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Raman spectroscopy is a versatile method to investigate the chemical properties of matter. Thanks to extensive technical developments that lead to analytical devices with high sensitivity and ease of use, it currently finds application in both research and industry. Surface Enhanced Raman Spectroscopy (SERS) in particular, overcomes the low sensitivity of traditional Raman and allows to measure very low concentrations of analyte, even down to single molecule detection. This is obtained through the functionalization of the surface with metal nanoparticles, that generate a strong localized surface plasmon resonance when irradiated at a suitable wavelength, greatly increasing the sensitivity of the devices. Nevertheless, the production of substrates with high sensitivity and reproducibility that avoid high costs, are flexible to adapt to samples with irregular surfaces, and are possibly regenerable and reusable, still remains a challenge. Due to its unique mechanical characteristics, its biodegradability and its low SERS response, cellulose in its various forms represents an ideal substrate for developing SERS sensors with the characteristics mentioned above. This review summarizes 21 studies from 2020 to 2025, that describe cellulose based SERS sensors with remarkable high enhancement factor up to 1011. We focused on the functionalization with both metal and non-metal nanostructures, including metal oxides and innovative materials as metal-organic frameworks. This work aims to emphasize how, through the appropriate pre-treatment of the substrate material, it is possible to obtain a better and more homogeneous plasmonic surface, with metal nanoparticles, to improve the sensitivity and the performance of the device.
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1 INTRODUCTION
Raman spectroscopy originates from the inelastic scattering of a photon by a molecule, in which the frequency change corresponds to the difference between the vibrational and rotational frequencies of the scattering molecule (the Raman effect). The frequency changes (shifts), are not dependent on the wavelength of the incident light, and are typical and unique for each scattering molecule. This analytical technique was developed in the first decades of 1900, starting from the pioneering work of Adolf Smekal (Smekal, 1923), that predicted that when a light of a certain wavelength irradiates matter, it is partially scattered with a wavelength which is different from the one of the incident beam. In 1928, almost contemporary, two working groups, specifically Raman and Krishnan, and Landsberg and Mandelstam, independently performed the first experiments on liquids and crystalline systems respectively. Their results demonstrated that the secondary radiation scattered by atoms corresponds to “the fluctuation from their normal state” induced by their interaction with light (Landsberg and Mandelstam, 1928; Raman and Krishnan, 1928). After almost a century, thanks to major technological improvements that allowed to develop portable devices, Raman spectroscopy is widely used for scientific studies, as well as for daily applications, such as the detection of food contaminants or dangerous substances like explosives or illegal drugs (Farquharson et al., 2019; Sun et al., 2020; Jiang et al., 2021).
Potentially, Raman spectroscopy allows both qualitative and quantitative studies on inorganic and organic systems. Unfortunately, it suffers from two important limitations. First, the sensitivity is very low, because approximately 1 every 106 photons is scattered inelastically. Second, fluorescence emission, which depends both on the incident radiation wavelength and on the chemical nature of the sample, is more intense than Raman scattering and can eventually completely hide the signal. The sensitivity of standard Raman scattering is in a concentration range between 1% and 10%, thus limiting its usage for low concentration samples.
Compared to traditional Raman technique, SERS takes advantage of the ability of some substrates to increase the sensitivity as well as to reduce the interference due to fluorescence.
Already in the ‘70s, it was demonstrated that adsorbing the sensitive analyte Pyridine to a rough metallic surface, it was possible to induce fluorescence quenching (Fleischmann et al., 1974; Albrecht and Creighton, 1977; Jeanmaire and Duyne, 1977) and to intensify the Raman scattering signal up to 1011. This value was questioned for single molecule SERS (SM-SERS) in the early 2000, reducing the enhancement factor (EF) in standard conditions of about 1 order of magnitude (Le Ru et al., 2007), but still high compared to traditional Raman Technique. In fact, when an electromagnetic wave interacts with a rough nanometallic surface, the magnetic field generated in its vicinity can be enhanced, due to the excitation of Localized Surface Plasmons Resonance (LSPR). As a result of the enhanced electric field originating from the LSPR of the metallic nanostructures, the incident laser radiation is intensified, as well as the one scattered by the analyte on the surface (Stiles et al., 2008). SERS is a suitable technique to detect single molecules as demonstrated in the late 90s (Kneipp et al., 1997; Nie and Emory, 1997). Single molecule SERS was successively extensively developed (Qiu et al., 2022), and applied to the design of molecular sensor for applications e.g., in molecular diagnostics (Almehmadi et al., 2019).
High performance SERS substrates consist of a rough nanometallic surface of noble metals like silver, gold, copper or platinum, deposited on a support, typically glass. (Vo-Dinh, 1995). Noble metal nanostructures attached to the support create sensitive regions called “hot spots” which enhance the electromagnetic field locally on the surface, increasing the device detection efficiency. Controlling the interspace between metal nanostructures (“nanogaps”) (Akil-Jradi et al., 2012) and the uniform distribution of hot spots is important to guarantee the SERS efficiency, thus the performance of the produced devices. Considering the greater sensitivity of SERS if compared to traditional Raman spectroscopy, a big effort was posed in the study of new, performing substrates. An ideal SERS substrate should be economical, easy to produce, and eventually show no signal when excited by the laser light. In this respect, cellulose is an interesting candidate. Reactive surfaces obtained coupling cellulose films with plasmonic nanoparticles would allow to obtain flexible devices with a significative enhancement of the scattering signal (Wang et al., 2020) as schematically shown in Figure 1.
[image: Illustration of a cellulose surface functionalization process. After cellulose pre-treatment, a laser targets a sample on a substrate functionalized with metal nanoparticles, where nanogaps and hotspots are evidenced. An inset shows a Raman spectrum with intensity variations for 5, 10, and 50 ppm.]FIGURE 1 | Scheme of cellulose based SERS devices preparation. The nanoparticles (NPs) interspace (nanogaps) and the hot spots are indicated.Cellulose is constituted by building blocks of nanocellulose, that can be categorized as nanofibres, crystals, or bacterial cellulose, according to the production source and morphology (Trache et al., 2020; Prilepskii et al., 2023). Nanocellulose is available from a variety of sources, mainly plant material (Phanthong et al., 2018), but also from recycling of previously used paper and agriculture waste (Ogundare and van Zyl, 2019). It is a cheap material, abundant and easy to manipulate. It can be used to produce films to be decorated with functional groups or nanostructures, and employed for the production of sensors, including flexible substrates for SERS (Soriano and Dueñas-Mas, 2018), which can be shaped around substrates of various configurations. This characteristic is particularly beneficial for field applications, for example, for the detection of food contaminants (Zhang et al., 2021; Martins et al., 2023).
Recently, some comprehensive reviews concerning the design and applications of cellulose-based substrates for SERS were published (Ogundare and van Zyl, 2019; Hu B. et al., 2021; Eskandari et al., 2022; Lin et al., 2023). Nevertheless, the increasing interest in the field for both scientific research and foreseen real-life applications, highlights the importance -of sensitive and reliable platforms for SERS analysis. Thus, we believe there is the need to summarize the latest results obtained on their production. In the following sections, we will outline the most recent achievements (2020–2025) in the fabrication and performance of cellulose-based SERS devices, focusing on different strategies for an efficient cellulose functionalization with metallic nanostructures. Most of the reported research focus on deposition of metal nanoparticles. Some hints will be also given on the use of non metallic nanostructures such as metal-organic frameworks (MOFs) and metal oxides.
2 SERS ELECTROMAGNETIC ENHANCEMENT AND CHEMICAL ENHANCEMENT
SERS exploits the particular properties of plasmonic nanoparticles to obtain an amplification of Raman signals by several orders of magnitude if compared to classical Raman spectroscopy. This signal enhancement effect is determined by two mechanisms, namely, electromagnetic and chemical enhancement. When plasmonic nanoparticles interact with an electromagnetic field, a dipolar oscillation is generated, namely, the localized surface plasmon (LSPs); the localized surface plasmon resonance (LSPR) therefore corresponds to the resonance at which the LSP arises. LSPR creates intense localized electromagnetic fields, known as “hot spots,” near the surface, that increase the Raman signal. The chemical enhancement relies on the chemical interaction between the metal NPs and the analyte molecules, their interaction with the incident light wavelength, and on charge transfer between the adsorbed molecule and the metal NPs (Jensen et al., 2008; Langer et al., 2020).
A common method to evaluate the performance of a SERS sensor is the Enhancement Factor (EF), There is a variety of possible definition of the EF of a SERS, raising from the diversity of conditions like the detection of single or multiple molecules, the spatial distribution, the time average. For example, EF for single molecule corresponds to the intensity of the SERS signal of a molecule divided by the Raman signal obtained from the same molecule without the metallic substrate. Once the definition is selected, attention must be paid to the accuracy of the experimental procedure because this value depends on several factors. They include the type of substrate, e.g., colloidal NPs suspension or immobilized nanostructures (Rodrigues et al., 2015), the dimension of hot-spots, the number of analyte molecules in the probed areas, the analyte affinity for the substrate, the laser power, the efficiency of the detector (Etchegoin and Le Ru, 2008; Bell et al., 2020; Le Ru and Auguié, 2024). The calculation approach and the experimental procedure chosen to evaluate the EF may lead to huge changes in its values (Le Ru et al., 2007), and to inter-laboratory variations up to 40% (Bell et al., 2020). This underlines the need of a standardization of both the EF measurement procedure and the use of known substances like Rhodamine 6G as calibrants.
3 CELLULOSE AS SERS SUBSTRATE
Cellulose consists of alternating crystalline (nanocellulose crystals) and amorphous regions, which give the flexibility and mechanical resistance to the material. These mechanical properties are advantageous because the sensors can be wrapped around objects if needed.
All the several forms of cellulose show remarkable characteristics of sustainability and non-toxicity (Gabrielli and Frasconi, 2022). Cellulose as SERS substrate has some advantages: it shows low Raman signal thus it produces negligible interferences during SERS measurements (Ogundare and van Zyl, 2019). The surface of nanocellulose is rich in hydroxyl groups, that may act as reducing and stabilizing agents to induce the condensation of metallic NPs (Kaushik and Moores, 2016) favoring functionalization. Moreover, paper can efficiently trap liquids, increasing the concentration of the analyte, leading to SERS signal enhancement.
Cellulose-based substrates for SERS devices can be fabricated from several sources, including chromatography paper, standard paper sheets, filter paper, ultrathin nanocellulose films deposited on solid surfaces (Lee et al., 2011; Carapeto et al., 2015; Kontturi and Spirk, 2019; Jones et al., 2020), or from the deposition and subsequent acid hydrolysis of the organic soluble precursor trimethylsilyl cellulose (TMSC) (Cooper et al., 1981).
Cellulose nano- and microfibres are produced by mechanical or chemical treatment, or are synthesized by some types of bacteria (bacterial nanocellulose). These fibres can be used to build three dimensional networks for the production of SERS sensors with very high sensitivity. Metal nanoparticles can be deposited around the entire fibres, which results in a homogeneous distribution of hot spots. This is particularly beneficial for complex applications such as the production of microfluidic chips, because functionalized microfilaments can be inserted in the device allowing the molecules of the analyte to access a larger plasmonic area compared to conventional deposition, where the plasmonic surface is limited to the sides of the microfluidic channel (Yao et al., 2024).
A few drawbacks must however be addressed. For example, some forms of cellulose supports, such as Cellulose nanocrystal (CNC) aerogels, lack flexibility due to the rigidity of the crystalline region (Zhou et al., 2019). Cellulose roughness might affect the distribution of metal NPs, leading to non uniform and therefore non reproducible SERS signal over the surface (Giuffrida et al., 2025). Moreover, SERS sensors made of cellulose cannot be easily recycled or reused several times because the support might degrade during wet regeneration treatments.
4 FUNCTIONALIZATION WITH METAL NANOSTRUCTURES
In order to be used as SERS substrate, cellulose must be functionalized with plasmonic nanostructures. The most commonly used materials used for this purpose, are noble metals, in particular silver and gold. Although Ag and Au have approximately the same crystal structure, the choice of the metal to use for SERS relies on the respective properties, both in terms of plasmonic efficiency and on toxicity if biomedical applications are foreseen. Silver is less expensive, and more efficient in terms of plasmonic resonance properties for SERS, in fact Ag NPs exhibit stronger localized plasmonic resonance, leading to higher EF. On the other hand, they have lower chemical stability and are less biocompatible than gold. Moreover, the stronger Raman signal enhancement induced by Ag NPs is observed in a wavelenght range below IR and near-IR, which are preferable for most biomedical applications. Thus, Au nanoparticles (NPs) would be a better choice as gold does not interfere with biological molecules properties. Hybrid Ag/Au core shell nanoparticles couple the advantages of both metals and allow to tune the plasmonic properties of the surface changing the thickness of the Ag shell with respect to the Au core. (Chaffin et al., 2016; Sha et al., 2021; Park M. et al., 2025; Sirgedaite et al., 2025).
The homogeneity of the plasmonic layer is crucial for the efficiency of SERS sensors: the deposition method plays an important role, as it was demonstrated that interparticle distance increase reduces the SERS enhancement factor. Top-down methods such as electron beam lithography or ion beam etching allow to fabricate metal nanostructures with controlled interparticle spacing. Unfortunately, these techniques are expensive, time consuming, and their resolution is limited to approximately 10 nm, (Liu et al., 2017), while smaller nanogaps between 5 and 1 nm increase the enhancement factor by 103 (Xu et al., 2000).
In-situ self-assembly of metal NPs is in general obtained via mild chemical conditions, is cheaper, and more efficient than direct attachment of pre-synthesized nanoparticles to the surface. While pre-synthesized NPs can be tailored for specific functionalities, their chemical affinity with the substrate might be critical. In-situ self-assembly of metallic NPs allows a better control over the interaction between the NPs and the substrate. Moreover, it enables to grow superstructures with low interparticle distances, and to obtain a relatively homogeneous distribution of closely located hot spots that leads to increased SERS enhancement. Nonetheless it requires careful tuning of the synthesis parameters, to avoid aggregation and optimize homogeneity. (Navvabpour et al., 2024).
In the following, different functionalization approaches will be described.
4.1 Addition of already synthesized nanostructures
Attaching a positively charged compound to a cellulose substrate is a simple way to favour the deposition of negatively charged Ag NPs to the surface, to which they bind via electrostatic interaction. A SERS device produced first grafting Glycidyl-trimethylammonium chloride (GTAC) to recycled cellulose textile fibre, and then functionalizing with citrate coated Ag NPs, was recently developed for the detection of low concentrations of BPA, a contaminant present in water that can be toxic to the endocrine system. The obtained device showed excellent mechanical resistance and flexibility. It also showed a very high sensitivity, with a detection limit as low as 0.01 ppm (Liu et al., 2020). Recently, cellulose-Ag nanocomposites SERS substrates were prepared mixing proper amounts of cellulose nanofibres with citrate capped Ag NPs: the obtained nanocomposite was deposited on a gold slide and dried at 45°C to obtain a substrate that allowed to effectively detect residues of the pesticide flusilazole in Oolong tea leaves extract (Chen et al., 2020). The homogeneous distribution of Ag NPs on the cellulose nanofibres substrate was evaluated treating the sensor with a 10 mg L-1 flusilazole solution, detecting its signal in several spots randomly located on the surface: the standard deviation of the intensity of one of the characteristic flusilazole peak (at 828 cm-1) from spot to spot on the surface was calculated to be around 3.5%. When methanol-water flusilazole solutions at different concentrations were tested, an increase in the bands intensity correlated to the analyte concentration could be observed, thus confirming the reliability of the substrate for the detection of the pesticide. The measurement of an extract from Oolong tea leaves containing increasing amounts of flusilazole, from 0 to 10 mg/kg of leaves, resulted in increasing intensity of three peaks attributed to the contaminant, demonstrating the possibility to employ this SERS substrate for quantitative detection.
The insecticide λ-cyhalothrin, a pyrethroid largely used in agriculture, poses severe risks to the health of humans and animals if used in excess or for extensive time. SERS devices based on bacterial nanocellulose and Ag NPs were successfully used to detect λ-cyhalothrin in very low concentration (Zhang et al., 2022). Transparent films of bacterial nanocellulose obtained by filtration of aqueous nanocellulose solution were decorated with layers of Ag nanoparticles with different thickness by magnetron sputtering technology. After assessing the homogenous distribution of Ag NPs on the cellulose surface via SEM EDS, the SERS devices were successfully tested for sensitivity and stability over time with Crystal Violet, and afterwards, used to detect λ-cyhalothrin in decreasing concentrations. The detection limit was assessed to be lower than 10–7 mol L-1, at which the characteristic signal at 1,394 nm-1 was still visible. Magnetron sputtering technology is a rapid, low cost technology, thus this method for the fabrication of high sensitivity SERS substrates is promising for large scale production.
SERS devices designed to detect environmental pollutants such as plastic nanoparticles in water, overcome the disadvantageous strong water absorption observed in FT-IR. Recently, regenerated cellulose hydrogel obtained from ashless cellulose pulp was functionalized with Ag nanowires and Au nanorods and subsequently dried to a thin film, to obtain a SERS device for the detection of polystyrene nanoplastics (Jeon et al., 2021). A comparison of the SERS intensity at 1,117 cm-1 of 10 μmol L-1 Crystal Violet in regenerated cellulose films obtained respectively incorporating the two metals nanoparticles, showed that the Ag-functionalized device was 6 times more efficient than the Au-functionalized one. Both functionalizations were used to test the efficiency of the sensors for the detection of nanoplastic in solution. Commercial polystyrene (PS) nanoparticles of different diameters were detected to a minimum concentration of 0.1 mg mL-1 on Ag functionalized devices, while Au functionalized SERS allowed to detect PS nanoparticles with a minimum concentration of 0.5 mg mL-1.
The SERS EF (LeRu et al., 2007) was calculated as one order of magnitude higher for Ag-functionalized sensors. These results confirm the larger plasmonic effect of silver. Moreover they reflect the possibility that Ag nanowires network induce the formation of a bigger number of hot spots on the substrate, with respect to gold nanorods (Starowicz et al., 2018).
Aiming to produce a SERS sensor for field applications where a high confidence level in detection is desirable, citrate coated colloidal Au NPs were deposited both by drop casting or inkjet printing on filter paper. The dimension of the synthesized NPs was of approximately 80 nm: these large particles were chosen to improve the LSPR of the sensors. The deposition method proved to be important with respect to the distribution of the hot spots on the surface: the printed devices were much more homogeneous compared to drop casting, although several printing cycles were necessary to obtain a suitable metal thickness. Inkjet printed devices were used to test low concentration solution of pyridine and benzenethiol, obtaining a detection limit of 0.75 μmol L-1 for pyridine, and 0.1 nmol L-1 for benzenethiol. The sensors were also tested against benzenethiol in aerosol, but due to the lower amount of sample captured by the paper substrate, and the low time of exposure, a quantitative detection of contaminant was not feasible. (Tay et al., 2020).
In a recent experiment, Au functionalization was used to produce SERS devices for contemporary detection of multiple chemicals such as food contaminants or environmental pollutants (Kim et al., 2021a). Au nanorods (Au NRs) were embedded in a cellulose hydrogel by mixing commercial cellulose pulp, LiOH and urea. The mixture was poured in a silicon mould, to obtain a 1 mm layer that was subsequently coagulated and regenerated into a cellulose hydrogel. A silicon rubber dotted mask attached to the cellulose hydrogel substrate was used as a template for the deposition of a suitable amount of Au NRs, to create an array of separated functionalized spots on the surface. 3 μL of different chemicals including pesticides and model compounds were deposited in various concentrations on each SERS dot, and subsequent Raman experiments demonstrated the detection of several peaks characteristic for each analyte.
Paper substrates were recently functionalized with silver nanowires, in order to obtain a conductive surface for subsequent electrodeposition of mesoporous gold film of controllable thickness. Cellulose powder was initially oxidized with (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) and converted into nanofibrils via high pressure homogenization. The dispersion of TEMPO-nanocellulose fibrils was then deposited on a filter membrane, a suspension of Ag nanowires was added on top and attached to the TEMPO-nanocellulose membrane via vacuum filtration. The resulting silver layer acted as electrode in the subsequent gold electrodeposition. After filtration, the membrane was dried, the functionalized nanocellulose was peeled off from the filter membrane, and used as a substrate for electrochemical deposition of a gold nanolayer, as shown in Figure 2 (Kim et al., 2021b). The obtained device showed a high density of electromagnetic hot spots, that exploited a dramatic increase of SERS signal when it was tested with Rhodamine 6G. SERS signals from samples in gas-phase delivered to the surface by a nitrogen stream were also evaluated, demonstrating the effective absorption of the analyte in the mesoporous metal framework produced by electrodeposition. The gas phase samples showed significative differences with the exposure time, and eventually led to sensor saturation.
[image: Diagram illustrating a functionalization process. (A) Shows vacuum-assisted filtration deposition of TEMPO-CNF and AgNWs dispersions creating a flexible nanopaper electrode. (B) Displays an electrochemical deposition system to grow mesoporous gold on the nanopaper electrode (C) Demonstrates the final SERS substrate of mAu@AgNW@TEMPO-CNF nanopaper with detailed rich hotspots.]FIGURE 2 | Preparation of a cellulose substrate functionalized with Ag nanowires (Ag NW) to be used as an electrode for the electrodeposition of mesoporous gold. (A) Scheme showing the preparation of Ag NW functionalized (shown in the inset) cellulose nanofibre substrate. (B) Electrochemical deposition of a gold mesoporous nanolayer on the functionalized surface. (C) Final SERS sensor. Reproduced with permission from (Kim et al., 2021b).4.2 Self-assembly of NPs on cellulose substrates
Metal NPs can be grown directly on the cellulose substrate, to obtain a better distribution of the metal layer on the paper surface, that results in a more homogeneous responsivity of the sensor. The Successive Ionic Layer Adsorption and Reaction method (SILAR) (Nicolau, 1985) is a deposition technique that can be used to produce layers of metallic nanostructures with controlled structure and properties on paper surface. Both the reactant composition and the deposition protocol must be carefully optimized, because aggregation might occur if i) the concentration of the precursors is too high, and ii) the deposition process is not controlled. If the rinsing step between each respective layer deposition is missing, fast but uncontrollable growth is obtained. Moreover, if the ionic layer deposition is done via dip coating, the first precursor could be released in the following solution, provoking precipitation, thus a change in the stoichiometry of the reaction and as a consequence, in the quality of the deposited film (Ratnayake et al., 2021).
SILAR was used to grow Ag NPs on ultra smooth (2,2,6,6-tetramethylpiperidin-1-yl)oxyl-oxidized Nano Fibrillated Cellulose (NFC) nanocellulose paper substrate (TO-nanopaper). The substrate was submerged in a carefully optimized concentrated solution of AgNO3, and subsequently in the reductant solution of NaBH4. Successive SILAR cycles induced the formation of a dense metal layer composed of Ag NPs with an average size of 60 nm, and of bigger clusters. A multi well plate device with the TO-nanopaper Ag NPs base was fabricated. Two model chemicals, Rhodamine B and 2-naphthalenethiol, were used to test the SERS activity, displaying a concentration limit sensitivity of 1 pmol L-1, and an SERS enhancement factor (EF) of approximately 1.5 × 109 (Chen et al., 2019). A scheme of the fabrication procedure is shown in Figure 3.
[image: Diagram illustrating the synthesis and application of silver nanoparticles (AgNPs) on TO-Nanopaper. (A) Shows the SILAR NPs deposition process involving soaking in AgNO3 and NaBH4 with cycles of rinsing. (B) Displays images: (i) bare TO-Nanopaper, (ii) TO-Nanopaper with AgNPs, and (iii) a schematic showing AgNPs layer on TO-Nanopaper as surface-enhanced Raman spectroscopy (SERS) device.]FIGURE 3 | In-situ synthesis of Ag NPs on NFC paper. (A) Scheme of the SILAR deposition of Ag NPs by successive reduction of AgNO3. (B) pictures of the multiwell plate device before (i) and after (ii) one cycle of Ag NPs deposition. (iii) cartoon of the SERS device. Reproduced with permission from (Chen et al., 2019).Functionalized cellulose fibre substrates modified with silver nanostructures of various morphologies have been utilized for label-free SERS detection of specific compounds, further emphasizing the versatility of cellulose-based substrates in molecular detection.
The large specific surface area of sulfonated cellulose nanofibres promotes the binding of a large number of metal NPs and the formation of a homogeneous reactive surface. In a recent experiment, Ag ions were attached on the hydroxyl and sulfonic acid residues present on sulfonated cellulose nanofibres, to produce a SERS sensor to detect a single molecule of NADH - a biomarker for cellular metabolism - in serum. AgNO3 was mixed at high temperature with sulfonated cellulose nanofibres and the mixture was subsequently reduced adding Na-citrate. The deposited Ag seeds were stable and tightly bound to the cellulose substrate. The resulting SERS sensor showed a more homogeneous surface and an increased sensitivity, as demonstrated by test detection of Rhodamine 6G. The cellulose-Ag substrate was then used to produce an innovative “on-off” system for selective identification of NADH, triggering the redox reaction that converts 4-mercaptophenol (4-MP) to 4-mercaptocyclohexane-2,5-dienone (4-MC): binding 4-MP to the Ag-absorbed surface, and subsequently oxidizing it to 4-MC via Fe3+ addition, a SERS inactive (“off”) sensor was produced: since NADH can reduce 4-MC back to 4-MP, once applied to the surface it was acting as a reducing agent, producing a SERS signal (“on”) (Wang W. et al., 2023).
Recently, raspberry-like Ag nanostructures were grown on a hybrid surface obtained coupling cellulose fibres (CF) with silver nanostructures in a silver mirror reaction. The resulting layered surface showed an enhanced roughness and denser distribution of silver nanostructures, that provided a better SERS performance both in an estimation test on the standard Raman probe 4-mercaptobenzoic acid, and on the detection of malathion, a commonly used organophosphate insecticide (Serebrennikova et al., 2023).
Highly sensitive SERS sensors for the detection of the fungicide Carbendazim on irregular surfaces were recently produced soaking bacterial nanocellulose fibres in a silver ammonia solution that was subsequently reduced to obtain Ag NPs (Zhang et al., 2024). The three dimensional distribution of Ag NPs around the cellulose fibres creates a superstructure with an elevated number of metal hot spots, that allows the sensor to detect very low concentration of the target molecules as well as a remarkable high EF, in the order of 1010. A similar three dimensional functionalization approach was used to develop a microfluidic device able to overcome the low sensitivity of SERS in solution (Yao et al., 2024). Single microcellulose filaments were treated with AgNO3 and then silver was reduced with sodium borohydride, to obtain plasmonic cellulose microfilaments homogeneously coated with silver NPs. The functionalized filaments were embedded in a PDMS microfluidic channel and tested under continuous flow, to detect traces of Methylene Blue, Rhodamine 6G, Nile Blue and urea in solution.
SERS devices that can be used for quantitative analysis of chemicals in traces, are suitable for applications also in the medical field. A recent experiment demonstrated that a low cost SERS device based on cellulose decorated with Ag NPs could be used to detect the antiviral drug acyclovir, with a concentration detection limit of 1 pmol L-1. (Eskandari et al., 2023). Acyclovir is an antiviral drug which might have toxic effects, thus its concentration needs to be carefully controlled when administered to patients. To functionalize the structure, AgNO3 solution was treated with ammonia in controlled pH conditions until silver oxide precipitation and subsequent dissolution occurred. The addition of a reducing agent induced the condensation of Ag NPs and its homogeneous deposition on filter paper stripes soaked in the solution. Droplets of acyclovir solutions in a concentration range between 100 mmol L-1 to 1 pmol L-1 were deposited on the prepared devices, and the Raman spectra were collected. At all concentrations, distinct Raman peaks at 981 cm−1, 1,223 cm−1 and 1,409 cm−1 were evident, corresponding to the molecular vibration of acyclovir.
One-pot reactions are highly desirable to obtain flexible functionalized substrates in a fast, economical way. For example, cellulose substrates doped with Au NPs could be produced mixing cellulose pulp dissolved in alkaline NaOH solution, in presence of urea and HAuCl4−: the resulting solution was drop casted on a suitable support, regenerated to obtain a cellulose-Au doped nanocomposite film by soaking in ethylene glycol, and finally air-dried at RT. The obtained substrate proved to be effective for SERS detection of both Rhodamine 6G and Melamine, a food additive that poses severe issues to health when in excess (Figure 4). The homogeneity of Au NPs distribution on the surface was tested detecting the 617 nm-1 peak of Rhodamine 6G in several different spots, with a relative standard deviation of approximately 5.4%. The specificity of the substrate was evaluated detecting the presence of Melamine in milk. During the test, a distinct peak at 695 nm-1, attributed to the change in polarity of the molecule, was visible at concentration of 1 mg/kg (Hu X. et al., 2021).
[image: Diagram titled “(A)” and graph titled “(B)”. (A) shows a process of creating a cellulose-gold composite film: pulp is dissolved in an alkaline solvent, AuCl4- is reduced in-situ, and the cellulose with nanoparticles film casted. (B) displays a Raman spectroscopy graph showing melamine peak intensities in milk, at concentrations from 1.0 mg/kg to 100.0 mg/kg. Pure milk, used for reference, does not show any signal.]FIGURE 4 | (A) Three-step procedure to produce the nanocomposite: (I) Dissolving cellulose pulp in a NaOH/urea/H2O system; (II) in-situ reduction of AuCl4− in the dissolved cellulose solution; (III) film casting and regeneration. (B) SERS spectra of melamine in milk using the Au/RCF-4 substrate. Reproduced with permission from (Hu X. et al., 2021)4.3 Cellulose pre-treatment to promote metal NPs functionalization
Chemical modification of cellulose is an efficient way to improve the immobilization of metal NPs. Moreover, it improves not only their sensitivity, but also the mechanical resistance (Restaino and White, 2019). Different treatment protocols are reported in the following.
4.3.1 Chitosan
In order to improve the hot spot distribution due to the homogeneous deposition of metal nanostructures on the surface, a mixture of Chitosan (CH) and silver nanoparticles was deposited on stripes of standard chromatography paper in several multi step dipping cycles. In solution, chitosan is electrostatically attracted by cellulose. CH-treated paper stripes were then immersed in a basic solution, as at high pH chitosan becomes insoluble. A subsequent treatment with AgNO4 and a NaBH4 reductant solution containing a capping agent induced the formation of an Ag NPs network on the paper surface. Control (blank) substrates containing reduced silver nanoparticles but without chitosan were produced and tested in parallel, by submerging the SERS substrates in a 0.1 mmol L-1 ethanolic solution of 4-aminothiophenol (4-ATP). The test results indicated a high sensitivity of the chitosan-treated device. From the Raman spectra collected from chitosan doped paper in comparison with untreated cellulose paper substrate, no notable interference from chitosan was detected. Besides this, the optical micrograph analysis demonstrated the effect of chitosan in preventing the Ag nanoparticles aggregation. Moreover, the tensile strength of the CH-treated paper stripes was comparable to the one of native paper, in contrast with the stripes prepared without chitosan that were significantly less resistant. This behaviour is attributed to the effect of chitosan, that prevents the hydrolysis of cellulose fibres induced by AgNO3, and by the subsequent treatment with the reductant solution (Kang et al., 2022).
Chitosan and its quaternary ammonium derivative N,N,N-trimethyl chitosan (TMC) were also used to prepare SERS substrates successively functionalized with Ag NPs (Martins et al., 2023). TMC is positively charged, has a higher number of cationic groups and remains soluble at high pH, thus it can favor the binding of negatively charged citrate coated metal nanoparticles. In the described experiment, an ink incorporating Ag NPs was used to print on both CH- and TMC-loaded paper, to obtain a SERS substrate that was subsequently tested with decreasing concentrations of Crystal Violet. Both the substrates demonstrated great homogeneity of hot spots distribution, as well as high sensitivity, although CH-paper was more efficient, being able to detect the analyte to a concentration as low as 0.1 μmol L-1. The authors speculate that TMC favours the formation of larger Ag-NPs clusters, that according to previously reported results, may worsen the SERS sensitivity.
Chitosan can further be used as reducing agent to incorporate Au NPs on paper substrates, to induce the direct growth of NPs. Applying a solution of chloroauric acid and low concentration chitosan to the surface of filter paper and incubating the substrates at high temperature in controlled humidity conditions, allowed to obtain a fast in situ reduction of gold nanoparticles on the surface. The resulting SERS devices showed enhanced response to Rhodamine 6G. Moreover, the thermal treatment speeds up the reduction of chloroauric acid, consequently the time necessary for their synthesis (Srivastava et al., 2023).
4.3.2 Silane and heterocycles
A non-invasive, in situ time monitoring of the healing process cascade is beneficial for the management of patients that suffer of chronic wounds: a cellulose-based SERS biosensor to detect several molecules involved in wound healing process was recently proposed. Pre-treatment with APTES was employed to optimize the deposition via sputtering of thin Ag NPs layers on cellulose membrane filters (Perumal et al., 2021). The SERS performance was first evaluated in an efficiency test measuring the characteristic band of 2-naphthalenethiol (1,066 nm-1). As expected, devices with higher Ag layer thickness produced increasing SERS signal upon irradiation. Interestingly, if the metal layer thickness exceeded 60 nm, the signal intensity dropped. This was attributed to a loss of the spatial distancing between the nanoparticles that aggregate at the surface, reducing the SERS signal (Perumal et al., 2014). The optimized sensor was then functionalized with a number of proteins including recombinant antibodies against specific biomarkers, aiming to monitor the tissue repair process in those patients where it is impaired, e.g., due to clinical conditions like diabetes. Simulated biological fluid containing proteins and other species derived from plasma, which are naturally involved in wound tissue repair, was then applied to the SERS device to test its efficiency. The sensor produced highly accurate results at low analytes concentration for all the molecules involved in the reported study.
Recently, Au NPs coated with citrate were successfully immobilized on chromatography paper grafted with imidazole, dithiol (ane), or silanized with APTES. As demonstrated by extinction spectra and SEM analysis of the Au NPs functionalized surface, imidazole groups are less effective in promoting Au NPs binding than dithiol groups. Moreover, the latter are more efficient when attached to cellulose previously functionalized with APTES, producing a surface with more NPs per unit area. Cellulose paper substrates functionalized with Au NPs coated with citrate, DHLA or GSH, could be immobilized on the treated paper surface, and tested for SERS signal after soaking in solution of 1,2-di (4-pyridyl)ethylene. The enhancement factor was evaluated after either spotting or soaking the sample in the solution, and was similar for both methods (Kim et al., 2020).
4.3.3 Carboxymethylation
Bacterial cellulose surface can be chemically modified to obtain an enrichment of hydroxyl and carboxyl groups, that promote the formation of metallic hotspots. Recently, a commercial bacterial cellulose membrane treated with sodium chloroacetate and NaOH was used to produce SERS sensors to monitor the metabolites in human urine. To attach Ag NPs to the surface, the carboxymethylated bacterial cellulose was immersed in a solution of AgNO3. The negatively charged groups on the surface attract the Ag ions, that were subsequently reduced by ascorbic acid, creating a stable layer of Ag NPs. A Limit of Detection (LoD), namely, the lowest concentration of analyte that can be reliably detected, in the order of μmol L-1 was measured for urea and uric acid in human urine samples, demonstrating the sensibility of the sensor to detect metabolites in solution (Yang et al., 2024).
5 FUNCTIONALIZATION WITH NON METAL NANOSTRUCTURES
Besides noble metals, other compounds were successfully used for the fabrication of SERS sensors. In the following section, some examples of the functionalization of cellulose-based substrates with metal oxides and metal-organic frameworks will be described.
5.1 Metal oxides
Differently from noble metals, where the increasing SERS intensity relies prevalently on the electromagnetic mechanism, metal oxides nanostructures induce strong signal enhancement mainly via chemical mechanism based on charge transfer between the sensor surface and the probe. Moreover, they display better chemical stability, biocompatibility, and are less prone to laser-induced aggregation than metal NPs. This allows to reach detection limits and EF which are consistent with those generated by noble metals hot spots. However, SERS substrates based on metal oxides are often less homogenous, reducing the overall sensor performance by some orders of magnitude with respect to Ag or Au nanostructures. The chemical composition and the oxidation state of the metal, may as well affect the SERS performance. (Chen et al., 2023; Wang Z. et al., 2023; Jin et al., 2024).
Two dimensional Molybdenum oxide (MoO3-x) nanosheets were recently used to fabricate a highly sensitive device. A MoO3-x nanosheets ink was synthesized and used in a traditional inkjet printer, to obtain a SERS array on a paper substrate previously made hydrophobic by surface treatment. The device was tested with decreasing concentration of Rhodamine 6G solution, and featured a detection limit of 10–7 mol L-1, while the EF was calculated as approximately 3.3 × 105. Interestingly, the MoO3-x nanosheets ink SERS array printed on several types of paper, from the cheap one to more expensive cellulose filter or chromatography paper, maintained the same efficiency, demonstrating that low cost supports can be successfully used for the production of these devices (Lan et al., 2020).
5.2 Metal-organic frameworks
MOFs are highly porous hybrid materials, consisting of ionic or metallic clusters connected by organic linkers, that create a 3D structure. They exhibit excellent catalytic activity and due to the tunability of porosity are suitable compounds for the immobilization of small molecules. In SERS devices, they can be coupled with metal NPs to improve their stability and prevent NPs aggregation. MOFs are promising for the production of SERS sensors for the detection of gaseous compounds. Gas molecules trapped into the MOFs pores increase their concentration for better detection (Allegretto and Dostalek, 2024). MOFs functionalized sensors may reach a gas detection efficiency, in terms of low detection limit and EF, which is comparable with that obtained from liquid probes Their drawback is, that some common MOFs are highly sensitive to humidity, that induces an irreversible collapse of the structure reducing porosity and permeation properties (Li et al., 2022). This might preclude some field applications.
MOFs were successfully integrated in cellulose-MOFs nanocomposites, to obtain hybrid materials containing electrochemically active molecules that can be used for chemical sensing, or functionalized with proteins for biosensing. Details on the several strategies to produce cellulose-MOFs composites and on the production of MOF functionalized paper-based sensors are reported in two recent reviews (Tu et al., 2022; Huang et al., 2024).
MOFs functionalized SERS sensors are potentially effective for the detection of volatile compounds, e.g., those arising from early food decay, due to the capability of MOFs to trap small gaseous molecules. In example, Zeolitic Imidazolate Frameworks (ZIF) were successfully combined with gold NPs impregnated cellulose to obtain highly sensitive SERS devices for gas detection (Kim H. et al., 2021). Standard filter paper was treated with HAuCl4 ethanolic solution, dried and subsequently the gold reduction was obtained via plasma treatment in Argon. The Au-impregnated paper was submerged in the ZIF-8 precursor solution containing Zn acetate and 2-methyl imidazole dissolved in methanol at a molar ratio of 1:40. The resulting device was functionalized with 4-mercaptobenzaldehyde, a specific receptor for volatile amines, and used for the selective detection of gaseous putrescine and cadaverine molecules derived from spoiled food. From the analysis of the ratio between the intensity of two characteristic bands, namely, 1,638 and 1,074 cm-1, versus the concentration of the respective analyte, the lower detection limit was estimated around 77 ppb for putrescine, and around 116 ppb for cadaverine. The estimated EF was in the order of 106.
Recently, SERS sensors based on necklace-like structures composed of highly hydrophilic cellulose nanocrystals coupled with ZIF-8, and subsequently functionalized with Ag NPs were produced, to test the presence of a pesticide in green tea leaves (Luo et al., 2025). The porosity of the MOFs nanostructures allowed to reach a sensitivity to concentration of the SERS standard 4-mercaptobenzoic acid and of the pesticide diquat dibromide in the order of 10–9 mol L-1. The calculated EF was around 6*104. Interestingly, since ZIF-8 is not degraded in presence of water, the sensor could be used to detect the target dissolved in aqueous solution. Reproducibility test ensured the consistency of SERS response from 20 different batches.
5.3 MXenes
MXenes are a class of two dimensional transition metals carbide and nitrides. They are hydrophilic, biocompatible compounds with large surface area and excellent electrical conductivity (Nashim and Parida, 2022). Coupled with plasmonic nanostructures, MXenes can be used to produce SERS sensors with high electromagnetic and chemical enhancement. Hybrid nanostructures composed of Ti3C2Tx nanosheets and Au NPs attached via vacuum filtration technique to TEMPO-oxidized nanocellulose (TC) in a hierarchical layer structure, were used to produce highly sensitive, flexible devices to detect the pesticide Thiram on fruit surface (Figure 5). Tested with Rhodamine 6G, these devices showed a LoD of 10–11 mol L-1 and an EF of 9.9*109. This performance is due to the amplified chemical enhancement induced by the electron exchange between Ti3C2Tx and the analyte (Park J. et al., 2025).
[image: Diagram illustrating the production of composite SERS sensor. Part (A) shows components:Ti₃C₂Tx and gold nanoparticles (Au NPs) are deposited on Tempo-NCF substrate, to produce the sensor with improved chemical and electromagnetic enhancement. Part (B) depicts a pear with this composite cellulose substrate is applied, followed by a Raman measurement. A graph on the right indicates intensity versus Raman shifts in reciprocal centimeters of a pesticide.]FIGURE 5 | (A) Scheme of the sandwich-like SERS sensor based on hybrid Ti3C2Tx nanosheets–Au NPs attached on flexible TEMPO-NCF support.(B) SERS sensor application to the curved surface for the detection of pesticide on fruits.Table 1 summarizes the functionalization treatments of cellulose substrates for SERS reported in this review. The respective calculated EF, and the Relative Standard Deviation (RSD) on characteristic peaks intensity measured on different spots on the surface are shown. It should be underlined, that the EF calculated in the reported experiments should be compared with care, because the methodology applied to calculate them was not always clarified. Where available, the calculation method was reported.
TABLE 1 | Summary of the experiments reported in the present review. I: intensity of the selected peak during the SERS measurement (ISERS) and in absence of SERS substrate (IRaman); C: concentration of the analyte used for SERS (CSERS) and Raman (CRaman) measurement; N: average number of analyte molecules in the scattering volume during SERS (NSERS) and Raman (Nbulk) detection.	Substrate	Cellulose pre- treatment	Metal functionalization	Deposition method	Test chemical	Limit of detection	EF	EF calculation method	Reference	RSD
	Cellulose textile fibres from recycled waste paper	Glycidyl-trimethylammonium chloride (GTAC)	Ag NPs	Dipping – self assembly	BPA (N=N stretching)	0.01 ppm	ND	ND	Liu et al. (2020)	5,8% on 5 spots
	Cellulose nanofibres paper	2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)	Ag nanowires + Au	Electrochemical deposition (Au layer)	Rhodamine 6G	100 fmol L-1	8.72 × 1011	ND	Kim et al. (2021b)	4.39% from 10 spots
	Sulfonated cellulose nanofibres	4-mercaptophenol, FeCl3	Ag NPs	In situ self assembly	NADH (on/off sensor)	10–6 mol L-1	1.23 × 107	(ISERS/IRaman) *
(CSERS/CRaman)	Wang et al. (2023a)	6.88% on 400 spots
	Cellulose nanofibres	—	Ag NPs	In situ self assembly	Flusilazole	0.1 mg L-1	106	ND	Chen et al. (2020)	3.5% on 10 spots
	Cellulose microfilaments	Carboxylated Chitosan	Ag NPs	In situ elf assembly	Methylene Blue	10–13 mol L-1	ND	ND	Yao et al. (2024)	7.4% on 9 spots
	Rhodamine 6G	10–12 mol L-1
	Cellulose nanofibres	2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)	Ti3C2Tx nanosheets + Au NPs	Vacuum filtration deposition	Rhodamine 6G	10–11 mol L-1	9.9*109	(ISERS/IRaman)/(CSERS/CRaman)	Park et al. (2025a)	4.16% on 30 spots
	Bacterial nanocellulose	—	Ag NPs	Magnetron sputtering	λ-cyhalothrin	7.8 × 10−8 mol L-1	1.58 × 108	(ISERS/Ibulk)/(NSERS/Nbulk)	Zhang et al. (2022)	4.76% on 20 spots
	Crystal Violet	10–9 mol L-1
	Bacterial nanocellulose	—	Ag NPs	In situ self assembly	Malachite green	10–14 mol L-1	5.7 × 1010		Zhang et al. (2024)	7.3% on 20 spots
	Carbendazim	10–9 mol L-1	(ISERS/IRaman) * (CSERS/CRaman)	
	Bacterial nanocellulose	Sodium chloroacetate, sodium hydroxide	Ag NPs	In situ self assembly	Urea	1.05 μmol L-1	ND	ND	Yang et al. (2024)	7.04% on 100 points 25 × 25 µm
	Uric acid	7.5 μmol L-1
	Cellulose hydrogel	—	Au nanorods	Solution deposition	Polystyrene NPS	0.5 mg mL-1	5.4 × 106	ND	Jeon et al. (2021)	
	Ag nanowires	0.1 mg mL-1	1.8 × 107	∼10% on 50 spots
	Standard chromatography paper	Chitosan (CH)	Ag NPs	In situ self assembly	4-aminothiophenol (4-ATP)	41 nmol L-1	ND	ND	Kang et al. (2022)	17.7% on 10 spots
	Office paper	Chitosan (CH)
Trimethyl chitosan (TMC)	Ag NPs	Inkjet printing	Crystal Violet	0.1 μmol L-1	ND	ND	Martins et al. (2023)	13% (CH)
14.7% (TMC) from high resolution Raman map*
	Filter paper	—	Ag NPs	In situ self assembly	Acyclovir	10–12 mol L-1	3.024 × 105	(ISERS/IRaman) * (CRaman/CSERS)	Eskandari et al. (2023)	4.19% on 10 spots
	Filter paper	APTES	Ag layer and 4-ATP	sputtering	MMP-9	10 ng mL-1	ND	ND	Perumal et al. (2021)	<5% on 8 spots
	TNF-a	5 ng mL-1
	TO-nanopaper	—	Ag NPs	SILAR in situ synthesis	Rhodamine B	1 pmol L-1	1.46 × 109	(ISERS/IRaman) * (CRaman/CSERS)	Chen et al. (2019)	11% on 400 spots
	2-naphthalenethiol	ND
	Regenerated Cellulose pulp film	HAuCl4	Au NPs	In situ self assembly	Rhodamine 6G	10–9 mol L-1	2.8 × 107	(ISERS/IRaman)* (CRaman/CSERS)	Hu et al. (2021b)	5.38% on 12 spots
	Melamine (milk)	1 mg g-1	
	Regenerated Cellulose hydrogel mould	HAuCl4·4H2O	mesoporous gold	Solution deposition	Rhodamine 6G	10 pmol L-1	3.9 × 108	ND	Kim et al. (2021a)	2.78% on 50 spots
	Thiram	100 fmol L-1	9.5 × 109	
	Filter paper	—	Au NPs	Drop casting, Inkjet printing	Pyridine	0.75 μmol L-1	ND	ND	Tay et al. (2020)	N.D.
	benzenethiol	0.1 nmol L-1
	Printer paper	Commercial hydrophobic coating	MoO3−x	Inkjet printing	Rhodamine 6G	10–7 mol L-1	3.3 × 105	(ISERS/CRaman)/(IRaman/CSERS)	Lan et al. (2020)	14.7% on 25 spots
	Cellulose nanocrystals	ZIF-8	Ag NPs	In situ self assembly	Diquat dibromide	6.6 × 10−9 mol L-1	ND	(ISERS*CRaman)/(IRaman*CSERS)	Luo et al. (2025)	10.24% **
	4-MBA	10–9 mol L-1	6.39 × 104
	Filter paper	—	Au and ZIF-8	Solution deposition	Gaseous Putrescine	76.99 ppb	1.0 × 106	ND	Kim et al. (2021d)	14.19% on 50 spots
	Gaseous Cadaverine	115.88 ppb	


*150 × 150 spots over an area of 30 μm × 30 μm; **20 SERS, analysis acquired from 20 different batches.
6 DISCUSSION
6.1 Sensor efficiency and reproducibility
Different substrate preparation protocols and the use of EF as an evaluation method can give rise to large variations in the estimation of the sensor efficiency. This is particularly challenging in SERS quantitative analysis (Sloan-Dennison et al., 2024). To overcome this problem, it would be important to develop a standard protocol for the evaluation of the efficiency of SERS sensors. From a practical point of view, however, this is not simple because the SERS signal depends also on the binding efficiency of the analyte molecule to the substrate, which is due to both the chemical characteristics of the analyte and to the functionalization of the surface. In a recent review, Bell et al. report a list of potential “standard probes” that, thanks to their binding affinity, can be used as standards to evaluate the efficiency of substrates functionalized with different molecules (Bell et al., 2020). However, this approach does not allow to determine how much of the analyte actually sticks to the substrate, leading to potential incorrect estimation of the signal. In this case, it would be necessary to use a reference sample and a rigorous measurement protocol, to maximize the reproducibility of the test.
The ideal calibrant should be non toxic, not expensive, show a strong electronic resonance and a well distinguished SERS spectrum in order to be easily recognizable and reproducible, to prevent false positives even in presence of contaminations, especially if the sensor should be used on complex media for field applications. Among the others, Rhodamine 6G and Purines derivatives (Cheng et al., 2023) are commonly used as reference samples for SERS.
The homogeneous distribution of hot spots on the substrate can also affect the reliability and reproducibility of SERS response: in fact, comparing the characteristic peak signal of a standard molecule collected in several position across the sensors functionalized area, the RSD of the peak intensity varies from values as low as 3.5% (Chen et al., 2020) to 17.7% (Kang et al., 2022). In this respect, embedding an internal standard for the calibration of the intensity of the analyte in the functionalization would be beneficial, as recently demonstrated by Jie et al. Their work reports the use of carbon nanotubes (CNTs)/Ag NPs hybrids where CNTs are used as internal standard to evaluate the hot spot distribution on the sensor surface (Jie et al., 2018). Since the localized electromagnetic field enhancement is the same both for CNTs and for the analyte, measuring their respective Raman intensity at the same time it is possible to calibrate the differences in intensity across the substrate, which are due to the inhomogeneous distribution of metal hot spots.
Interlaboratory reproducibility is also an issue for quantitative SERS. It might be addressed using the SERS signal of a reference molecule to estimate a standard intensity, which can be compared to the analyte intensity in order to determine the EF variation (Bell et al., 2020). A reliable calibration model should be independent from the acquisition instrument. Batch to batch reproducibility could be ensured by finding a method that allows the comparison of different substrates. An extensive study involving 15 laboratories was recently published, in which the authors suggest a detailed protocol for the standardization of SERS substrates performance (Fornasaro et al., 2020).
6.2 Sensors resistance and specificity
Field applications require that SERS sensors based on cellulose should resist to swelling and friction, and the metal nanostructures attached to the surface should not detach over time. This is favored by surface functionalization. Bending resistance test are routinely performed during the devices production, to guarantee the stability of the intensity signal after multiple bending cycles (see i.e., the experiments of (Jeon et al., 2021; Kim et al., 2021a; 2021b; Kang et al., 2022; Zhang et al., 2022) reported in this work), showing that the performance of the sensor is not affected by mechanical stress like, e.g., in case of wearable patches for continuous health monitoring.
Cross selectivity of specific molecules is a critical issue in real life application of SERS. Especially when analyzing complex mixtures like body fluids, wastewater, or food, interference from co-existing molecules may hinder the Raman signal of the target. Thus, non-specific binding of interfering molecules should be avoided. This can be obtained tailoring the functionalization attaching to the surface specific functional groups with high affinity for the target (López-Puente et al., 2015), or combining appropriate detection techniques in one sensor, for simultaneous detection of several molecules (Kim E. J. et al., 2021; Wei et al., 2023).
7 CONCLUSIONS AND FUTURE CHALLENGES
We have described some recent advances in the fabrication of SERS devices based on cellulose. Either produced from nanocellulose paper which features more densely packed cellulose fibrils and smaller pores, or from standard paper treated to obtain a homogeneous surface for better distribution of functional nanoparticles, such devices promote the application of Raman spectroscopy in real life, where enhanced Raman signal, ease of use, affordability are of pivotal importance. In this respect, it must be emphasized that traditional SERS devices are designed to be used in the clean, protected environment of a laboratory, but field applications require more robust substrates, that are not damaged by bending or scratching. To make a further step forward in the direction of Point of Care (PoC) and field applications, several challenges still remain to be addressed.
So far, the production of monodispersed metal nanoparticles is challenging. The sensitivity and reproducibility of SERS depend on the homogeneous distribution of the plasmonic coating on the support, which can be achieved only via chemical modification of the surface. The thickness of the plasmonic layer is as well critical for SERS sensitivity. Techniques like inkjet printing and magnetron sputtering seem promising but further investigations are needed to improve the monodispersity of the particles and the hot spot uniformity, especially for production at industrial scale.
Cost control and scalability are pivotal for mass production of SERS sensors that would be used for e.g., environmental pollution control, or in PoC diagnostics. In this respect, roll to roll printing is a high throughput, cost effective technique. Metal NPs can be deposited on large paper sheets via inkjet printing in an automated process, reducing the manufacturing costs, still obtaining a LoD in the order of 100 nmol L-1. Single NPs deposition technique such as flame spray deposition on paper pre-treated with graphite carbon is also attractive, because it allows to reduce the amount of silver needed to obtain a NPs coating that produce a reasonable SERS signal, with a LoD in the order of 1 μmol L-1. (Saarinen et al., 2017).
The possibility to regenerate the active surface with mild chemical methods like solvent washing (Zhang et al., 2023) would promote the reusability of the devices, thus reducing waste, metal nanoparticles pollution, and costs. As previously demonstrated on other SERS devices, the photocatalytic activity of metal oxides such as TiO2 or ZnO coupled with UV light exposure can be exploited to selectively degrade the analyte molecules. Moreover, the combined charge transfer effect of the metal oxide layer and the noble metal hot spots enhance the SERS signal. (Ge et al., 2019; Wang Z. et al., 2023; Zhang et al., 2023). In the future, photocatalytic compounds might be used to functionalize cellulose before decorating it with noble metals nanostructures.
Since paper-based substrates proved to be effective when the sample is deposited in sufficient quantity on the sensor, enough material should be collected to allow a reliable detection and quantitative evaluation of the analyte. This is particularly true for aerosolized samples. In fact, the pores of the support should be able to trap enough material, and to let the analyte interact for a time sufficient to develop a stable signal. Moreover, selective sensors would be necessary for applications where several components can hinder the contaminating molecule, as in example food or water pollution. For aerosolized samples we consider the use of structures like MOFs as notably attractive once the sensitivity to water is properly addressed.
Paper based microfluidic devices have gained attention for analytical devices, and can be fabricated by various methods (Whitesides, 2006; Martinez et al., 2010; Anushka et al., 2023). Coupling cellulose and microfabrication is a promising research field for the production of next-generation labs on chip. For instance, patterning of the precursor TMSC (trimethylsilyl cellulose) is a suitable technique to obtain microdevices that contain hydrophilic and hydrophobic areas. Thin films of TMSC have been irradiated with UV light in presence of a photoacid generator (Wolfberger et al., 2014), with focused electron beam (Ganner et al., 2016), or with X-rays (Andreev et al., 2022) and then converted to cellulose, to create high resolution microstructures. Paper based microdevices could be further modified by functionalization, to facilitate the binding of metal nanoparticles. Moreover, they could be coupled to innovative materials for the production of complex multifunctional devices with tailored properties on selected areas (Münch et al., 2018).
SERS sensors based on cellulose substrates can be embedded in wearable patches to create efficient devices for health monitoring, e.g., for the identification of certain indicators in body fluids like sweat. These devices should be designed to be easy to use, safe, and comfortable for the patient. If long term use if foreseen, the sensors must be suited for skin contact: double layer patches with biocompatible surface on the skin side and metal-functionalized active layer on the other were recently developed (Puravankara et al., 2025). Wearable patches should maintain the performance over time for continuous health monitoring. This could be achieved by means of microfluidics, which allows to selectively collect sweat samples “on demand” (Yang et al., 2025). For example, microcellulose fibres can be inserted in biocompatible polymer microfluidic devices, to enhance the SERS signal and avoid skin contact with the plasmonic surface.
Complex matrices analysis is a big challenge for field applications of SERS. Environmental control applications such as food composition, water contaminants, and pesticide detection, as well as forensic and biomedical monitoring are difficult tasks, because they involve the analysis of mixed samples where many components might have partially overlapping SERS spectra which are difficult to distinguish. Machine learning (ML) models could be trained from large libraries of Raman spectra, to improve the identification of specific molecules in complex matrices. Properly trained ML algorithms would detect signal interferences due to contaminants, discriminate between background noise and sample signal, and generally speed up the readout process for fast, direct molecule detection (Lussier et al., 2020; Goel et al., 2024).
As a whole, flexible SERS sensors made of cellulose are cheap, resistant, can be wrapped around the probe, regardless its shape, and do not require special storage conditions. Besides being used in standard or portable spectrometers, they may be integrated in complex systems such as PoC tools, environment pollutant control devices or packaging for continuous in-situ monitoring of contaminants or of biological processes. The results reported in the present review demonstrate the potential of cellulose as a support for the design and facile production of SERS devices, with a focus on future field applications.
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