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Abstract

:

Featured Application


The SERS-based paper nanosensors reported in here may be used for ultrasensitive label-free detection of biomolecules in disease monitoring, as well as in any other field of application in need of ultrasensitive analytical tools such as environment, food safety or water control, among others.




Abstract


Surface-enhanced Raman scattering (SERS) spectroscopy stands out due to its sensitivity, selectivity, and multiplex ability. The development of ready-to-use, simple, and low-cost SERS substrates is one of the main challenges of the field. In this paper, the intrinsic reproducibility of microfluidics technology was used for the fabrication of self-assembled nanoparticle structures over a paper film. The paper SERS substrates were fabricated by assembling anisotropic particles, gold nanostars (GNSs), and nanorods (NRs) onto paper to offer an extra enhancement to reach ultra-sensitive detection limits. A polydimethylsiloxane PDMS-paper hybrid device was used to control the drying kinetics of the nanoparticles over the paper substrate. This method allowed a high reproducibility and homogeneity of the fabrication of SERS substrates that reach limits of detection down to the picomolar range. This simple and low-cost fabrication of a paper-based sensing device was tested for the discrimination of different cell lineages.
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1. Introduction


Key enabling technologies (KETs) such as nanotechnology, surface-enhanced Raman scattering (SERS) spectroscopy, and microfluidics have been thriving in recent years. Actually, one of the techniques that most benefited from advances in nanotechnology is SERS. This ultrasensitive analytical technique overcomes the intrinsic low efficiency of Raman by using nanoparticles (NPs), which reach up to enhancing factors of 1012–1014 orders of magnitude [1,2]. The high sensitivity of this analytical tool allows it to be used to detect chemical and biological analytes that interact with active SERS substrates, even at very low detection limits [3,4,5,6]. However, one of the major challenges hindering the establishment of SERS as a standard analytical technique is the difficulty of controlling the reproducibility of those SERS substrates. SERS substrates are based in plasmonic NPs of different compositions (Ag, Au, Pt, Cu) and shapes [7]. Despite the availability of several top-down or bottom-up synthetic strategies, such as chemical and physical vapor deposition, mechanical or biological synthesis, which is the chemical approach leading to colloidal suspensions, has been the most used by far [8]. Metallic NPs in colloidal dispersions can be used as SERS substrates directly as they are or supported over solid substrates [9]. The use of metallic nanostructures as synthesized allows average measurements and avoids sample damage due to the Brownian motion of particles in liquid [10]. However, when performing average SERS, reaching very low detection limits can be challenging and the reproducibility highly depends on the NP batch. Furthermore, SERS is a distance effect and the analyte needs to be close to the surface of the nanostructure to undergo the SERS effect. In the case of colloidal dispersions, this is only possible for molecules that have affinity for the surface of the NP. Additionally, SERS performance in terms of sensitivity often relies on the formation of hot-spots, which are areas with an extra SERS enhancement occurring when NPs are in close vicinity [11,12,13,14,15]. Supporting NPs over different solid substrates for the development of SERS sensors increases the reproducibility of their optical properties, the control of hot-spots, and the physical adsorption of molecules with no-affinity for those SERS active nanostructures [16]. In addition, SERS substrates using anisotropic particles, such as gold nanostars (GNSs) and nanorods (NRs), offer an extra signal enhancement and facilitate label-free detection strategies [17].



Paper-based SERS substrates are popular due to their low cost, ease of use, flexibility, and suitability for on-field measurements [18,19,20]. However, reproducible deposition of NPs in paper is not straightforward, especially when using anisotropic NPs [18,19]. In recent years, several approaches for the fabrication of paper-based SERS substrates have been reported, including physical vapor deposition [21], laser driven deposition [22], dip coating [23,24], pen [25] and printer-based plasmonic inks [26], or painting brushing [27]. For instance, Polavarapu et al. [25] developed a pen-on-paper approach using plasmonic inks to write SERS arrays. Those SERS substrates showed a higher SERS performance when compared to commercial SERS substrates. Barman and co-workers focused their research on overcoming a common limitation of NP assemblies, which the coffee-ring effect caused when drop casting both the NPs and the sample [28]. In this work, they leveraged the coffee ring effect to achieve higher sensitivity by measuring at the ring zone in which the enhancement is superior. However, in all above-mentioned approaches, several limitations restrict the use of these paper sensors. Dip coating or soaking of paper usually takes a long time to achieve sufficient loading of NPs and requires high volumes, ink-based strategies may clog and there is a high dead volume of NPs, and laser or vapor deposition require high-tech instrumentation and expert personnel. The combination of microfluidics with SERS has tackled in a bidirectional way some of the bottlenecks of both technologies when used individually. The use of microfluidics allowed the controlled handling of NPs and NP assemblies in microfluidic channels [29,30]. The miniaturization and flow control in microfluidics also permits the use of reduced substrate and sample volumes [1]. On the other hand, the use of a powerful sensing technique as SERS when handling microfluidics is crucial due to the low sample volumes and sensing areas.



In this scenario, we present an interdisciplinary research work involving nanoparticles, SERS spectroscopy, and microfluidics. By using microfluidics for the highly controlled assembly of NPs on paper, we demonstrated the fast and low-cost fabrication of a paper-based sensing device in situ with improved efficiency and reproducibility. A hybrid and modular polydimethylsiloxane-paper (PDMS-paper) device was used for the controlled deposition of GNSs and core-shell gold silver nanorods (Au@AgNRs). These anisotropic NPs were self-assembled on a paper substrate by taking advantage of a reservoir-like architecture on the PDMS device, which allowed for the kinetic control of the wettability and evaporation during the self-assembly process. The sensitivity was tested using the Raman model molecule 1-naphthalenethiol (1-NAT), which achieved values of 10−12 M for both GNSs and Au@AgNRs, and showed a high homogeneity over the sensing area. As a proof-of-concept, and to demonstrate the potential of these SERS substrates as biosensors, human colorectal cancer cells (SW480) and human peripheral blood mononuclear cells (PBMCs) were lysed and analyzed using the PDMS-paper substrates.




2. Materials and Methods


2.1. Materials


All chemicals were purchased at Sigma-Aldrich unless otherwise specifically stated. Milli-Q ultrapure water (Millipore, Burlington, MA, USA) was used throughout all the experiments.




2.2. Synthesis of Gold Nanostars


GNSs were prepared by using a modification of the seed-mediated growth previously reported [31]. Gold spheres of 15 nm were used as seeds and synthesized by the Turkevich method [32]. Briefly, 5 mL of a 1% solution of sodium citrate dihydrate was added to 100 mL of boiling HAuCl4, at 0.5 mM, under vigorous magnetic stirring. Upon the addition of the sodium citrate, the solution was kept under magnetic stirring and boiling until the color changed from yellow to dark red. Following, citrate was replaced by polyvinylpyrrolidone 10K (PVP MW = 10,000 g mol−1), using 60 molecules of PVP per nm2. One mL of PVP (56 mg mL−1) was added to 25 mL of gold nanospheres (0.557 mM) under vigorous stirring and left overnight. The resulting solution was centrifuged for 90 minutes at 7000 rpm, re-dispersed in 25 mL of isopropanol, and stored in the fridge until further use.



For the seed-mediated growth of the gold nanostars, 25 g of PVP-10K were dissolved in 250 mL of N,N-dimethylformamide (DMF) for 15 minutes by using an ultrasound sonicator. In the following, 1 mL of an aqueous solution of 0.126 M chloroauric acid (HAuCl4) was added and the mixture was vigorously magnetically stirred for two minutes in order to allow the Au3+ to be reduced to Au1+. Afterward, 1.3 mL of 1.8 × 10−3 M Au@PVP seeds was added to the reaction flask and the reaction was left for 1 h under magnetic stirring. The resulting GNSs were washed six times (4000 rpm, 30 min) with /isopropanol to remove excess PVP and DMF, and stored in isopropanol protected from the light until further use.




2.3. Synthesis of Au@Ag Nanorods


The synthesis of the Au nanorods (AuNRs) was completed according to the seed-mediated growth method, with some modifications [33]. First, the seed solution was synthesized by mixing 2.5 mL of 0.2 M of cetyltrimethylammonium bromide (CTAB) with 1.5 mL of 1 mM HAuCl4. This process was followed by the fast addition of 600 μL of 0.01 M iced sodium borohydride (NaBH4) solution under vigorous stirring. The color of the solution tuned to dark brown, which indicates the formation of gold nano-seeds. Next, 180 μL of 15 mM silver nitrate (AgNO3), 1.25 mL of 15 mM HAuCl4, and 11 mL of water were sequentially added into 12.5 mL of 0.2 M CTAB solution under vigorous stirring. Then 0.1 M ascorbic acid (AA) solution was slowly, drop by drop, added into this mixture to obtain the ‘growth solution.’ Lastly, 20 μL of the seed solution was mixed with the prepared growth solution under magnetic stirring for 15 s and then left to react for 1 h without stirring. The formation of AuNRs was indicated by the color gradually turning into dark purple. For purification, the resulting solution was centrifuged at 9000 rpm for 20 min and re-dispersed in water.



For the fabrication of the core-shell Au@AgNRs, 2 mL of the purified AuNRs was sequentially mixed with 0.0728 g CTAB, 4 mL of water, 130 μL of 0.1 M AA, 140 μL of 15 mM AgNO3, and 240 μL of 0.1 M NaOH under vigorous stirring. The color gradually turned to dark red, which indicated the deposition of a silver shell onto the AuNRs. Lastly, the NPs were centrifuged once at 7500 rpm for 20 min and re-dispersed in water.




2.4. Optical and Morphological Characterization of the NPs


The resulting NPs were characterized by UV−visible spectrophotometry (SHIMADZU UV-2550, Kyoto, Japan), transmission electron microscopy (TEM, JEOL-2100, Kioto, Japan), and the scanning electron microscope (SEM, Fei Quanta 650, Portland, OR, US). UV−visible absorption spectra were acquired using a 1-cm optical path cuvette. TEM samples were prepared by drop casting 10 µL of the NP suspensions onto 400 mesh copper grids (Ted Pella, INC, Redding, CA, US). TEM images were acquired at 200 kV and nanoparticle dimensions were measured using ImageJ software. For the SEM analysis, paper substrates were sputtered with a 2 nm platinum layer. SEM imaging was performed under high vacuum conditions at a 3 to 15 kV beam line.




2.5. PDMS/Paper Device Fabrication


The PDMS module was fabricated by conventional soft lithography methods [34,35]. The device was first designed with Autocad 2013 (Autodesk) and a dark-field mask was printed (JD-Photo Data, UK). SU-8 2025 negative photoresist (MicroChem) was spin-coated onto a silicon wafer (diameter: 76.2 mm) at 500 rpm for 5 s and then ramped to 1000 rpm at an acceleration of 300 rpm s−1 for 33 s. After spinning, the wafer was prebaked (2 min at 65 °C, then 6 min at 95 °C) and exposed to UV light through the acetate mask on a mask aligner at 200 mJ cm−2 (MA6BA6, Suss Microtech). After post-baking (1 min at 65 °C and 3 min at 95 °C) and development in the SU-8 developer (PGMEA, Sigma Aldrich), the master was hard-baked for 2 min at 170 °C. A final thickness of 60 µm was obtained, as measured by using profilometry (KLA-Tencor). For the fabrication of the PDMS (PDMS, Sylgard 184) replicas, a mixture of the PDMS prepolymer and cross-linker (ratio 10:1, w/w) was poured on top of the master, degassed, and then cured for 1 h at 65 °C. The cured device was cut and peeled off from the master, and holes for tubing were made with a biopsy punch (diameter = 1.25 mm, Kai Medical). Lastly, for the preparation of the hybrid PDMS-paper devices, weighing paper and PDMS replicas were treated with oxygen plasma for 20 s. Afterward, the exposed surfaces of both PDMS and paper were bound. To guarantee the optimal sticking of all the features within the device to the paper, soft pressure was applied.




2.6. Assembly of NPs on PDMS-Paper Substrates


Pre-synthesized GNSs and Au@AgNRs were centrifuged at 4000 rpm for 30 minutes, the supernatant was discarded, and the NPs were re-dispersed in isopropanol to a final concentration of 20 mM and 10 mM, respectively. The GNSs and Au@AgNRs were injected manually into the PDMS-paper device using a 1 mL syringe connected via polyethylene tubing (Smith Medical, i.d. 0.38 mm) until a drop was visible at the outlet hole of the reservoir. The inlet and outlet holes were blocked and the isopropanol was allowed to dry for 30 min.




2.7. SERS Characterization


For SERS characterization, the model molecule 1-naphtalenethiol (1-NAT) was used. Sample solutions were prepared at concentrations 10−2 M, 10−4 M, 10−6 M, 10−8 M, 10−10 M, and 10−12 M. These different solutions were injected in the PDMS-paper device containing the assembled NPs, and allowed to dry. After drying, the PDMS part was dissembled from the paper part for measurement. Raman measurements were carried out in a 300R Confocal Raman microscope (WITec) using the 785 nm laser line grating (600 gr cm−1) as the excitation source and a 100× objective. Acquisition was performed for 1 s at five different points of the NP-assembled area. A map of 625 spectra was also acquired from the GNSs paper substrate to analyze the homogeneity of the sample. Each individual spectrum of the map was acquired for 1 s with a step size of 4 µm using the 10× objective. SERS spectra were processed with the Project4 WITec software for background and cosmic ray removal corrections and GRAMS/AI Spectroscopy software for figure preparation.




2.8. Cell Culture, Sample Preparation, and SERS Analysis


Peripheral blood samples were collected from healthy donors upon informed consent according to the principles of the Declaration of Helsinki. About 9 mL of blood was obtained from each donor using EDTA-coated collection tubes, and PBMCs were isolated by Ficoll-Histopaque-10771 gradient centrifugation, according to the manufacturer’s instructions. Anticoagulated blood was diluted with an equal volume of phosphate-buffered saline, pH 7.4 (PBS; Gibco), containing 2% fetal bovine serum (FBS; Gibco). Diluted blood was layered over the Histopaque samples that were centrifuged at 400× g for 30 min at room temperature in a swing-out rotor with no brakes. The PBMC interface was carefully removed by pipetting and washed with PBS-2% FBS by centrifugation at 300× g for 10 min. The PBMC pellet was re-suspended in PBS-2% FBS followed by the cell number assessment by standard hemocytometer count.



SW480 human colon cancer cells (ECACC, CCL-228) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Corning) and incubated at 37 °C under 5% CO2.



For the SERS analysis, 1 mL of each cell suspension containing 1 × 106 cells was centrifuged, re-suspended in 300 µL of ethanol absolute, and ultrasonicated to trigger cell rupture and mechanical lysis. The resulting 300 µL of the sample was deposited in the GNSs paper substrate after removal of the PDMS reservoir, and allowed to dry before analysis. The resulting substrates were analyzed using the 785 nm laser excitation line. Five spectra for each of the samples were acquired for 10 s.





3. Results and Discussion


Figure 1 shows the morphology of the different metallic nanoparticles used to fabricate the assemblies on the paper. GNSs of an average size of 70 nm and Au@AgNRs of an aspect ratio of 1.6 were synthesized. The electron microscopy images show a narrow size distribution for the nanoparticles that will then be self-assembled using the PDMS-paper hybrid device. Additionally, UV-vis spectra for both types of NPs are shown in the Supplementary Information (Figure S1). Figure S1A shows the extinction spectrum of the AuNRs and Au@AgNRs with the longitudinal plasmon band maxim absorbance at 545 and 688 nm, and the transverse plasmon band maximum absorbance at 395 and 526 nm, respectively. The extinction spectrum of the GNSs used along this work is shown in Figure S1B, and the maximum absorbance for the plasmon band corresponding to the core and tips are 561 and 832 nm, respectively.



For the fabrication of the PDMS-paper device, an AutoCAD design for microfluidic reservoirs was adapted from previous works [36]. For the preparation of the hybrid self-assembling platform, the process depicted in Figure 2 was followed. The PDMS replicas of the reservoirs (Figure 2A) were bonded to standard wax weighing paper by plasma activation (Figure 2B). The bonding, despite not being permanent, allowed the injection of the anisotropic NPs dispersed in isopropanol by using connection tubing (Figure 2D). The fact of the bonding not being permanent benefits the system, since the researcher can choose to introduce the sample via tubing, or, for on-field application, the paper piece can be submerged in the sample to test. After introducing the NPs, they were allowed to dry, and a homogeneous assembly of NPs was deposited on the surface of the paper (Figure 2E). Lastly, the PDMS part was unsealed from the paper substrate for analysis (Figure 2F). The use of PDMS was crucial for the development of this substrate because it permits the control of the evaporation of the solvent to achieve homogeneous deposition and also the use of reduced NP and sample volumes. Figure S2 shows additional SEM images of the paper substrates after the self-assembly process and after de-bonding of the PDMS for different repetitions of the same experiment. The high magnification images of Figure S2F demonstrates that the self-assembly lead to a closed packed arrangement of the NPs, and, thus, to the formation of hot-spots along the substrate. The internal volume of the PDMS reservoir (depth 60 µm) used for the assembly was 1.85 µL. In this way, the amount of NPs needed for the fabrication of this SERS substrate is considerably lower than the volume needed with previous dip-coating approaches [37,38] or with the silver mirror reaction method, which is usually no less than 10 mL [23,39]. The active area of the assembly was that of the reservoir design, 32.88 mm2 (Figure 3A), and, thus, the active area for sensing can be extended when compared to previous approaches [40]. The surface coverage for the GNSs and NRs sensors were 0.6 mM mm−2 and 0.3 mM mm−2, respectively. Despite the very low volume of NPs needed for the assembly, the naked-eye assessment of the homogeneity (Figure 3B) of the deposition and concentration of NPs was comparable to alternative strategies. For example, Villa et al. [40] reported on the fabrication of a gold nanoparticle array on paper by drop-casting using different NP concentrations. In order to achieve a close packed NP arrangement, they needed to use a 50-fold pre-concentrated NPs solution of the well-known Turkevich [41] gold NPs. The latter is equivalent to a gold concentration of 25 mM. The pre-concentration step is needed and the process took about 1 hour. Notably, the drying process using the microfluidics-based strategy presented in this work took a maximum of 30 min. This is considerably less than the usual assembly times for dip-coating (10-12 h). Additionally, the NPs are attached to the surface of the paper, and not to the top layer of the hybrid device (the PDMS), as confirmed by scanning electron microscopy imaging. Figure 4 shows the surface of the PDMS (Figure 4A–C) and of the paper (Figure 4D–F) at different magnifications after de-bonding. The concentration of NPs in the PDMS is remarkably lower than in the paper part. Furthermore, Figure 4F shows a very homogeneous distribution of the GNSs over the surface of the paper.



In order to characterize the SERS capability of these new approaches for the fabrication of paper SERS substrates, the Raman probe 1NAT was used. The 1NAT solution was injected into the hybrid at decreasing concentrations for the GNSs and Au@AgNRs, respectively, using the 785 nm excitation line. A control experiment of the paper with the NPs but not the analyte was performed and is shown as the first spectrum of each series for both GNSs and Au@AgNRs. The spectra of the paper shows two intense peaks that are assigned to the C-O ring stretch modes of cellulose [42]. The limit of detection (LoD) of a SERS method can be defined as the lowest concentration at which a distinguished SERS spectrum from the blank can be obtained [43]. According to the method for the calculation of the limit of blank (LoB) and LoD described by Armbruster and Pry [44],





LoB = meanblank + 1.645 (SDblank)



(1)






LoD = LoB + 1.645 (SDlow concentration sample)



(2)




the LoB based on data shown in Figure S3 is 1.6 SERS counts (a.u.), and the LoD is 14.4 counts (a.u.). Considering the intensity at 1368 cm−1 (I1368) band for the lowest tested concentration (1 pM) being 48.8 ± 7.80 counts (a.u.), above the LoD, we may conclude that the limit of detection of this method is in the picomolar range. Alternatively, if we use the blank determination method, the LoD follows the following equation [45].


LoD = meanblank + 3(SDblank)



(3)







According to Equation (2), the LoD = 6.8 counts (a.u.), again confirm that the LoD is in the picomolar range, since the lowest measured concentration is 10−12 M and the mean signal for this concentration is 48.8 ± 7.80 counts (a.u.). The different LoDs with the two reported methods are due to the confidence interval taken into account for each of them. For the method described by Armbruster, the confidence interval is 95%, whereas, for the blank determination method using three times the standard deviation of the blank to assess the noise influence, the confidence interval is 98 %. The latter demonstrates the potential of these substrates to be used in ultrasensitive sensing experiments. The homogeneity of the NPs assembly and SERS signal was tested by mapping a 100 × 100 µm2 area (Figure 5C,D and Figure S4). Figure 5C is a macroscopic optical picture of a row of three of the resulting SERS paper substrates. Figure 5D is a microscopic white light image of the resulting substrate in which the orange defined area is that of the SERS map presented in Figure 5E. Figure 5E shows a very homogeneous intensity profile of the mapped area for the selected characteristic band of the 1NAT (1368 cm−1, ring stretching) [46].



The remarkable SERS efficiency of these substrates is not only based on the ability of controlling the drying conditions to obtain homogenous assemblies, but also arises from the use of anisotropic NPs. Anisotropic morphologies provide an extra SERS enhancement due to the strong near-fields concentrated at their vertices [17]. Furthermore, the formation of hot-spots, which are areas with an extra enhancement due to the vicinity of NPs, contributed to the high efficiency of the substrate [17]. According to Figure 5A,B, the best results and most homogenous substrates were those obtained with the GNSs (for Supplementary information, see Figure S4). This fact may be due to different reasons, such as the concentration of GNSs being 20 mM, whereas the Au@AgNRs were used at a concentration of 10 mM due to stability reasons. Despite the fact that the 1NAT signal at 1368 cm−1 could still be found in the sample prepared with 10−12 M concentration of 1NAT, the reproducibility of the measurements was much lower. In Figure 5B, the average for five measurements does not always give a clear positive result (i.e., 10−4 M and 10−8 M) in the case of NRs. The lower homogeneity of the Au@AgNRs substrates can also be explained on the basis of the self-assembly distribution of Au@AgNRs. The application of NRs in SERS spectroscopy strongly relies on: (i) the orientation of the longitudinal and transverse bands of the NRs to the incident polarized light, (ii) to the arrangement of the nanorods with respect to each other (tip to tip, side to side, or side to tip), and (iii) to the adsorption of the molecules either on the tips or on the sides of the nanorod [12,47]. When the longitudinal band of the nanorods is parallel to the incident light, there is a higher enhancement than when the incident light is parallel to the longitudinal band [48]. As seen in this substrate, there was no control over the orientation of the nanorods, which means the resulting substrate was less homogenous than the one with the GNSs.



For the demonstration of the applicability of these substrates as biosensors in disease diagnosis and monitoring, we used the GNSs-paper substrates to analyze the lysed product of two different cell types, which are PBMCs (healthy cells) and SW480 (colorectal cancer cell line). For this purpose, ethanol and ultrasonication were used to lyse samples containing one million cells of each type. Despite it being possible to inject the lysed samples in the same way than when the 1NAT was used, to demonstrate the flexibility of use of these substrates, aliquots of the cell lysates were casted on top of the GNSs paper assemblies after de-bonding and let dry. The average of five measurements at different positions of the paper substrate, and, in three substrates, are shown in Figure 6. The different peaks can be assigned to different biochemical components and molecular structures, such as nucleic acids, proteins, and lipids. Table 1 shows a list of the assignment of Raman characteristic peaks for cellular components based on previous studies. The SERS spectrum of PBMCs vs. SW480 showed a significantly different profile.



Notably, the SW480 cells spectrum showed a higher enhancement on the peaks at 452, 515, 669, 752, 824, 1051, 1092, 1251, 1272, and 1458 cm−1. The prominent Raman peaks of the SW480 cells, compared with the PBMCs, at around 747 cm−1 and 1000–1300 cm−1 regions can be assigned to the molecular structures of the nucleic acids, proteins, and lipids (phospholipids) (Table 1). The higher intensities of these SERS peaks in SW480 cells demonstrated that there was an increase in the amount of proteins, as expected for cancer cells [49]. Many spectral differences between PBMCs and SW480 cells can be clearly observed, which suggests the feasibility of these substrates to differentiate between different cell populations. For example, within the field of liquid biopsy, and, more specifically, for the isolation of circulating tumor cells (CTCs) from whole blood, it is relevant to be able to distinguish between CTCs, white blood cells (WBCs), and red blood cells (RBCs) [50]. The isolation of CTCs from white blood cells and red bloods cells has been an intense field of study due to their clinical relevance [51].



In this context, being able to distinguish between different cell populations is of outmost relevance for the liquid biopsy field. These preliminary results need to be further developed, but are promising for the feasibility of this strategy as a potential diagnostic system. Toward this purpose, the authors plan the implementation of chemometric tools, as well as increase the number of samples to be analyzed, and eventually to validate the system with clinical samples.




4. Conclusions


In conclusion, this work presents a novel strategy for the fabrication of a SERS paper-based sensor with high sensitivity, with high homogeneity and reproducibility. This method allowed careful control over the generation of hot-spots, while avoiding the coffee ring effect of previously reported NP assemblies. In addition, the assembly process of the NPs on the paper by using this method takes less than 30 min and several substrates can be prepared simultaneously. These results confirm that this strategy for the fabrication of SERS paper substrates renders excellent efficiencies in terms of homogeneity, surface coverage, time, and portability. The proof-of-concept experiment allowed the differentiation of different cell populations by paving the way toward the development of advanced diagnosis tools based on nanotechnology.
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Figure 1. Transmission electron microscopy images of (A–C) Au nanostars (GNSs) and (D–F) silver coated gold nanorods (Au@AgNRs) at increasing magnifications. 
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Figure 2. Schematic representation of the fabrication of the hybrid PDMS-paper device (A–C) injection and self-assembly of the NPs (D) Raman model molecule or lysed cells injection (E) final disassembly of the paper sensor for analysis (F). 
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Figure 3. AutoCAD design showing the total area calculation for the controlled NP self-assembly (A,B) AutoCAD design of the reservoir used for NP assembly (i), PDMS-paper after NP injection (ii), paper showing the assembled NPs after de-bonding the PDMS (iii). 
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Figure 4. SEM images of the assembled GNSs after system de-bonding at different magnifications on the PDMS part (A–C) and on the paper substrate (D–F). 
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Figure 5. Results of the characterisation of the SERS substrates with the Raman model molecule 1NAT: SERS spectra of different concentrations of 1NAT on the surface of the SERS-paper substrate assembled with GNSs (A); SERS spectra of different concentrations of 1NAT on the surface of the SERS-paper substrate assembled with Au@AgNRs (B); photograph of the final assembled NPs after injection of the Raman model molecule (C); bright field image at 5× magnification of the self-assembled GNSs on the paper substrate (D); mapping obtained by plotting the SERS intensity of the characteristic band of the 1NAT at 1368 cm−1 (E) in the area marked by the orange square in (D) for the GNSs substrates. 
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Figure 6. Spectrum of the paper (blank), and cell lysate from healthy (PBMCs) and cancer (SW480) cells, obtained by using the developed SERS paper substrate. Each spectrum showed is the average of five spectra taken at different positions of the substrate. 
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Table 1. Assignment of the Raman vibrations corresponding to cell molecular components.
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	Raman Shift (cm−1)
	Vibrational Mode
	Peak Assignment
	Reference





	516
	S–S Disulfide stretching
	Proteins
	[52]



	638–642
	C–S Stretch

C–C Twist
	Tyrosine
	[53,54]



	649
	C–C twisting mode
	D-glucose, lactose
	[55]



	725–728
	δ(C–H)
	Adenine, coenzyme
	[52,56]



	758
	
	Tryptophan
	[53]



	823
	Ring Breathing
	Tyrosine
	[56],



	813,

886
	v (C–C–O)

v (C–O–H)
	L-Serine, glutathione,

Glutathione, d-(C)-galactosamine
	[57]



	925–935
	C–C stretching mode,

C–C α helix
	Proteins and collagen
	[58]



	979–999
	
	Phospholipids, glucose-I′-phosphate,

DNA (around 980 cm−1)
	[53,58]



	1046, 1048
	C–H bedding
	Glycogen: C–O, C–C
	[59],

[53]



	1080–1099
	C–C stretching,

v(PO2−), v(CC), v(COC),
	Nucleic acids, phospholipids
	[58]



	1094–1134
	C–N stretch,

C–C stretching
	Lipids, D-mannos
	[53],

[54]



	1206
	Ring vibration
	Tyrosine
	[56]



	1240–1260
	C–N, N–H
	Amide III
	[58]



	1269
	δ (=CH)
	Phospholipids
	[60]



	1316–1329
	CH vibration,

CH2 twisting
	DNA/RNA, lipids
	[55],

[52]



	1331
	v(C–H)
	Nucleic acid bases
	[57]



	1347
	CH3CH2

wagging
	Tryptophan, adenine, guanine
	[52]



	1400–1420
	CH3
	Proteins, amino acids (around 1414 cm−1)
	[58]



	1441–1445
	δ(CH2), δ(CH3)
	Proteins,

Collagen and phospholipids
	[52],

[57]



	1607
	
	Phenylalanine or Tyrosine
	[59]



	1625–1699
	ν(C=O)
	Amide I (α-helix), collagen, Amide I
	[56,57,58]
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