-active surface maximizes the excitation and 

collection efficiency, resulting in a significant boost in the overall enhancement factor, thereby 

improving the sensitivity and reliability of SERS measurements. 

3.2.  Cladding-coupled SERS probe:  

As discussed above, optrode are relying on the LSPR excitation due to the interaction of 

the evanescent field at the core-cladding interface. It has been reported previously by several 

researchers that the large surface area for sensing provides an improved sensitivity and low 

LOD [61]. Moreover, it is important to highlight that the signal photons produced within the 

cladding region can only recoupled with the propagating modes of the fiber via evanescent 

field mechanism. The mechanism is a relatively inefficient process, which allow a typical 

capture efficiency of less than 1% for the light sources which are concentrated in the thin 

sensing layer at core–cladding interface [62]. In 1995, Stokes et al. reported the first cladding 

coupled SERS sensor by utilizing a thin silver layer coated over nanoparticle on a 1 cm length 

of the exposed core of fiber [63]. Later in 2000, the same group reported another type of 

cladding coupled sensor utilizing alumina nanoparticles and a thin silver coatings on the tip of 

optical fiber [43]. The reported SERS sensor was demonstrated for in situ monitoring of cresyl 

fast violet and brilliant cresyl blue in aqueous solution. A good calibration curve was obtained 

for cresyl fast violet in groundwater with a low LOD of 50 ppb cresyl fast violet. 

In 2004, Xu et al. reported a cylindrical waveguide fabricated using a silica capillary whose 

inner wall was functionalized with silver nanoparticles which enhances the Raman signals [64]. 

In the reported work author utilized 3 cm long silica capillary tube of the inner and outer 

diameter of 350 and 450 μm, respectively. Before coating of silver nanoparticles the inner was 

of the fiber was functionalized to achieve hydroxyl surface using piranha solution and washed 



multiple time using ultrapure water. After functionalization the treated capillary tube was 

placed in solution of the poly(dially-dimethylammonium) chloride for one hour resulting the 

formation positive charges on the inner wall. After all this modification the capillary tube was 

immersed in silver nanoparticle solution for 12h to achieve SERS substrate. Another capillary 

tube with larger diameter (~ 0.9–1.1 mm) was placed at an angle to form a U-type shape fixed 

on a microscope slide, allowing one to hold the fabricated SERS silica capillary tube as well 

as supply a measurand sample into it when it is volatilized. The schematic diagram of the 

fabricated device is shown in Fig. 5. To characterize the fabricated device an optical 

microscope was attached to Raman spectrometer in order to observe the cross section of the 

sensor. The excitation input was provided by the 514.5 nm line of an air-cooled argon ion laser. 

The excitation power at the wall of SERS sensor was kept lower than a few milliwatts and a 

20x objective lens was utilized to focus the laser beam onto a spot of approximately 1 mm in 

diameter. The SERS signals were collected in the reverse direction corresponding to the laser 

direction and measured with a Renishaw model 1000 confocal microscopy Raman 

spectrometer. The incident laser beam propagates through the SERS active capillary based on 

total internal reflection phenomenon and penetrates a small distance into the sample solution 

by the evanescent wave field. The sensor exhibited a low LOD of 10−9 mol/L when the capillary 

was filled with methanol. 

 
Fig.5. Schematic diagram of U-type capillary system for the SERS detection with the 

silver nanoparticle functionalized capillary tube. 

In 2019, Li et al. reported the potential of double-cladded fiber in the development of a 

SERS probe [65]. To fabricate the sensor the fiber splicer was utilized to perform the splicing 

of multimode fiber and double-cladded fiber. After splicing the double-cladded fiber was 

functionalized using poly (dially-dimethylammonium) chloride. After functionalization the 

probe was immersed in gold colloidal solution to and deposited gold nanoparticle on the outer 

surface of the double-cladded fiber using self-assembled method. The SERS active substrate 

was fixed in a microfluidic chip containing a polydimethylsiloxane (PDMS) cover and a slide. 

The measurand was injected through the microfluidic channel, which flows through the sensing 

region and finally exits through the outlet port. To characterize the sensor a laser source with a 



center wavelength of 785 nm was launched via a splitter module into the SERS active probe. 

The splitter module eliminates the fiber Raman background in the excitation light from port 1 

using a bandpass filter and transmits only the Raman scattered light from port 2 to port 3 

through a long-pass filter. Due to the depressed cladding of double-cladded fiber, the field 

distribution was observed to be more accessible to the outer surface compared to a non-

depressed coreless fiber, which leads to the improved excitation efficiency to generate Raman 

scattered light. The impact of the dispersed double-cladding fiber on the sensing performance 

of the fabricated probe was investigated using silver nanoparticles on top of it. The Raman 

spectra for R6G was measured using the depressed double-cladded fiber-based optrode 

embedded in the microfluidic chip. 

In some cases, the author utilized a D-shaped fiber, which generally fabricated by placing 

the fiber in a V-groove and polished from one end to precisely reduce the diameter to obtain 

D-shaped and strengthen the evanescent field interaction [66]. In 2005, Zhang et al. reported 

D-shaped SERS sensor to detect R6G [15]. The light was reported to be coupled from polished 

surface into the deposited silver nanostructured films, which not only increase the active 

surface volume ration but also improved the enhancement factor. Initial modeling of the 

configuration showed the 70% of the light are coupled into the SERS layer. For the D-shaped 

fiber, its SERS configuration yields an 80000 μm2 active surface compared to a convectional 

end-polished fiber which provides only ∼50 μm2.  

The emerging advancement of microstructured optical fiber (MOF) has been recognized as 

a key development in cladding coupled SERS substrates [67]. In 2008, Guo et el. reported a 

PCF-based SERS sensor using silver nanoparticle colloid for the monitoring  the concentration 

of 4-mercaptobenzoic acid molecules in aqueous solution [68]. The initial idea was filling Ag 

nanoparticles inside the air holes. The SERS sensing was demonstrated for 4-mercaptobenzoic 

acid molecules which exhibited a 7 orders of magnitude enhancement. Similarly in 2022, Sun 

et al. reported a solid-core PCF SERS sensor by selectively filling its channel with Ag 

nanoparticles [69]. A schematic diagram of the preparation of avoided-crossing-based SERS-

active suspended core PCFs is shown in Figure 6. Initially, the sodium hydroxide (NaOH) 

solution was flushed continuously through the fiber for 10 min under the constant pressure of 

nitrogen gas in order to hydroxylate the inner wall of the suspended core PCF. Later the air 

holes were washed with the deionized water and dried with the nitrogen gas. Subsequently, the 

AgNPs were grown on the inner wall of the suspended core PCF following a silver mirror 

reaction, which was performed by reducing silver ammonia solution with glucose. The reported 

performance of the device was numerically optimized and experimentally validated. Numerical 

analysis exhibited that the intensity in the Ag filled channels was significantly improved from 

2.8 % to 42 %. The sensor exhibited a good sensitivity and reproducibility with maximum 

deviation of 4.8 for crystal violet solution along with a low LOD of 10−12 M with an 

enhancement factor of 1010. 

 



 

Fig.6. A schematic representation of surface functionalized and AgNPs coated cladding 

coupled SERS substrate (Reprinted/adapted from [69]) 

The cladded-coupled SERS are still in its nascent stage giving a reason for confusion 

whether the increasing overlap between the SERS active substrate and optical field resulting 

an overall improvement in detection accuracy.  

3.3. Core-Coupled SERS:  

The MOF design comprises single or multiple arrangements of air holes, which gain huge 

attention in SERS-based sensors. In the previously discussed section, the author selectively 

filled the metallic nanoparticles inside of these air holes to make them SERS active. In a MOF 

the light propagation takes place via photonic band-gap in which a comprehensive examination 

of the sensing layer and the surrounding are investigated for sensing applications. One of the 

drawback of such MOF is the restriction of backscattered Raman signal for a given excitation 

wavelength due to its narrow transmission window. Considering the limitation in 2008, Han et 

al. reported an liquid-core (LC) photonics crystal fiber (PCF) for solution detection using 

normal and SERS [70]. To fabricate the sensor the hollow core photonic crystal fiber with 

hollow core diameter of 30 μm along with the band gap centered at wavelength 1550 nm was 

utilized. Filling of solution phase into the core of the hollow core PCF with cladding air 

channels sealed at the distal ends was conducted via liquid flow in the microfluidic hollow air 

core driven by a pressure differential. In particular, one end of the hollow core fiber was 

submerged in the required solution placed in a specially crafted pressure cell, while the opposite 

end of the fiber was remained exposed to the surrounding air. With chamber pressure 200 psi 

(nitrogen), the process takes around 5 min for complete filling of liquid in the hollow core, 

leading in LC-PCF with 0.1 μl liquid phase in the core. The light guided through this core due 

to the index contrast between the low index air cladding and high index liquid. In the reported 

work the normal Raman spectra for ethanol, water, and 1 vol% ethanol in water were 

monitored. The sensor exhibited a high sensitivity and reproducible performance for 1.7×10-7 

M thiocyanate anions in water. In the same year, Shi et al. evidently showed that the device 

performance can be further improved by considering two different types of Ag nanoparticles 



to the inner wall of a hollow-core fiber [71]. Both cladding-coupled and core-coupled sensors 

have drawn a huge interest in the field of distributed chemical monitoring. These sensors can 

accurately perform a target specific detection along the sensor's length by utilizing time-

resolved backscatter signals from pulsed sources. 

4. Application of optical fiber SERS sensors: 

The versatility of optical fiber SERS sensors extends across several applicative domains, 

showcasing their potential transformative impact on the market. In chemical sensing, these 

sensors excel at detecting and analyzing trace amounts of substances with remarkable precision 

and accuracy, providing invaluable insights for quality control and process optimization. In 

biosensing, optical fiber SERS sensors serve as powerful tools for identifying and quantifying 

biomolecules, revolutionizing medical diagnostics, and contributing to advancements in 

biomedical research. In drug monitoring, the high sensitivity of SERS technology allows for 

the detection of pharmaceutical compounds at low concentrations, offering a potential 

breakthrough in personalized medicine and therapy monitoring and treatments. Agriculture 

also benefits from these sensors by enabling real-time monitoring of soil composition, nutrient 

levels, and pesticide residues, thereby promoting sustainable and efficient farming practices. 

The ability to adapt of optical fiber SERS sensors across these diverse settings underscores 

their significance in advancing scientific research, industry practices, and healthcare solutions. 

Detailed discussions over these applications are given in the following subsections. 

4.1. SERS in Chemical Sensing: 

Optical fiber chemical sensors based on SERS phenomena have emerged as a promising 

approach for real-time and in-situ detection of various analytes in numerous applications, 

including environmental monitoring, biomedical diagnostics, and food safety [72]. The 

underlying principle of SERS-based optical fiber chemical sensors is to functionalize the 

optical fiber’s surface with metallic nanoparticles, such as gold or silver that can amplify the 

Raman signal of the analytes immobilized onto the nanoparticles’ surface [73]. A spectrometer 

or portable Raman device can be used to measure the strength of the Raman signal in order to 

identify the analytes. The use of optical fibers in SERS-based chemical sensors offers several 

advantages, such as flexibility, remote sensing capabilities, and ability to detect analytes in 

harsh or remote environments. Moreover, the integration of SERS-based optical fiber sensors 

with microfluidic systems allows for the development of highly sensitive and selective sensors 

for rapid and accurate detection of a wide range of analytes. Sensors like these can be adapted 

to detect particular molecules or to work as multiplexed sensors to detect several analytes at 

once. 

The exploration of suitable optical fiber SERS probes for extremely sensitive and field 

detections is a topic of immense scientific interest. Currently, two significant optical designs 

for this technique have been investigated. In the initial design, fiber optics are employed as a 

single waveguide to transmit the light and gather the resulting Raman scattering signal emitted 

from a distinct SERS-active substrate [74]. This particular design is commonly known as 

extrinsic fiber optics SERS sensors [19]. The second approach referred to as intrinsic fiber 

optics SERS sensors, on the other hand, entails fusing metallic SERS-active nanostructures 

with the fiber optic, generally at its end. As a result, the fiber optic probe functions as both a 



waveguide and a platform that is SERS-active [38, 56–61]. Kneipp et al. successfully 

demonstrated the possibility of obtaining SERS spectra of individual molecules in highly 

diluted solutions by utilizing colloidal silver nanoparticles [81,82]. Similarly, Andrade et al. 

reported silver nanoparticles-modified fiber head for SERS remote sensing  [80]. Cao et al. 

proposed another sensitive SERS probe by using the silver nanoplates coated on cone-shaped 

fiber using hydrothermal technique  [83]. The performance of the proposed sensor was 

examined for 4-aminothiophenol (4-ATP) molecule in terms of sensitivity and repeatability. In 

2015 same group reported more sensitive SERS optrode coated with silver nanopolyhedra 

through an autoclave reaction process [84]. An innovative approach proposed for a micro-

coffee-ring-patterned (MCRP) fiber SERS probe, aiming to achieve remarkable sensitivity and 

reproducibility in SERS detection by Cao et al. in 2019 [85]. MMF integrated with gold 

nanoislands were used for the investigation as a means to create a spatially resolved SERS 

endoscope [86]. We can clearly observe from these studies that the Raman spectroscopy has 

expanded its applications beyond traditional laboratory settings, particularly with the 

emergence of portable Raman spectrometers with measuring heads linked to the main device 

through optical fiber connections. The utilization of fiber-optic links enables the acquisition of 

Raman spectra from samples located remotely or in hazardous environments. Furthermore, by 

integrating SERS-based optical fiber chemical sensors with other analytical techniques like 

chromatography and mass spectrometry, their capabilities for detecting and identifying trace 

amounts of analytes in complex samples have been significantly enhanced. In summary, SERS-

based optical fiber chemical sensors exhibit tremendous potential for future research and 

development due to their exceptional sensitivity, selectivity, and versatility in real-time and in-

situ detection of a broad range of analytical substances [63,87,88]. In this section a detailed 

literature survey has been carried out on various types of SERS based optical fiber chemical 

sensors.  

In 2010, Andrade et al. reported the design and optimization of silver nanoparticles-

modified fiber head for SERS remote sensing using a "layer-by-layer" deposition of Ag 

nanoparticles (Ag-NPs) as shown in Fig. 7  [80]. The process involves modifying an optical 

fiber tip (OFT) by removing the polymer protection layer from the tip of fiber. The tip was then 

cleaved using a ceramic cutter to achieve a flat surface. The OFT was cleaned in piranha 

solution, washed with deionized water, and dried under N2 gas flow. It was later soaked in a 

10 mM APTMS ethanolic solution for 24 hours. After modification with APTMS, the OFT 

was washed, dried, and soaked in an Ag-NPs suspension for an additional 24 hours. This 

process was repeated for multiple layers of Ag-NPs, with intermediate steps involving APTMS 

sol-gel solution. After the last layer of Ag-NPs is deposited, the Ag-NPs-MOFT was heated in 

N2 atmosphere to approximately 110 °C for 15 minutes to induce cross-linking among the 

APTMS sol-gel layers and enhance the stability of the modifier layers of Ag-NPs. The SERS 

performance was observed to be optimized at 5 "layers" of Ag-NPs for 200 nM of the R6G 

dye. From the reported result, it was expected that the fabricated optrode can successfully 

detect various dye molecules of various shapes and charges, including neutral species, anions 

and cations at the concentration of micro-molar level. 

 



 
 

Fig. 7: Multilayer Ag-NPs self-assembly on the tip of the optical fiber. (Reprinted/adapted 

from  [80]). 

 

Fan et al. introduced a novel technique that involves integrating optical fiber optrodes as 

SERS-detecting components within microfluidic chips [89]. This technique offers numerous 

features, including the capability for on-chip detection of highly localized, sensitive and 

multiplexed SERS signals. Furthermore, this optical infrastructure may be physically 

segregated from a chip, facilitating flexibility in system design. The adjustable nature of the 

optrode with chip allows for the utilization of either portable spectrometers or high-

performance microscopes, depending on the specific requirements. Additionally, the fiber 

integration into the chip is simple, permitting simple swapping of chips and sensors as required 

for various applications. In 2012, Yang et al. proposed a ultrasensitive SERS optrode patterned 

with a nanopillars array coated with silver using a lithography technique [71]. The optrode 

exhibited an enhancement factor of 1.2×107 for trans-1,2-bis(4-pyridyl)-ethylene (BPE) 

monolayer. The reported optrode was further investigated for in situ remote detection of toluene 

vapor. Figure 8 exhibits the steps of fabrication of the device in which Fig. 8 (a), (b), (c), and 

(d) exhibit the spin coating process, photograph of the fiber ferrule, SEM image of the fiber 

ferrule facet, and the observed SERS spectrum of the fabricated optical fiber sensing device 

for front end detection and the remote end detection of the toluene vapor, respectively.  

 



 
 

Fig. 8: (a) Spin coating procedure; (b) fiber ferrule photograph; (c) fiber ferrule facet 

SEM image, and (d) SERS spectra of the proposed fiber SERS sensor probe 

(Reprinted/adapted from [90]).  

 

Another sensitive fiber SERS probe was reported by Cao et al. using silver nanoplates 

coated on cone-shaped fiber using hydrothermal technique [83]. The performance of the 

proposed sensor was examined for 4-aminothiophenol (4-ATP) molecule in terms of sensitivity 

and repeatability. Figure 9(a) depicts the experimental setup used for characterization in which 

a 785 nm wavelength laser source is used for the excitation and spectrometer is used to collect 

the reflected light from the sensor while and Figure 9(b) shows the SERS spectrum of 4-ATP 

molecule using 8 different fiber probes. In 2015, Cao and Wang reported SERS optrode coated 

with silver nanopolyhedra through an autoclave reaction process [84]. The SERS detection 

findings of the optrode reveal that for 4-ATP aqueous solution, the device exhibited a low LOD 

of 10-9 M.  

 
Fig. 9: (a) Experimental setup for the SERS experiment, and (b) SERS spectra of eight 

different fabricated SERS tapered fiber probes (Reprinted/adapted from [83]). 

The combination of plasmonic nanostructures with optical fiber-Raman devices presents 

intriguing possibilities for remote investigation of biological and liquid samples. In such cases, 

fiber probe must demonstrate both stable SERS signals and exceptional sensitivity towards the 

target species. Addressing this requirement, a straightforward yet highly effective method was 



introduced, involving the implantation of adjustable size and different shape of the metallic 

nanostructures onto the surface of tapered fiber. Figure 10 illustrates the experimental setup 

employed in this study [91]. The experimental setup comprises a 785 nm wavelength laser 

source is used for the excitation of the Raman probe and a detector connected through the 

computer is used for the detecting the reflected signals from the fiber probe which is then 

studied. 

Tapered fiber probes modified with (3-aminopropyl)trimethoxysilane or carboxyethyl 

silanetriol sodium enable the uniform and stable assembly of negatively or positively charged 

noble metal nanostructures (e.g., Au, Ag) exhibiting diverse morphologies (e.g., nanorods, 

nanospheres, core-shell nanorods, nanocubes). By utilizing para-aminothiophenol and methyl-

parathion as probe molecules, the relative standard deviation (RSD) of the SERS signals in the 

analyte solution can be reduced to an impressive 2%. 

 

 
Fig. 10. Fiber Raman experimental setup and the electrostatic attraction dominated 

assembly of charged noble metal nanoparticles onto reversely charged tapered fiber probe 

(Reprinted/adapted from  [91]). 

Breath gas analysis is an innovative and potent technology for the noninvasive early 

detection of metabolic abnormalities and some other kind of illnesses. Methane and molecular 

hydrogen serve as indicators for colonic colorectal production due to conditions such as 

oligosaccharide malabsorption (e.g., fructose or lactose intolerance) and small intestine 

bacterial overgrowth. Recent research has connected obesity by analyzing the present gases in 

exhaled human breath. In a complicated gas mixture made up of H2, N2, O2, CH4 and CO2, Hanf 

et al. described the use of fiber-enhanced Raman spectroscopy for the detection of methane 



and molecular hydrogen [91]. In Figure 11(a), the Raman spectrum of hydrogen gas 

measurement by using the proposed hollow-core fiber presented, while Figure 11(b) depicts 

SEM image of the SERS active hollow-core fiber. This hollow core fiber Raman sensor for 

hydrogen sensing offers numerous advantages over other hydrogen sensors: (i) it can be safely 

used in volatile atmospheres due to the lack of electrical connections and the lack of sparks it 

produces, unlike electrical sensors; (ii) it doesn’t exhibits cross-sensitivity to mix gaseous 

environment; and (iii) it enables remote sensing capabilities. Moreover, the sensor's ability to 

simultaneously monitor H2 and CH4 opens up a vast range of applications including hydrogen-

based energy and biogas production systems. 

 

 
 

Fig. 11: (a) The rotational Raman spectra at different diameters, and (b) SEM image of 

fiber end-face. (Reprinted/adapted from  [91]). 

 

In 2016, a highly improved SERS optical fiber sensor utilizing by the combination of 

GO/AgNPs/rGO to form a sandwich structure was introduced. The study focused on employing 

R6G to examine the antioxidation capability of developed sensing device. Through the 

optimization of photochemical deposition time, it was discovered that the highest SERS 

enhancement occurred at duration of 3 minutes for the AgNPs film. Remarkably, after 30 days 

of exposure to ambient conditions at 613 cm-1, the relative intensity of R6G decreased from 

229% to 79 ± 8.61%, in comparison to the 5 ± 2% observed on the GO/AgNPs film. This 

decrease in intensity could be pertaining to the rGO film's protective action. This research 

might lead to the development of an low cost, long-term sustainable and very efficient SERS 

substrate on the end face of optical fiber [92].  Researchers explored various types of optical 

fibers which are specifically used for the SERS-based chemical sensing applications. The first-

ever single ring hollow core optical fibers (SRHCOFs) were fabricated using a billet extrusion 

preform and employed as a SERS-based chemical sensor. These SRHCOFs were manufactured 

from lead-silicate glass (F2, Schott) by applying increasing equal pressurization values to all 

preform holes, leading to preferential inflation of the slightly larger outer holes. The objective 

of this study was to utilize these fibers for guiding the visible portion of the spectrum and 

performing Raman spectroscopy of methanol [93]. Figure 12(a) depicts a close-up view of the 



fiber with different focusing position utilized in Raman sensing, while the Raman spectrum 

obtained from this fabricated hollow core fiber is presented in Figure 12(b). 

 
 

Fig. 12: (a) Different focusing locations of the fiber and, (b) Raman spectrum of proposed 

sensor. (Reprinted/adapted from  [93]). 

 

Cao et al. demonstrated a unique approach for fabricating high-performance optical fiber 

SERS probes capable of distant sensing by thiol functionalizing tapered silica fiber and then 

nucleating and developing AgNPs in situ [94]. Figure 13(a) and (b) display the optical 

micrograph and SEM images of the tapered fiber probes, respectively. Using an adaptable 

commercialized Raman spectrometer, the fabricated fiber probes demonstrated efficient 

identification of the analyte 4-ATP, achieving an impressive LOD of 2.15×1011 M. 

Additionally, these fiber probes exhibited good repeatability, with a RSD of 7.6%, and 

maintained excellent signal stability at room temperature over a span of one month. The SERS 

spectrum of fiber probe silanized with 3-mercaptopropyltrimethoxysilane (curve 1) and -

mercaptopropyltriethoxysilane (curve 2) at a concentration of 10-7 M for 4-aminothiophenol 

depicted in Figure 13(c). Furthermore, this innovative technique offers valuable insights 

regarding the manufacturing of fiber SERS probes, with considerable benefits for the purposes 

of sensitivity, stability and reproducibility showing its great practical applications. 

 

  
Fig. 13: (a) Microscope image of optrode (b) SEM image of 3-

mercaptopropyltrimethoxysilane silanized optrode anchored with AgNPs. (c) SERS spectrum 

https://www.sciencedirect.com/topics/chemistry/silver-nanoparticle


of 3-mercaptopropyltrimethoxysilane silanized fiber probe at a 10-7 M concentration 

(Reprinted/adapted from [94]). 

 

In 2019, Liu et al. introduced an innovative approach by proposing a micro-coffee-ring-

patterned (MCRP) fiber SERS probe, aiming to achieve remarkable sensitivity and 

reproducibility in SERS detection. By using the laser-induced dynamic dip-coating method, 

the MCRP on the fiber facets were created [85]. Figure 14 (a) depicts the scanning electron 

microscope image of the fabricated MCRP SERS fiber probe and (b)shows the enlarge view 

of the SEM image of the fabricated MCRP SERS fiber probe used for the sensing. The 

optimized SERS probes exhibit great detection sensitivity (10-8 M in methyl parathion and 

thiram aqueous solutions) and repeatability (less than 6% RSD for Raman peak intensity). The 

exceptional sensitivity of the MCRP SERS fiber probes can be attributed to the abundant 

presence of hotspots generated by the micro-coffee rings. Additionally, the remarkable 

reproducibility is a result of the incorporation of SERS fiber probes and reliable fiber probes 

production. Importantly, the abilities of these sensors to identify trace SERS in intricate fluid 

systems was effectively proven. This included the detection of thiram in lake water (at a 

concentration of 10-7 M), thiram in orange juice (at 107 M), melamine in liquid milk (at 106 

M), and tetracycline in liquid milk (at 10-6 M). SERS spectrum of the fabricated MCRP fiber 

optrode sensing device for methyl parathion and thiram aqueous solutions detection and seven 

different probe with different dip coating cycle is used for the measurement as shown in figure 

14(c). These results highlight the capability of MCRP SERS fiber probes for SERS detection 

in complex liquid environments. 

 

 
 

Fig. 14: (a, b) SEM images MCRP optrode, (c) SERS spectrum of MCRP optrode with 

various dip-coating cycles (Reprinted/adapted from [85]). 

 

In their ground-breaking study, Long et. al. introduced a novel concept of a restricted 

Gaussian distributed electromagnetic field for an SERS fiber probe, incorporating two key 

influencing variables: the LSPR of Ag and the waveguide propagation of the optical fiber  [95]. 

A new SnCl2 sensitization assisted solvothermal approach was used to create a very sensitive 

and repeatable SERS fiber probes. Figure 15 depicts the experimental setup for the SERS 

sensing and silver nanoparticles (AgNPs) coated optical fiber facet. Typically, the excitation 

light is directed towards the central region of the fiber core, travels through the SERS fiber 

probe, and engages with silver nanoparticles located at the distal end. Subsequently, the Raman 



scattering light is conveyed in reverse through a singular optical fiber. There is evidence of 

LSPR-induced electromagnetic amplification. Silver particles have lower diameters and 

narrower interparticle gaps after a sensitization operation, which greatly influences the LSPR 

and electromagnetic amplification of the probe. 

  

 

 
Fig. 15: Experimental SERS setup for SERS optical fiber probe and two different 

configurations of optical fiber probes coated with AgNPs (Reprinted/adapted from [95]). 

 

Collard et al. proposed a novel approach in their study, wherein they leverage the 

information stored in multimode optical fiber modal propagation to provide reconfigurable 

oversight of spatiotemporal patterns of plasmonic resonances [86]. In the reported work, the 

authors utilized holography, specifically, to regulate the performance of SPR and LSPR for 

two different types of nanostructures i.e., periodic arrays and nanoislands. By dynamically 

modifying these structures, they were able to modify the distribution patterns of radiative 

angles and intensity. Due to their precise plasmonic resonances, periodic nanostructures are 

recognized for having excellent optical transmission. On the other hand, NIs has demonstrated 

substantial enhancement factors for SERS. The integration of gold nanoislands with a MMF is 

investigated as a means to create a spatially resolved SERS endoscope. The layer of 

nanoislands on the fiber facet facilitates strong amplification of the local field, serving as a 

highly active SERS substrate. Figure 16(a) showcase the plasmonic MMF design, with an inset 



depicting the focused spot generated through the NIs fiber. Additionally, SEM image of NIs 

fiber facet is presented in figure 16(b), with scale bars indicating measurements of 50, 2 μm, 

and 500 nm (top to bottom) respectively. Figure 16(c) displays the transmission spectrum of 

the NIs fiber, where the black curve represents light collected from the entire facet and the blue 

curve represents the average of five different collection spots within a micrometer-sized sub-

region. Figure 16(d) shows the intensity of a 30 × 30 array of focused spots produced via the 

fiber. Furthermore, Figure 16(e) depicts a histogram presenting the distribution of waist sizes 

for the focused spots. Figures 16(f) to (h) illustrate SERS transmission spectrum of BT 

molecules, with the graphs on the right displaying the spectral data while the left portion 

exhibits a transmission image showing the subset of activated NIs on the fiber facet. The power 

used for these measurements was fixed at 1 mW at the proximal facet.  

 

 
 

Fig. 16: Spatially resolved SERS via plasmonic MMF. (a) schematic of SERS coated 

MMF, (b) SEM image of nanoisland on end facet of fiber, (c) transmission spectrum of a 

nanoisland coated fiber, (d) intensity graph obtained from focused spots, (e) histogram plot of 

the focused spots, (f-h) SERS spectrum (Reprinted/adapted from [86]). 

 

The amalgamation of optical fiber based neural probes with plasmonic nanostructures 

presents a ground breaking avenue for studying brain activity through label-free detection of 

chemical fingerprints using SERS. While preserving the requisite sensitivity to identify 

biomolecular signals in a physiological context, the creation of neuroplasmonic probes which 

can interact with deep brain regions with less invasiveness presents a substantial challenge. In 

their study, the authors propose a SERS-active brain probe consisting of a TF coated with gold 

NIs, which demonstrates the capability to detect neurotransmitters at micromolar levels [96]. 

A novel and nonplanar repeated dewetting process was developed to fabricate AuNIs having 

sub-10 nm gaps, ensuring their uniform distribution across the highly curved surface of the TF 

on a broad scale (square millimeter range in surface area). Experimental and statistical evidence 



demonstrate the remarkable broadband near-field enhancement provided by the densely packed 

NIs layer, enabling SERS at near-infrared wavelengths. This breakthrough achieves an 

impressive LOD in aqueous solutions, reaching 107 M for R6G and 105 M for serotonin and 

dopamine. In Figure 17(a), the configuration of the NIs-TF is illustrated; showcasing 

measurements conducted using BT molecule functionalization, R6G, and aqueous solutions of 

serotonin and dopamine. Figure 17 (b) present the SERS spectrum of the BT molecule 

functionalized  npRDW (red curve), npSDW (green curve), 10 nm thin gold film coated (black 

curve), and bare tapered fibers (gray curve) while 17(c) exhibit the npRDW tapered fiber 

measurement of R6G aqueous solutions with different concentration varying from10-10 to 10-

4 M. The inset shows the concentration dependence of the area under 1356 (blue points) and 

1504 cm−1 (red points) after locally subtracting the background. In figure 17(d), SERS 

spectrum at different concentration of npRDW TF detection of serotonin aqueous solution  

varying from from10-10 to 10-4 M is shown, and 17(e) depicts the SERS spectra of the npRDW 

TF detection of dopamine aqueous solution for varying concentration, and (f) SERS spectrum 

of dopamine in (e) with silica background subtracted is presented. For the BT molecule, the 

SERS signal dominates the overall spectrum, while the silica Raman signal recedes into the 

background. In cases of neurotransmitters and R6G, the chemical fingerprints coincides with 

the silica Raman background, resulting in diminished relative intensities of the molecular SERS 

signals. Notably, R6G SERS displays slightly higher relative strength compared to the other 

two neurotransmitters due to its lower LOD. The relative intensities of dopamine and serotonin 

SERS are equal, indicating the same LOD for both neurotransmitters. 

 

 
Fig. 17: (a) Experimental setup for the Raman measurement for the different aqueous 

solutions, (b) SERS spectrum of npRDW, npSDW, 10 nm thin gold film coated, and bare 



tapered fibers, (c) npRDW tapered fiber measurement of R6G aqueous solutions, (d) npRDW 

TF detection of serotonin aqueous solution, (e) npRDW TF detection of dopamine aqueous 

solution, and (f) SERS spectrum of dopamine in (e) with silica background subtracted. 

(Reprinted/adapted from [96]). 

 

To summarize, the evolution of SERS-based optical fiber chemical sensors is an attractive 

field of study with intriguing applications. These sensors have unique benefits such as distant 

sensing and the ability to interface with existing fiber-optic communication networks. These 

sensors can detect and identify tiny levels of numerous chemical and biological contaminants 

in real-time and in-situ by leveraging the excellent selectivity and sensitivity of SERS. As 

technology continues to progress, SERS-based optical fiber chemical sensors are anticipated 

to assume a progressively crucial role in various sectors. These sensors offer a practical solution 

for addressing critical challenges and expanding our understanding of the environment across 

multiple domains. Table 1 summarizes the reported optical fiber SERS based chemical sensors. 

 

Table 1. Comparative table showing various SERS-based optical fiber chemical sensors 

Ref. Type of probe Target analytes SERS 

substrate 

 Operating 

range 

LOD 

 [83] Multimode fiber 

tip 

4-

aminothiophenol 

AgNPs  10-7 M N.A. 

 [97] Suspended core 

PCF 

4-

Aminothiophenol, 

Haptoglobin in 

ovarian cyst fluid 

AuNPs  NA N.A. 

 [84] Multimode fiber 4-

aminothiophenol 

Ag 

nanopolyhedra 

 10-6 M to 

10-9 M 

10-9 

 [98] Silica-based 

fiber tip 

4-

aminothiophenol 

AgNP  10-5 M to 

10-9 M 

10-9 

 [99] Tapered 

multimode 

optical fiber tip 

Rhodamine 6G AuNPs  10-5 mol/L 

to 10-8 

mol/L 

10-8 

 [100] Fiber tip Metal (Cd2+) ions AgNP  0, 10 μM, 

20 μM, 80 

μM and 200 

μM 

N.A. 

 [94] Multimode fiber 

tip 

4-

aminothiophenol 

AgNPs  10-2 M to 

10-6 M 

2.15 × 10-

11 

 [89] Multimode fiber 

tip 

Nile blue A 

Rhodamine 6G 

Oxazine 170 

Cardiogreen 

AgNP  5 μM 

10 μM 

5 μM 

10 μM 

N.A. 



 [101] Multimode fiber Glycerol solution AgNP  0 to 30% 

(v/v) 

4 mM 

 [102] Fiber tip 4-

aminothiophenol 

AuNP  0.2 M - 

 

4.2. SERS in Biosensing 

Optical biosensors are a class of biosensors, different from electrochemical ones, that have 

attracted the attention of the scientific community over the last years and still have a growing 

consideration in cutting-edge applications, ranging from clinical diagnostics and personalized 

medicine to monitoring of environmental parameters and conditions  [103]. Those based on 

optical fibers enable fascinating and peculiar light management at unprecedented and 

outstanding levels, together with other inherent features, that other optical technology 

platforms can hardly attain [89,90]. Regardless of the optical fiber configuration used that 

underpins different types of surface waves (evanescent waves, Bloch waves, surface plasmon 

polaritons, waves related to lossy/leaky mode or derived from guided mode, etc.), the 

interaction of light traveling within the fiber with the surrounding environment by the 

evanescent field allows assessing any change in RI occurring in the region surrounding the 

fiber [91]. More specifically in biosensing, any binding event that occurs between a biological 

recognition element (BRE) grafted onto the sensing region of the fiber and the target analyte 

brings about a change in surface RI, which can be measured using optical methodologies. For 

the sake of clarity, the change in surface RI is related to the biomolecular overlay surrounding 

the fiber and can entail a change in the effective RI of the surrounding medium and/or in the 

thickness of the overlay [92]. Fulfilling a specific coupling condition of fiber modes, these 

technology platforms feature an optical resonance (attenuation dip or absorption peak) in their 

transmission or reflection spectrum whose characteristics vary as a function of the surface RI. 

In addition, micro/nano optical fiber sensing platforms, together with NPs, nanofilms, or 

nanostructures, enable tailoring the light-matter interaction with remarkable resolution, 

precision, and accuracy, therefore envisaging advanced technology platforms with ultra-high 

performances  [108,109]. 

Among the various spectroscopic optical techniques, SERS which boasts million-fold 

enhancement in the Raman signals by using suitable SERS substrates is one of the most 

promising, sensitive, and powerful techniques for developing an optical biosensor. SERS-

based biosensors possess the following advantages in comparison to other optical 

techniques  [110]: 

a. the capability of reflecting the fingerprint information of biomolecules; 

b. ultra-high sensitivity down to the single molecule level; 

c. narrow peak bandwidth with good resistance to photobleaching and 

photodegradation compared with fluorescence; 

d. many choices of substrates with different sizes and shapes for signal 

enhancement depending on the application; 

e. the capacity of detecting multiple analytes at the same time using different 

Raman reporters; 



f. larger light penetration depth facilitating both in vitro and in vivo diagnosis and 

imaging. 

As sketched in Figure 18, there are mainly two schemes for the design and development of 

SERS-based biosensors  [111]: direct (or label-free) detection and indirect detection needing 

SERS reporters, similar to a labelled-based approach. In the former (Figure 18(a)), direct 

detection enables to obtain the fingerprint information of biomolecules since the intrinsic 

molecular vibrations are monitored without the need for any label. The confinement of 

biomolecules near the electromagnetic (EM) field of the enhancing substrates allows 

biosensing via SERS. However, surface-bound affinity agents are required for biomolecules 

that are unable to stay in this area or in case of a small concentration of the analyte  [112]. The 

main shortcoming of direct biosensing with SERS stems from the detection mechanism itself. 

The signals from some biomolecules are very weak and complex and tend to be hidden by 

signals coming from interfering molecules present in the biological matrix. This last is mostly 

true when the analyte under investigation is spiked in real biofluids (like serum, blood-plasma, 

etc.) [98]. Conversely, indirect SERS biosensing relies on specific SERS signals coming from 

SERS reporters (like labeled biomolecules) that are grafted on the enhancing substrate via 

chemically-attached metallic NPs. Therefore, this type of biosensing is built up by three main 

components: Raman reporters that inherently possess high Raman scattering cross-section to 

provide the featured peaks as readout, metallic NPs or nanostructures with strong EM fields to 

improve the Raman signal, and ligands grafted via the nanostructures to detect the specific 

target analyte. In this case, the SERS signal can be observed and recorded only when the analyte 

is bound to: 

1. The BRE in response to a binding event as in Figure 18(b);  

2. The SERS reporters are directly in response to environmental property changes, 

such as the pH value, ionic concentration, or temperature, which indicate a 

change in the biological environment as in Figure 18(c). 

Indirect SERS biosensing disregards the advantage of giving the direct molecular 

fingerprint but enables the possibility of qualitative and quantitative detection of biomolecules 

due to the inherent features and stable signals of SERS reporters, which can specifically be 

envisioned during the design and development of the biosensors. 

 



 
Fig.18. Sketch of SERS-based biosensors. (a) Direct SERS detection in which the 

inherent SERS signal of biomolecules is captured from the substrate without any additional 

label. (b) Indirect SERS detection in which the SERS signal is retrieved from Raman 

reporters as an indirect response to a binding event between the BRE and the investigated 

analyte. (c) Indirect SERS detection in which the SERS signal is retrieved from Raman 

reporters as indirect response to variations in the environmental features. Reprinted/adapted 

from [110]. PNPs: plasmonic NPs. 

The use of optical fibers as enhancing substrate with different sensing configurations and 

fiber types is spreading in recent years. There are several advantages for using optical fibers as 

SERS enhancing substrate in comparison to chip-based or paper-based devices, such as 

commercially-available manufacturing, highly automatized operation, µL-level volume of 

samples and reagents, high sensitivity and low LOD [99]. In addition, given the fiber 

peculiarities, it is possible to realize both label-free direct SERS and indirect SERS platforms 

that make SERS a powerful tool in biological and biomedical sensing, especially for the 

detection of biomolecules such as proteins, DNA and microRNA, and for monitoring biological 

features of molecules. There have been several applications of optical fibers in Raman 

spectroscopy, but just a few of them exploit SERS for the development of a compact biosensor. 

More specifically, it is possible to distinguish two cases: 

i. Unidirectional SERS probe where optical fibers are used as unidirectional light 

propagation medium, to inject and collect the light related to a SERS signal (Figure 

19(a)), to collect the light from an external illuminating source (Figure 19(b) or to guide 

the light from the enhancing substrate to an external Raman detector (Figure 19(c)); 

ii. Bidirectional SERS probe where optical fibers are used as bidirectional light 

propagation medium to develop complete and compact SERS biosensors, and hence 

optical fibers are not just used to inject or collect the light, but also to host the enhancing 

substrate suitably functionalized to immobilize a BRE (Figures 19(d)-(e)). 

In the former, the enhancing substrate can be located externally from the optical fiber as in 

Figure 19(a), or can be embedded within the optical fiber exploiting its own structure as in 

Figure 19(b), or, eventually, on the optical fiber as in Figure 19(c). In the latter, different types 

of metallic nanostructures are realized at the fiber end that is cleaved or made as a tip. In both 



cases, the light traveling through the fiber interacts with the nanostructures that represent the 

SERS-active surface, which generates the SERS signal that in turn is collected back from the 

fiber, which directly carries on the SERS signal (Figures 19(d)-(e)). 

Bidirectional SERS probes can be developed using a fiber bundle or a single optical fiber. 

This configuration enables in situ and, eventually, in vivo measurements of multiple analytes 

by dipping the probe in the desired solution or by inserting the probe into a tissue, organ, or 

part of the body, and then measuring the reflected spectra. In addition, this approach allows 

embedding the SERS fiber probe into a microfluidic system or chip toward the development 

of a portable and compact device. 

 
Fig.19.  Sketch of optical fiber-based SERS biosensors. (a) Unidirectional SERS 

biosensor where optical fibers are separately used to inject and to collect the light carrying on 

the SERS signal (Reprinted/adapted from  [115]. (b) Unidirectional SERS biosensor where an 

optical fiber collects the SERS signal when an external illuminating laser source is used 

(Reprinted/adapted from  [116]. (c) Unidirectional SERS biosensor where an optical fiber 

brings the light to the enhancing substrate and the SERS signal is collected from a Raman 

detector (Reprinted/adapted from  [15]). (d)-(e) Bidirectional SERS biosensors where the 

optical fibers act as light carrying source and detector of the Raman signal 

(Reprinted/adapted from [49] and  [53]).  

Till now, the mentioned optical fiber-based SERS biosensors are built on the integration of 

the fiber tip or cleaved end surface with metallic nanostructures of different shapes or patterned 

layers. In all these cases, the light–matter interaction is underpinned by the strong EM field 

enhancement due to the excitation of optical (mostly plasmonic) resonances. A separate 

footnote must be dedicated to photonic crystal fibers (PCFs) or microstructured optical fibers 

(MOFs). These configurations that come out later than single-mode (SMF) or multi-mode 

(MMF) fibers allow in principle to develop both unidirectional and bidirectional SERS probes 

[101]. PCFs and MOFs enable efficient light control and trapping on sub-wavelength scales. 

Given the inherent structure, it is not easy at all to effectively functionalize the sensing surface, 

and becomes more complicated to work with biofluids in a real application scenario. 

Conversely, the low loss feature of most dielectric or semiconductor materials at VIS-NIR 

wavelengths permits to generate of a resonant effect with high Q-factors, which in principle 

might enhance the SERS signal. Therefore, despite they are potentially very promising 

platforms for label-free biosensing, there is a very limited number of such devices developed 

for SERS biosensing in the literature. 



Here, the most relevant examples of SERS-based optical fiber biosensors are presented, 

and applications such as in vitro bioanalysis, determination of the ex vivo biofluids or cellular 

systems, detection of biomolecules such as proteins and nucleic acids, as well as monitoring of 

cellular pH, temperature and ionic environment, are briefly described. The first example of a 

bidirectional optical fiber-based SERS device was reported by C. Viets and W. Hill in 

1998  [57], where different techniques  were studied for the fabrication of precisely roughened 

metal layer on the tip of the fibers. Two years later, a work from David L. Stokes and Tuan 

Vo-Dinh  [55] came out, where a novel single mode fiber was developed to generate the SERS 

effect by incorporating alumina nanoparticle and Ag coatings on the tip of fiber. However, in 

both cases, the Authors tested the device using liquid solutions of chemical compounds, and 

hence any biosensing device was developed indeed. 

The first real example of an optical fiber-based SERS biosensor was described by Scafiddi 

et al. in 2009  [117]. The fiber tip was covered with silver island film (AgIF) to excite the 

plasmonic effect and, subsequently, the nanoprobes were functionalized using para-

mercaptobenzoic acid (pMBA). The device's effectiveness was tested by means of the 

monitoring of intracellular pH in HMEC-15/hTERT immortalized “normal” human mammary 

epithelial cells and PC-3 human prostate cancer cells. A sensitive and selective means to 

monitor cellular microenvironments at the single cell level was pinpointed by assessing the 

change in the physiological pH from pH 6.0 to pH 7.5 due to the cellular degree of 

protonation/deprotonation. This enabled for the very first time to envisage a kind of cell 

manipulation using optical fibers. 

Following the previous work, Wang et al. in 2019 developed a SERS-active fiber tip for 

intra and extra cellular pH sensing and microenvironment analysis in living cells  [118]. The 

Authors built a single cell analysis platform by using Ag NPs decorated optical fiber tip with a 

diameter of less than 500 nm and with embedded micro-functionalities for sensing, cell 

manipulation, and in-situ spectroscopy and imaging, especially for exploring the subcellular 

microenvironment (Figure 20(a)). In view of the fiber flexibility and other peculiarities, Ag 

NPs and pH sensitive Raman reporters were both modified on the fiber tip surface by the one-

step laser-induced Ag deposition method using 4-mercaptopyridine as a probe molecule. The 

Raman spectra of intracellular (pHi) and extracellular (pHe) pH of human non-cancer and 

cancer cell lines, such as liver cell line (LO2) and hepatoma cell line (HepG2), were recorded 

in terms of normalized intensity (Figure 20(b)). Figure 20(c) shows an SEM image of the 

locations (red, intracellular; yellow, extracellular) where the pH measurements were carried 

out with the fiber tip. The related histograms are shown in Figure 20(d) with an exposure time 

of 10 s. 

 



 
Fig.20. (a) Sketch of the multi-functional micro-manipulation system for imaging and 

SERS detection. (b) Extracellular and intracellular pH of LO2 and HepG2 cell line. (c) 

Locations of the pH measurements for intracellular (red circle) and extracellular (yellow 

circle) pH sensing. (d) Histogram of pH value from LO2 and HepG2 cell line with an 

exposure time of 10 s. (Reprinted/adapted from [118]). 

Afterward, in 2011, Yang et al. reported an effective example of the development of a 

bidirectional SERS probe based on optical fibers (Figure 21(a)) [119]. The Authors described 

the detection of the proteins lysozyme and cytochrome c, as well as the live bacterial cells of 

Shewanella oneidensis MR-1 in aqueous solutions, by using two different configurations of 

bidirectional optical fiber-based SERS biosensors and cetyltrimethylammonium bromide 

(CTAB)-capped/citrate-reduced Ag NPs. SEM and TEM images of Ag NPs are shown in 

Figures 21(d) and 21(e), respectively. The former fiber configuration was a tip-coated MMF 

(Figure 21(b)) with a double-substrate sandwiched structure and a LOD of 0.2 μg/mL was 

achieved in protein detections. The latter one was a liquid core PCF (Figure 21(c)) with better 

confinement of light inside the fiber core, and hence a LOD of 106 cells/mL was attained for 

the bacteria detection. 

 

 
Fig.21. (a) Sketch of the tip-coated MMF SERS probe used for the detection of proteins 

in the aqueous environment (b) Experimental setup of the tip-coated MMF portable SERS 

system and (c) of the liquid core PCF portable SERS system. (d) SEM image of the 



cetyltrimethylammonium bromide (CTAB)-capped Ag NPs coated on the fiber end. (e) TEM 

image of the citrate-reduced Ag NPs. (Reprinted/adapted from [119] and  [120]). 

Another interesting example of the detection of multiple cancer biomarkers using the 

combination of SERS and hollow core PCFs was reported by U.S. Dinish et al. in 2014  [22]. 

Axially aligned air channels of hollow core PCF provided an excellent platform for optical 

biosensing using bidirectional SERS, as shown in the SEM image of Figure 22(a). The central 

inner core was functionalized using poly-L-lysine (PLL), while three SERS nanotags were 

prepared from Raman reporter molecules: Cyanine 5 (Cy5), malachite green isothiocyanate 

(MGITC) and naphthalene thiol (NT). These three reporters were selected for the multiplexed 

detection of cancer biomarkers using antibody-conjugated SERS-active nanoparticles. A 

sketch of the proposed biosensing system is detailed in Figure 22(b). The Authors initially 

performed the detection of epidermal growth factor receptor (EGFR) biomarker in oral 

squamous carcinoma cell lysate using the three different SERS nanotags  [121]. In this case, 

the lowest detected concentration (LDC) was 100 pg/mL which represented a big progress in 

performance at that time. Subsequently, the simultaneous detection of hepatocellular 

carcinoma (HCC) biomarkers-alpha fetoprotein (AFP) and alpha-1-antitrypsin (A1AT) 

secreted in the supernatant from Hep3b cancer cell line was carried out using the same fiber 

structure. Despite any complete assessment of the performance was carried out in terms of 

LOD or specificity, this work represented a milestone as it was the first example where multiple 

biomarkers were detected using an optical fiber biosensing system. 

 

 

Fig.22. (a) SEM of the cross-section of hollow core PCF. (b) Sketch of the binding of 

SERS nanotags with immobilized biomarkers inside the core of hollow core PCF for 

multiplex detection of target analytes. (Reprinted/adapted from [22]). 

Another example of labeled PCF-based SERS biosensor was reported by Gong et al. in 

2016  [122]. In this case, a side channel PCF was used as SERS enhancing substrate that 

enabled to accurate monitor in-cellular modifications of lipid peroxidation-derived protein. The 

sketch of the drawing process of the home-made side channel PCF is shown in Figure 23(a), 

while its preparation for SERS detection is depicted in Figure 23(b). The proposed bidirectional 



SERS probe incorporated linoleamide alkyne (LAA), which was oxidized and, subsequently, 

modified proteins in cells with an alkyne functional group that induced the lipid peroxidation 

by means of the interaction with cumene hydroperoxide (CH) at different concentrations (5-

150 µM). By injecting the side channel of PCF with a mixture of Au NPs and LAA treated 

cells and, subsequently, measuring the interference-free alkyne Raman peak from these 

proteins in cells, a strong SERS signal was achieved (Figure 23(c)). With a LOD of 5 µM 

calculated from the dose-response curve (Figure 23(d)), the platform provided a method for the 

rapid monitoring of lipid peroxidation derived protein modification in cells. 

 

 

Fig.23. (a) Sketch of drawing procedure to manufacture of side channel PCF sensor. (b) 

Preparation of side channel PCF-based sensor and schematic of the SERS detection process. 

(c) Raman spectra of cells treated with different concentrations of cumene hydroperoxide. (d) 

Dose-response curve as a function of Raman signal Intensity of the alkyne peak at 2113 cm–1. 

(Reprinted/adapted from [122]). 

Still using hollow core PCFs, Khetani et al. in 2015 demonstrated that the optimal volume 

and size of Ag NPs enabled to maximization of the Raman signal enhancement (Figure 

24(a))  [123]. By integrating hollow core PCF with nanoparticles, a portable label-free 

biosensing system was proposed to detect malignant cells, such as HL60 acute myeloid 

leukemia, in the range of 310-25000 cells/mL. The main advantage of the proposed system was 

the possibility of rapid analysis and diagnosis. In addition, the system was endowed with a very 

low LOD of 300 cells/mL and also allowed to distinguish between apoptotic, live, and necrosis 

cells at different stages given the different features in Raman spectra (Figure 24(b)) and thanks 

to the support of multivariate data analysis, such as principal component analysis (PCA) and 

partial least squares (PLS).  

 



 

Fig.24. (a) Raman signal enhancement of HL60 leukemia cells in hollow-core PCF using 

Ag nanoparticles. (b) Raman spectra of leukemia cells at different stages with distinguishing 

Raman peaks in live, apoptotic, and necrotic cells. (Reprinted/adapted from [123]). 

Regarding the detection of dopamine, a neuromodulatory molecule that plays several 

important roles in cells, there are several examples in the literature where optical fibers were 

used as SERS-active enhancing substrates. In the first example in 2016, Raj et al. developed 

an SPR-based optical fiber sensing system for the detection of dopamine using green 

synthesized Ag NPs as SERS sensing material  [124]. Easy green synthesis of stable Ag NPs 

extracted from flowers of Acmella oleracea and dispersed in polyvinyl alcohol (PVA) matrix 

was envisaged as a novel approach in NP synthesis and then applied to an optical fiber substrate 

for SERS sensing. The response time of the device was 6 min in a range from 30.6 ng/mL to 

12.3 µg/mL and the LOD was roughly 30.6 ng/mL. Very recently, a big leap in performance 

was attained by Tran et al. in 2022  [125]. Integrating noble-metal and organic-inorganic hybrid 

crystalline porous materials, it enabled the enhancement of the Raman signal. Specifically, the 

Authors combined Au NPs with metal-organic frameworks (isoreticular metal-organic 

framework-3, IRMOF-3) developing hybrid composites. The incorporation of hot electrons 

produced on the surface of Au NPs with IRMOF-3 and their utilization of the porous structure 

significantly enhanced the LSPR effect, leading to effective capture of the target analyte. The 

fiber-based biosensor was embedded into a microfluidic system as shown in Figure 25(a). 

When dopamine is injected through microfluidics, the strong target specific affinity among the 

modified surface out-layer of optical fiber sensor and the measurand molecule resulted in a 

change in the optical power transmission signal. The device attained a very low LOD of roughly 

0.2 ag/mL in a wide linear range from 1.5 ag/mL to 15.3 pg/mL (Figure 25(b)). 



 

Fig.25. (a) The experimental setup consisting of the optical fiber biosensing system and 

PSMS microfluidics. (b) Dose-response curve as a function of the dopamine concentrations 

from 0 (blank sample) to 92 pg/mL. (Reprinted/adapted from [125]). 

Thanks to the big steps forward of the technological tools and of the novel nanomaterials, 

Kwak et al. in 2019 monolithically manufactured nanogap-rich Au nanoislands on the tip of an 

MMF using repeated solid-state dewetting of thermally evaporated Au thin film, which enabled 

bidirectional SERS sensing  [53]. The sketch of the device is shown in Figure 26(a). Single or 

repeated solid-state dewetting of thin Au film generated nanogap-rich Au nanoislands with 

highly dense and strongly coupled EM fields, such as plasmonic hotspots, and hence 

underpinned strong light excitation, as well as highly sensitive SERS detection of biomolecules 

compared to the single dewetting (Figure 26(b)). As a proof of concept, label-free SERS 

detection of folic acid (FA) in the concentration range of 0.44-440 µg/mL (1 µM – 1 mM) was 

carried out as detailed in the collected Raman spectra of Figure 26(c). 

 

Fig.26. (a) A schematic illustration of the plasmonic bidirectional SERS-based probe, 

where both the laser excitation and the collection of SERS signals are transmitted through an 

MMF. (b) Plasmonic Au nanoislands are manufactured on the fiber tip surface using a single 

or repeated solid-state dewetting of thin Au film that improves the Raman signal. (c) Raman 

spectra as a function of different concentrations of folic acid. (Reprinted/adapted 

from [53]). 

By combining low-cost polymer casting of polydimethylsiloxane (PDMS) with assembled 

Au NPs of varied sizes and shapes, a cap-shaped bidirectional SERS biosensing platform was 

developed for reversible coupling with a customized bundle of MMFs  [126]. The schematic 

illustration of the mold piece micromachined to manufacture the elastomeric caps by means of 

polymer casting is shown in Figure 27(a). The acquisition of Raman spectra involved coupling 



the caps with the bundle of MMF (Figure 27(b)) and using backside illumination in a reflection 

configuration (Figure 27(c)). The highest enhancement of the Raman signal was obtained when 

NP-decorated substrates were resonantly coupled with the plasmonic excitation at the 

irradiation wavelength in the UV-vis spectral range. The feasibility and effectiveness of the 

proposed device were assessed working at µM concentrations (roughly a few µg/mL) by 

detecting liquid biosamples of immunoglobulin G (IgG) and amyloid-beta (Aβ) neurotoxic 

biomarkers, as shown in Figure 27(d) and Figure 27(e), respectively, and using specific 

antibodies as BRE. 

 

 

Fig.27. (a) Sketch of the mold micromachined to manufacture the elastomeric caps by means 

of polymer casting. (b) Sketch of the elastomeric PDMS cap to be applied from the distal end 

of the bundle of fibers-based Raman probe. (c) Sketch of SERS-based optical fiber biosensors 

in the reflective configuration. (d) Mean fluorescence intensity values of NPs- only and LA-

NP-decorated substrates incubated with QD655-labeled anti-IgG. (e) Mean fluorescence 

intensity values of NPs- only and anti-Aβ-NPs decorated substrates incubated with Tamra-

labeled Aβ. (Reprinted/adapted from [126]). 

Finally, dealing with the unidirectional SERS probe, it is worth mentioning the work of 

Wang et al. in 2016 that reported the use of optical fibers to quantitatively phenotype the 

surface molecules of freshly excised tissues and hence to determine the presence of 

disease  [115]. In fact, there is still a concrete need to image excised tissues during tumor-



resection procedures in order to identify residual tumors at the margins, and hence to attain 

their complete removal. As shown in Figure 19(a), an SMF was used as a guiding light source, 

while a bundle of MMFs collected the Raman signal from the tissue where SERS NPs made of 

Au core, Raman reporter, and silica shell, and functionalized with monoclonal antibodies were 

used to target specific biomarkers, such as EGFR and human epidermal growth factor receptor 

2 (HER2). A range of concentrations lying in 1–400 pM was tested and validation experiments 

with human tumor cell lines, fresh human tumor xenografts in mice, and fresh human breast 

specimens demonstrated a good agreement with flow cytometry and immunohistochemistry, 

gold standard techniques in the field. 

When developing a SERS-based optical fiber biosensor, two features mostly count for 

achieving high performances: the sensing mechanism often related to the type of fiber used as 

enhancing substrate and the nanomaterial or a combination of different nanomaterials used to 

generate and amplify the Raman signal. That is true in the case of bidirectional SERS probes, 

which represent the more interesting and promising approach to developing portable, compact, 

and high-performance SERS-based optical fiber biosensors. 

Among the different types of fibers used to develop SERS-active substrates, it is worth 

distinguishing between sensing devices developed onto the tip of the fiber  [53,78,117–

119,126], around the outer surface of the fiber  [15,124,125,127] or inside the channels/holes 

of MOF and PCF  [77,121–123,128]. In all cases, the sensing mechanism relies on the 

interaction of the fiber more or modes with the medium surrounding the fiber, while the EM 

field is strongly enhanced by the coupling between the light traveling into the fiber and the 

SERS-active nanomaterial that occurs at specific wavelengths. Therefore, the enhancement of 

the Raman signal depends on the penetration depth of the fiber mode evanescent field that 

matches with the EM signature of the SERS-active nanomaterial grafted onto the fiber 

substrate. Regarding the SERS-active nanomaterial, Au/Ag NPs have been the first examples 

that come out in the literature given the easier technology and methods to develop them in a 

custom manner. Obviously, plasmonic structures remain the basic element to develop SERS-

based devices, but the integration with hybrid nanostructures, such as metal-organic 

frameworks  [125], or the realization of novel nanostructures, such as nanogap-rich Au 

nanoislands  [53] or Ag nanorods  [127], allows the improvement in the performance of such 

SERS-based optical fiber biosensing platforms, especially when low molecular weight 

molecules have to be detected with a weak inherent Raman signal. 

Table 2 summarizes the most promising and recent examples in the literature dealing with 

SERS-based optical fiber biosensors. Despite in some cases, it is not possible to retrieve some 

performance indicators (LOD among all), it is clear however that the most fascinating manner 

to attain high performance might be an integration of plasmonic materials with other types of 

materials (non-metals or hybrids) that enhances the EM field, and hence the Raman 

signal  [125].  

Table 2. Comparative table showing various SERS-based optical fiber biosensors 

Refs. Type of probe Target analytes SERS 

substrate 

 Operating 

range 

LOD 



 [117] Tip-coated 

MMF 

Intracellular pH in 

tumor tissue 

AgIF  6.0-7.5 pH N/A 

 [118] Tip-coated 

MMF 

Intracellular and 

extracellular pH in 

cancer cells 

Au NPs  5.0-9.0 pH N/A 

 [119] Tip-coated 

MMF 

Lysozyme and 

cytochrome c 

proteins 

Ag NPs  0.2-2 

µg/mL 

0.2 µg/mL 

 [119] Liquid core 

PCF 

Shewanella 

oneidensis 

MR-1 bacteria 

Ag NPs  106-1010 

cells/mL 

106 cells/mL 

 [121] Hollow core 

PCF 

EGFR Evanescent 

field of fiber 

mode 

 0.1-1000 

ng/mL 

100 pg/mL 

(LDC) 

 [122] Side channel 

PCF 

CH in cells (lipid 

peroxidation) 

Au NPs  0.7-23 

µg/mL 

0.7 µg/mL 

 [123] Hollow core 

PCF 

HL60 acute 

myeloid leukemia 

cells 

Ag NPs  310-25000 

cells/mL 

300 cells/mL 

 [124] Multimode 

plastic cladded 

silica fiber 

Dopamine Green 

synthesized 

Ag NPs 

 0.03-12.3 

µg/mL 

30.6 ng/mL 

 [125] MMF Dopamine Au 

NPs/IRMOF-

3 hybrids 

 1.5 x 10-6 

– 15.3 

pg/mL 

0.2 ag/mL 

 [53] Tip-coated 

MMF 

Folic acid Au 

nanoislands 

 0.44-440 

µg/mL 

N/A 

 [126] Bundle of tip-

coated MMFs 

IgG and Aβ42 Au NPs 

embedded in 

PDMS caps 

 in µg/mL 

range 

N/A 

 [115] SMF & MMF EGFR & HER2 Au/SiO2 NPs  0.1-100 

ng/mL 

N/A 

 

 Once repeatability in results, reproducibility in device manufacturing, and easier 

integration with optoelectronic compounds and systems are finally addressed, optical fiber-

based SERS biosensors might surely represent a real competitor against the well-established 

lab-on-chip biosensors. More specifically, a trade-off between the minimum metal absorption 

and the maximum SERS signal enhancement is the main working principle. An arbitrary 

pattern of NPs or nanostructures is usually not advised to get a maximum SERS signal, since 

the size and shapes of nanostructures pinpoint the strength and directionality of their enhanced 

EM fields. The not-optimized coupling of light by means of the nanostructures results in the 

excitation of lossy, non-radiative surface plasmon modes, as well as an inefficient scattering of 

the SERS signal. As a consequence, the future challenge in the field of optical fiber-based 



SERS devices will be how to decrease coupling losses and improve the intensity of SERS 

signals in parallel. This gap would be narrowed by novel nanomaterials with lower absorption 

at specific operating wavelengths, by new technological tools able to realize a defined pattern 

of nanostructures in a precise and repeatable manner (for instance, micro-/nano-lithography 

enables the development of SERS-active substrates with specific shapes and spacing of the 

nanostructures) or by novel fiber configurations and types that allow an improvement in 

collecting the SERS signal. However, the advantage of simple integration with medical needles 

and catheters, together with a small cross-section and large aspect ratio, endow the fiber with 

unique features for in situ and in vivo applications. Prospectively, it is not so demanding to 

foresee the development of smart needle-based devices with unprecedented and multiple 

functionalities at extreme miniaturization levels, able to monitor clinically-relevant parameters 

in real time. This new attractive technological approach could have a disruptive impact on most 

cancer and non-cancer diseases, especially those that need localized treatments. Advanced and 

multifunctional optical fiber-based platforms, completely or partially integrated into needles or 

catheters, might be able to monitor the early appearance of the disease and also its progression 

or regression, by quantifying the level of specific biomarkers in close proximity to 

cancer/tissue/cells or, externally, in liquid biosamples extracted from the patient. 

 

4.3. Optical Fiber SERS-based Sensors for Drug Monitoring 

The monitoring of therapeutic drugs in biological matrices is a crucial practice, especially 

for drugs with pharmacokinetic variability and narrow therapeutic ranges. Specifically, such 

monitoring assesses drug concentration against duration within a particular biological matrix 

which will help in the interpretation of drug-drug interactions, drug toxicity, drug efficacy, and 

compliance. These parameters are essential in drug development, delivery, and precision 

dosing. Among the common analytical platforms for drug, monitoring includes immunoassay, 

mass spectrometric, and chromatographic techniques  [129–132]. These techniques have been 

considered as the most accurate, sensitive, and selective method which has been utilized for 

several years for drug monitoring. Although these approaches are promising, it faces the most 

significant limitations due to their high cost, time consumption, off-site analyses, and the 

requirement for skilled technicians. 

SERS become a powerful biological analytical tool in recent years  [133]. The exploitation 

of molecule-specific vibrations as Raman signals interact with biological samples has allowed 

SERS to offer innovative sensing solutions that are highly sensitive and specific for drug 

monitoring and tracings  [134]. Nevertheless, Raman signals are known to be intrinsically weak 

and thus, require further enhancement techniques for tracing pharmaceutical analytes at very 

low concentrations. Parameters that affect Stokes Raman scattering intensity can be identified 

in equation (4)  [135]: 

 

𝐼𝑆𝑡𝑜𝑘𝑒𝑠 ∝ 𝑁𝐼0(𝜔0 −  𝜔𝑟)4|𝛼|2     (4) 

 

Where, 𝑁 and 𝐼0 are the number of molecules and incoming excitation intensity, while 

𝜔0, 𝜔𝑟 and 𝛼 are Raman excitation frequency, excited vibrational frequency, and polarizability 

of molecules, respectively. With that said, enhancement of Raman intensity can be achieved 

with greater 𝐼0, higher 𝜔0, resonance matching of excitation frequency with the electronic 



transition of the molecule, and an increase in the number of targeted molecule. As SERS 

depends greatly on the generation of surface plasmons, fiber configuration, length, coupling 

efficiency, and laser intensity are factors that would affect the performance of optical fiber 

SERS-based sensors. Known configurations that were reported to yield high LSPR include 

single-channel multiplexing optrode  [136], liquid-core waveguides  [137], and shape-

engineered optical fiber probes like D-shaped  [138,139] and tapered optical fibers [61,140]. 

For drug monitoring, hollow-core photonic crystal fiber (HC-PCF) has been reported to 

achieve fifty times higher sensitivities and LOD improvements for pharmaceutical analyte 

detection in aqueous solutions  [141]. Firstly, the volume of samples needed is significantly 

reduced as the volume of HC-PCF is minimized. Secondly, the liquid-core configuration allows 

the guidance of both light and analytes throughout the path length of the optical fiber which 

increases the number of scattering molecules as shown in Fig. 28. The broadband step-index 

can be achieved by filling in the central hollow cores with aqueous analytes, which makes 

excitation wavelengths throughout the whole visible range available to be used. Frosch et al. 

exploited the mentioned configuration and demonstrated ultrasensitive detection of antimalaria 

drugs, chloroquine, and mefloquine with detection limits of 1.25 × 10-5 and 6.25 × 10-3, 

respectively, using UV resonance [135]. The schematic of the fabrication step is shown in Fig. 

28. In traditional Raman spectroscopy, the signal is stimulated and gathered within a confined 

scattering volume, determined by the scattering volume in the focal point of the optical setup, 

as shown in Fig. 28 (a). This drawback can be overcome by using liquid core optical fibers in 

which the light and analyte both are guided within the fiber and thus the analyte is efficiently 

excited upto an extended path length resulting the increment in the number of scattering 

molecules as show in Fig. 28 (b). 

 

 
Fig.28. Comparison between limited collection volume in conventional Raman spectroscopy 

(A) as opposed to the extended interaction length provided by HC-PCF ( Reprinted/Adapted 

from  [135]). 

 

Another optical fiber configuration that was investigated for drug monitoring is the end-

probe optical fiber configuration. Liu et al. fabricated optical tapered shape nano-probes using 

the spark pull cone method; later the fiber was etched using the chemical etching method to 

reduce the tip size to 100 nm  [142]. Later, the Au nanoparticles of 55 nm diameter were self-

assembled electrostatically at the surface of the tip to enable the SERS phenomenon. The 

fabricated nano-probes were used for the detection of levofloxacin lactate in blood samples 



which achieved a LOD of 10-4 M. Another study reported a similar sensing configuration where 

a SERS-active neural end-probe decorated with Au was used for the detection of 

neurotransmitters  [96]. The fabrication of the probe was similar to the previously mentioned 

work; however, the tip was coated with nano-island Au particles instead of spherical Au 

nanoparticles. The investigation was investigated both numerically and experimentally which 

amplified the broadband near-field enhancement from the highly-dense nano-islands allowing 

the achievement of very low detection limits of 10-5 M for serotonin and dopamine, while 10-7 

M for R6G. Detection of R6G was also shown using an end-probe SERS Au arrays at the tip 

which were printed using the two-photon polymerization (2PP) technique  [27]. 2PP is a 

microscale 3D printing method without using a mask with lateral and axial resolutions of 100 

nm and 300 nm, respectively. The detection limit was achieved of 3.7 x 10-7 M with an 

analytical enhancement factor of three orders of magnitude.  

In 2015, Jin et al. applied SERS on an end-probe optical fiber configuration to distinguish 

between normal and expired tetracycline hydrochloride  [143]. The surface of the tip was 

coated with Au nanoparticles that were 55 nm in diameter. Oxidation of tetracycline 

hydrochloride due to storage deterioration causes isomerization to the compound. This would 

result in the production of anhydrotetracycline, anhydrotetracycline, and 

epianhydrotetracycline of which would yield different Raman spectra from the normal 

tetracycline hydrochloride. For direct detection, expired tetracycline hydrochloride samples 

exhibited obvious fluorescence background when compared to normal samples. A probable 

cause of this could be due to the formation of an anhydrous with two double bonds. When 

tested via remote detection, loss of peaks was observed from expired tetracycline hydrochloride 

when compared to Raman spectra retrieved from direct detection. This could be due to 

transmission attenuation along the fiber. Nevertheless, the disappearance of peak 1450 cm-1 

was significant in expired tetracycline as the hydroxyl group of the compound was destroyed 

during the oxidation process. Table 3 summarizes the discussed work on the optical fiber based 

SERS sensors for drug monitoring. 

 

Table 3. Comparative table showing various SERS-based optical fiber sensors for drug 

detection 

Refs Type of probe Target 

analytes 

SERS substrate Operating 

range 

LOD 

 [135] HC-PCF Chloroquine - 
0 to 0.1 

mM 

1.25 X 10-

5 

 [135] HC-PCF Mefloquine - 
0 to 0.1 

mM 

6.25 X 10-

3 

 [141] HC-PCF Moxifloxacin - 
0 to 100 

μM 
1.7 X 10-6 

 [144] HC-PCF Ciprofloxacin AgNPs 

10−4 

  to 

10−10M 

1 X 10-10 

 [144] HC-PCF Norfloxacin AgNPs 10−4 1 X 10-11 



  to 

10−11M 

 [142] 
End-probe optical 

fiber 
Levofloxacin AuNPs 

10−1 mol/l 

to 

0.5 mol/l 

1 X 10-4 

 [96] 
End-probe optical 

fiber 
Serotonin AuNPs 

10−8 M to 

10−4 M 
1 X 10-5 

 [96] 
End-probe optical 

fiber 
Dopamine AuNPs 

10−9 M to 

10−1 M 
1 X 10-5 

 [96] 
End-probe optical 

fiber 

Rhodamine 

6G 
AuNPs 

10-10 M to 

10-4M 
1 X 10-7 

 [27] 
End-probe optical 

fiber 

Rhodamine 

6G 
AuNPs 

10−6 M to 

10−3 M 
1 X 10-7 

 [143] 
End-probe optical 

fiber 

Tetracycline 

hydrochloride 
AuNPs 

NA 
- 

4.4. SERS in agricultural and food monitoring:  

Agriculture plays an important role in the economy and livelihoods of developing and 

developed countries. In order to ensure a good growth of the economy and population, it is 

necessary to focus on the agriculture, which not only includes forestry and animal husbandry, 

but also encompasses aquaculture and other related industries. A real time and quick 

monitoring of harmful chemical substances including pesticides, antibiotics, heavy metals and 

illegal forbidden additives in a various of consumable food products e.g., vegetables, fruit, 

meat, dairy and aquaculture products, and rapid monitoring of several toxic and pollutants in 

the plants or crop environments such as heavy metals and other organic pollutants in the soil 

become a major challenge for the society [145]. Nowadays, there is a growing concern among 

citizens for the safety and quality of food and agricultural products, as the poor quality of 

products leads to several diseases and pandemics as witnessed in past decades. Therefore, 

considering the potential threat, real-time food quality monitoring is recently recognized as a 

new potential tool in making a healthy nation and economy [146,147]. Due to the growing 

demand for health safety and food quality monitoring, SERS has gained huge interest in 

agricultural applications, including the screening of plant seeds, monitoring of crop growth, 

quality assessment of agricultural products, etc.  [148]. In 1987, Alak and Vo-Dinh were 

reported the early applications of the colloid nanoparticle-based SERS substrates in 

agriculture [149]. In reported work author utilized silver integrated microspheres as the SERS 

substrate in order to analyze and detect eight organophosphorus pesticides. Beyond the use of 

common silver/gold nanoparticles, nanomaterials of various sizes and shapes have been studied 

widely. In  2020, Pham et al. reported work author functionalized silver nanodendrite on 

microspheres fabricated on the end face of optical fiber for pesticide detection [150]. The 

common gold and AgNPs with uniformity and easy synthesis procedure have been utilized for 

the detection of several pesticides [151–153]. Beyond of pesticides, several researchers also 

reported other types of SERS sensors for heavy metal detection and additive in foods and water. 

Long et al. reported silver coated SERS optical fiber following the special functionalization of 

the surface with methimazole via a SnCl2-sensitized solvothermal method, for the detection of 



Cr(VI) ions [154]. In 2022, Zhou et al. reported Au-nanorods clusters coated over optical 

fiber  [155]. The Au-nanorods coated optrode showed a improved enhancement factor 

compared to their previous study [156]. This section will elaborate in detail on the diverse 

approaches employed in agriculture and food monitoring. The section and sub-sections 

presents an in-depth discussion of various methods used to develop efficient optical fiber-based 

SERS devices. It also explores their applications in detecting pesticides, heavy metals, and 

illegal food additives. 

4.4.1. Detection of pesticide:  

Permethrin, trans-3-(2,2-dichlorovinyl)-2, 3-phenoxybenzyl (1 RS)-cis, 2-

dimethylcyclopropanecarboxylate, methyl parathion, etc. are the most common pesticide  

generally used in broad range of applications such as insect repellent, insecticide, preventing 

diseases carrying by mosquitos, e.g., malaria and dengue in the tropical areas. In 2015, Huang 

et al. fabricated a cone-shaped optrode coated with silver nanostructures to improve the 

performance of SERS substrate and improve the enhancement factor for the detection of methyl 

parathion pesticides  [91]. It was reported the functionalization of the probe with silane, the 

optrode surface gets charged (either negative or positive) resulting in the uniform deposition 

of Ag/Au composite nanostructure of desired SPR properties. Four different nanostructures 

were grown over the fiber probe i.e., Au nanospheres, Ag nanocubes, Au nanorods, and 

Au@Ag core–shell nanorods, and investigated for their performance. Among various 

nanostructures, the Au@Ag nanorods assembled optrode exhibited a significantly higher 

enchantment factor and best SERS activity due to the strong electromagnetic coupling among 

the neighboring nanorods, whereas the Au nanospheres exhibited extremely poor performance. 

The obtained results of in situ Raman monitoring suggest that from the developed SERS 

substrate, it is possible to detect concentrations of methyl parathion pesticide as low as 10-8 M. 

In same year of 2015, Liu et al. fabricated a SERS active optrode using laser-induced Ag 

deposition technique to detect biotin/avidin  [157]. The investigation over the performance of 

optrode was performed via an indirect method. The bio-recognition process was based on the 

SERS response signal of a labeled dye (Atto610) once its fluorescence had been completely 

extinguished by the deposited Ag nanoparticle membrane. The result exhibited a lowest 

detection potential of optrode for biotin of low concentration of 1.0×10−7 mg/mL within 40 

minutes. 

In order to detect permethrin pesticide Pham and group reported a series of SERS active 

optrode in 2019-2022  [150,158,159]. In 2019, Pham et al. deposited Ag nanodendrites on the 

edges of multi-mode fiber utilizing laser-assisted photochemical technique to detect permethrin 

pesticide  [159]. The SERS active optrode was investigated over various concentrations of R6G 

solutions. The fabricated SERS optrode was investigated for permethrin pesticide ranging from 

0.1 ppm to 20 ppm showed a LOD of 0.0035 ppm along with good limit of quantification of 

0.1 ppm. Later this enhancement factor was achieved by same group in 2022 following direct 

deposition of Au nanoparticles over Ag nanodendrite using dual-laser approach  [158]. Figure 

29 shows the schematic of fabrication step and experimental setup. The fabrication step 

requires the formation of the spheroid end-facet of the optical fiber using electric-arc method, 

as shown in Fig. 29(a). The Ag seed solution was synthesized by adding AgNO3 solution into 

20 mL aqueous solution including C6H5Na3O7·2H2O, NaBH4 solution and deionized water 



under stirring for 5 min until the solution turn into light yellow, as shown in Fig. 29(c). Figure 

29(b) showed the deposition of Ag nanodendrites using diode laser photochemical technique. 

From the fabricated substrate author achieved a highest enhancement factor for R6G of 2.54 × 

107 compared to gold nanoparticles and silver nano-dendrites based SERS substrates. The 

device also went through the stability test for 40-day resulting 11.16% reduced Raman intensity 

of R6G for Au-nanoparticles/Ag-nanodendrite which was 44.07% more stable compared Ag-

nanodendrite SERS substrate [159]. The fabricated Au-nanoparticles/Ag-nano-dendrites 

exhibited a rapid detection of fenthion and cypermethrin with a low LOD of 1.7 × 10−4 ppm 

and 2.87×10−4 ppm, respectively. 

 

Fig.29. Schematic diagram of the (a). formation of spheroid end-facet on tip of optical, (b). 

fiber substrates with AuNPs/AgNDs nanostructures prepared by dual-laser assisted 

photochemical method, and (c). steps used to synthesize Ag seed solution 

(Reprinted/adapted from [158]). 

4.4.2. Detection of heavy metals:  

Nowadays, the water content is experiencing the addition of several pollutants, through 

both intentional and unintentional means [160]. Heavy metals can potentially affect the 

surrounding including soil and water used in the farming, planting, and breeding [161]. These 

SERS substrates play a crucial role in the real time monitoring of such excess contamination 

in food. Several approaches have been reported so far, among which some notable approach 

include fiber modal interference  [162], fiber Bragg grating  [163], optical absorbance 

technique  [164], plasmonic sensing  [165], and SERS approach  [160]. Heavy metals are 

considered a group of multiple metallic elements which comprise high densities and atomic 

weights. Some of the common heavy metals include mercury (Hg2+), lead (Pb2+), cadmium 



(Cd2+), arsenic (As2+), and chromium (Cr2+). These metals are naturally found in the crust of 

Earth and also sometime found to be released into the surrounding environment via human 

activities e.g., manufacturing, mining, and burning of fossil fuels. In 2014, Cheng et al. 

reported SERS active fiber optrode for real time monitoring of cadmium (Cd2+) ions  [100]. 

The fabricated optrode was five times deposited with Ag nanoparticles using layer-by-layer 

approach to form SERS substrate. The monitoring of Cd2+ in aqueous solution was analyzed 

by studying the shift in the SERS spectrum occurs after binding the Cd2+ ions on the Ag 

nanoparticles. The presence of Cd2+ ion in solution was identified by the appearance of an 

additional peak at 1020 cm−1 which was further evaluated by the relative intensity ratio i.e., 

I1020/I1040 for the concentration varying from 10 μM to 200 μM. The recovery rate for 20 μM 

of Cd2+ was observed to be in the range of 69.5–157%.  

Most recently, Long et al. reported a new type of Ag coated SERS active optical fiber 

following the special functionalization of the surface with methimazole via a SnCl2-sensitized 

solvothermal method, for the detection of Cr(VI) ions [154]. The working mechanism of the 

sensor was based on the change in SERS signal in the existence of Cr (VI). The methimazole 

and Cr (VI) undergo a redox reaction after interacting with Cr (VI), and form a disulphide, 

resulting decline in SERS intensity. The optrode dually modified by methimazole exhibited 

extremely high sensitivity of 10−11 M and excellent stability for Cr(VI) detection. Figure 30 

shows the experimental setup used for characterization and the sensing mechanism of the 

fabricated optrode. In the measurement process, the laser was launched at the proximal end of 

the SERS optical fiber (Fig. 30a). Progressing along the core, the laser interacts with AgNPs 

positioned at the end. This light matter interaction stimulates the surface plasmon polarization 

(SPP) of silver, significantly boosting the SERS signal of methimazole by amplifying the local 

electromagnetic field of silver (Fig. 30b). The intensified SERS signal was then conveyed back 

to the Raman spectrometer through the same fiber (Fig. 30a, b). 

 

Fig.30. (a) Experimental setup used for the characterization of SERS sensor, and (b) 

Characterization mechanism of SERS optical fiber probe. (Reprinted/adapted from  [154]) 

 



Although the SERS approach is considered the most efficient way for various sensing 

applications, it’s not able to gain enough advancement in heavy metal detection. One might be 

the possible reason for the lack of advancement is the poor reliability and low accuracy arising 

due to the interference from other ions appearing in the sample matrix. In 2014, F. Cheng et al. 

investigated the potential of SERS active optrode for heavy metal detection. The reported work 

utilized a metal ion chelating reagent, 4-(4-phenylmethanethiol)-2,2': 6',2''-terpyridine, to 

modify the end facet of the SERS optrode. The Cd2+ was considered as the measurand heavy 

metal. The binding of Cd2+ was with functionalized optrode was reported to produce a unique 

peak of about 1020 cm-1, which was reported to be reversible by treatment with EDTA. The 

normalized SERS intensity at 1020 cm-1 may be used to quantify Cd2+ by carefully selecting 

an intact band of 4-(4-phenylmethanethiol)-2,2': 6',2''-terpyridine at 1040 cm-1 as an internal 

reference  [100].  

 

4.4.3. Detection of dye and illegal additives in food:  

In recent times, antibiotics, which belong to the group of organic compounds, have emerged 

as a potentially dangerous form of pollutant, particularly in the context of pharmaceuticals. 

Tetracycline, the another most frequently used antibiotic in veterinary and human medicine, 

have been identified as a target pollutant among various scientific research because of adverse 

effect on human health [166–168]. Another group of organic compounds that pose a significant 

risk to both the environment and human health are the organic dyes which possess various 

carcinogenic properties. These dyes are broadly used in various industrial sectors such as 

textile, printing, and leather industries. The emission of these organic molecules in the 

environment causes serious health concerns and potential environmental impacts. Among 

several classes of dyes, the Rhodamine are considered as a most harmful pollutant with broad 

industrial applications running from the textile to the food and cosmetic industries [169–171]. 

Considering the health impact of these dyes several researchers reported an optical fiber SERS 

probe. In 2007, Lucotti and Zerbi reported the first needle-shaped optimized and compact 

SERS active optrode for the real time detection of crystal violet in water  [76]. Figure 31 shows 

the fabricated probe and processing technique. The optrode was fabricated using a chemical 

etching technique in which 40% hydrofluoric acid was used along with organic solvent to form 

such an optimized needle shape as shown in Fig. 31(d). After an appropriate time interval a 

partial etching of the fiber has occurred and the fiber has been lifted upward of selected height 

and held steady in this position until the needle shaped is achieved as shown in Fig. 31(b) and 

(c). By changing the etching time, the cross-section of the untapered region of the sensing head 

can be modified by changing the height of the untapered region of reduced diameter, can be 

varied, as shown in Fig. 31(a). The SERS probe was fabricated by immobilizing Ag 

nanoparticles on this etched section of fiber. The sensing performance was measured using two 

different approaches i.e., the ‘in-solution’ method and a "dip and dry" technique. The fabricated 

sensor observed to measure the SERS spectra at a low concentration of 0.018 ppb of crystal 

violets in distilled water. The detection of such a low-concentration molecule claims that the 

fabricated SERS probe can have potential in the aquaculture industry. 



 
Fig.31. (a) Schematic representation of the geometry-optimized fiber-optic SERS sensor; 

(b) and (c) photos of the geometry-optimized fiber-optic tip; (d) schematic representation 

of the two-fold static etching process used to obtain the SERS sensor. 

(Reprinted/adapted from  [76]) 

 

In 2009, Lan et al. reported a new approach of the fabrication of a SERS optrode using 

femtosecond micromachining  [172]. The use of femtosecond laser ablation directly onto the 

perfectly cleaved face of multimode fiber to produce the nanostructures which were later SERS 

activated using silver chemical plating. A high enhancement factor was observed via back 

excitation for R6G molecules ranging from 10−8 to 10−6 M. In 2019, Ran et al. reported Ag 

coated Au nano stars SERS fiber-optrode as a highly enhancing SERS substrate for the direct 

monitoring of biotargets and food additives  [173]. Two types of Au nano stars were 

synthesized using a seed-mediated method, involving the preparation of a 12 nm citrate gold 

seed solution. The synthesis process included the rapid addition of Au seed to a solution 

containing HAuCl4, HCl, ascorbic acid, and AgNO3, resulting in a color change from pale red 

to deep blue within a minute. Silver coating on the gold nanostars was obtained by adding 5 μL 

of AgNO3 to a Au nano star solution, followed by NH4OH. After about 5 min, the reaction was 

complete, and the silver-coated Au nano star samples were labeled based on the volume of 

AgNO3 added. The final concentration of the silver-coated Au nano star was identical than the 

Au nano star solution, allowing for the generation of Au nano star particle solutions with 

different concentrations through dilution or centrifugation. Figure 32(a) shows the synthesis 

the steps of Au@Ag nano stars. The fabrication step requires removal of plastic jacket from 

the fiber using flame heating methods. One end of the fiber was connected to laser source to 

launch the light. The other end of the fiber was polished to obtain a flat top to collect the 

maximum laser. The deposition of Au@Ag nano star on flat end was performed following the 

salinization by immersing it into a 10% 3-aminopropyltriethoxysilane solution, as shown in 



Fig. 32(b). The fabricated optrode utilizes the characteristics of the photonic properties of Ag-

coated Au-nano stars to achieve an improved sensing performance. The optimization of the 

sensing configuration was performed by varying the density of Au nano stars and the roughness 

of the end-face of fiber to maximize the SERS signal. The obtained results exhibited a low 

LOD for Rhodamine B varying between 10−7 and 10−8 M. 

 

Fig.32. Preparation step of (a) the Ag coated Au nano stars and (b) steps for the used to 

functionalization of Au@Ag nano star on the optrode. (Reprinted/adapted from  [173]) 

Rhodamine B and xanthenes are most commonly used food additive dye in various 

countries. A series of experiments was reported by Zhou’s group utilizing Au-nanorods on the 

end face of fiber to determine contaminants in food oils using a laser-induced dynamic dip-

coated SERS probe  [155,156]. In 2020, Zhou et al. reported Au-nanorods clusters coated over 

optical fiber [156]. The Au-nanorods coated optrode showed a high sensitivity of 10−10 M and 

10-8for R6G and malachite green, respectively along with excellent reproducibility with a 

standard deviation of less than 6%. The enhancement factor was further  reported to be 

improved by the same group in 2022  [155]. In the reported work author deposited Au-nanorods 

clusters on the end surface of fiber using dip-coating. To fabricate end facet optical fiber SERS 

probes using the laser-induced dynamic dip-coating technique, the optical fiber segment was 

subjected to multiple dip-pull cycles on the colloid surface while being exposed to laser 

irradiation. The fabricated device showed a high sensitivity of 2.4 × 10−6 mol/L and 3.6 × 10−7 

mol/L for Sudan red and thiram in sunflower oil, respectively. Table 4 summarizes the 

comparative data on various SERS based fiber sensor used in agricultural monitoring. 

 

Table 4. Comparative table showing various SERS-based optical fiber sensors in agricultural 

and food monitoring 

 



Refs. Type of 

probe 

Target analytes SERS substrate Operating range LOD 

 [91] Cone 

shaped fiber 

Methyl parathion 

pesticide 

Au@Ag 

nanorods 

NA 10-8 M 

 [157] Fiber tip Biotin/avidin AgNPs 0.49×10–3 mg/mL NA 

 [159] Fiber tip Permethrin 

pesticide 

Silver nano-

dendrites 

0.1 ppm and 

20 ppm 

0.0035 ppm 

 [158] Fiber tip Fenthion 

 Cypermethrin 

AuNPs/Ag-

nano-dendrites 

0.005 ppm - 2 

ppm 

0.001 ppm - 1 

ppm 

1.7 ×10−4 

ppm 

2.87×10−4 

ppm 

 [100] Fiber tip Cd2+ AgNPs  10 μM to 200 

μM 

NA 

 [154] Fiber tip Cr(VI) AgNPs 10−2 M and 

10−6 M  

0.00001 

μM 

 [76] Fiber cone 

tip 

Crystal violet AgNPs NA NA 

 [173] Fiber tip Rhodamine B Silver-coated 

gold nanostars 

10−7 and 10−8 M NA 

 [156] Fiber tip Crystal violet 

solution 

Au-nanorod-

clusters 

10−7 M to 10−10 

M 

10−8 M 

 [174] Fiber tip Diethylthiatricarbo

cyanine and crystal 

violet 

Au nanovoid 

arrays 

0.08 mM and 1 

mM 

NA 

 

5. Future Prospects and Challenges: 

SERS has become an increasingly popular analytical technique for the detection of various 

analytes in sensing fields due to its high sensitivity, selectivity, and versatility. One of the key 

advantages of SERS-based optical fiber chemical sensors is their high sensitivity, which can 

enable the monitoring of various analytes in as low as part per trillion. In addition, the small 

size and flexibility of optical fibers make them suitable for integration into complex systems, 

such as microfluidic devices or wearable sensors. There are several perspectives and challenges 

of SERS in sensing field. SERS has the potential to detect analytes at very low concentrations, 

even at the single-molecule level which shows a very high sensitivity, making it a valuable tool 

in many sensing applications. At a time, SERS can detect multiple analytes simultaneously by 

using different Raman-active molecules as tags, which can increase the throughput of analysis. 

SERS is a non-destructive technique, which allows the same sample to be analyzed multiple 

times without losing its integrity. It can be integrated with portable devices, making it ideal for 

field applications. However, there are also several challenges associated with SERS-based 

optical fiber chemical sensors. One of the major challenges is the reproducibility of the SERS 

signal, which can vary depending on the fabrication and functionalization methods of the 

nanoparticles, as well as the environmental conditions. The reproducibility of the enhancement 

effect in SERS is also a very important factor that can be controlled in a significant manner. 



The enhancement factor can vary significantly between different substrates and even within 

the same substrate. Therefore, efforts are being made to improve the reproducibility of SERS 

measurements by developing new substrates and characterization methods. Another challenge 

is the interference from other molecules in sample matrix, which can affect the specificity and 

selectivity of the sensors. The signal-to-noise ratio of SERS measurements can be affected by 

the presence of background fluorescence and other noise sources. The quantification of SERS 

measurements can be challenging due to the lack of a standardized calibration method. SERS 

can suffer from non-specific binding of analytes to the SERS substrate, leading to false-positive 

results. Another challenge is the interference from complex matrices, such as biological 

samples or environmental samples, which can hinder the detection and identification of target 

molecules.  

Overall, there is a trade-off between maximising SERS enhancement and minimising 

metal absorption loss in all of the devices that have been shown so far and utilised for distant 

sensing applications. Therefore, one of the main goals of future research for optical fiber-based 

probes operating in the optrode configuration would be how to reduce coupling losses and 

enhance SERS signal intensities. It is a difficult but possibly extremely fruitful undertaking to 

integrate SERS systems with optical fibre technology. There is still a great deal to be done. 

Sensitivity and stability are still problems even though SERS optrodes are undoubtedly the 

most sophisticated optical fibre SERS platform. More highly optimised SERS substrates on 

optical fibre tips ought to be able to be produced (and replicated correctly). Gaining more 

knowledge about SERS optrode performance will be facilitated by systematic investigations 

into how spatial averaging affects sensor repeatability. Simultaneously, technology has 

advanced to the point where additional useful uses of SERS optrodes and near-field probes 

may be considered, notably in studies related to biology and medicine where the compact 

geometry is anticipated to be very helpful.  

MOFs and PCFs have some potential for distributed SERS sensing and for increasing the 

sensitivity of SERS detection. This is an interesting yet complicated field that needs more 

research, especially in the theoretical domain.  

Even with a few noteworthy successes, SERS imaging has proven to be a difficult 

problem thus far. TERS techniques are still somewhat superior to near-field optical fibre 

approaches. Nonetheless, additional research is unquestionably necessary since optical fibres 

could offer a more practical and adaptable platform for near-field imaging. However, recent 

advances in SERS-based sensors and imaging techniques, such as SERS microscopy and SERS 

mapping, have shown promise in overcoming these challenges. In terms of prospects, the 

development of new SERS substrates and detection methods is expected to continue. This 

includes the development of more robust and reproducible substrates, as well as the integration 

of SERS with other techniques, such as electrochemistry and mass spectrometry. Moreover, 

the use of artificial intelligence (AI) and machine learning (ML) algorithms for SERS data 

analysis is also a promising area for future research. These techniques can help to identify 

patterns in complex SERS spectra and improve the accuracy and speed of SERS data analysis.  

A highly intriguing avenue for future research is the integration of SERS substrates into 

"photonic chips" and opto-microfluidic systems, as well as the miniaturisation of interface 

optics. The SERS community is expected to gain from the ongoing development of small 

spectrometers, which are being developed in addition to the technologies now in use for the 

telecommunications sector. Overall, SERS has great potential as a sensing technique, and 

overcoming the challenges will allow it to be widely used in various fields, such as 

environmental monitoring, medical diagnostics, and food safety.  



 

6. Conclusion: 

In conclusion, we have provided a comprehensive review of the SERS mechanism and its 

integration with optical fibers various sensing applications. The integration of SERS systems 

with optical fiber is still challenging but at the same time, it’s potentially rewarding. A 

systematic study of the influence of spatial averaging on sensor reproducibility will allow a 

better understanding on the performance of SERS optrode. At the same time, the SERS based 

fiber technology has gained huge interest leading several practical applications of SERS 

optrode, specifically in medical and biological studies where the compact geometries are 

expected to be especially beneficial and advantageous. The optical fiber sensors have shown 

tremendous potential as a SERS substrate because of their compact size, in situ monitoring, 

and immunity to electromagnetic interference, non-reactiveness, chemical inertness, etc., 

which are ideally considered for SERS sensing. Through this review, we provided a detailed 

information allowing readers to progress from fundamental knowledge to advanced concepts, 

ensuring a clear understanding of each terminology of SERS. Various optical fiber geometries 

implemented in SERS sensing, their associated applications, and prospects. 
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