
 

 

 

 

Figure 5.1 (A) Silver nanoparticles are printed onto paper to form a dipstick or swab (inset: 

SEM of silver nanoparticles on paper). (B) Swabbing a surface with the SERS-active swab. (C) 

Lateral flow concentration by placing the dipstick or swab in a volatile solvent. (D) SERS 

detection with a portable spectrometer using a fiber optic Raman probe. 
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5.3 Results and Discussion 

5.3.1 Detection performance 
 
To assess the detection performance of the paper SERS dipstick, we applied 

various concentrations of R6G directly to the bulk region of the dipstick followed by 

lateral-flow concentration. Figure 5.2(A) shows the SERS spectrum from 1.2 ng of 

R6G, while Figure 5.2(B) shows the SERS signal intensity at 1508 cm-1 at varying 

amounts of R6G. Two important aspects can be gleaned from this figure – (i) the fit 

of the data to the Langmuir isotherm is almost perfect (R2 = 0.99951), and (ii) the 

SERS signal has fairly low variability from dipstick to dipstick. While randomly 

aggregated silver nanoparticles are often thought to result in poor variability and 

repeatability, in our system the laser spot size (and thus the scattering collection 

region) of the fiber optic probe is approximately 130 µm in diameter, and as a result 

we can deduce from the SEM micrograph in Figure 3.5(A) in Chapter 3 that hundreds 

of nanoparticle aggregates contribute to the SERS signal.  Averaging over a large 

number of nanoparticles reduces the variation in plasmonic enhancement.  The 

resulting low variability implies that it is possible not only to use the dipsticks to 

identify the presence of the analyte, but also to quantify the amount of analytes in the 

sample.  Based on the obtained data, the limit of detection for R6G was calculated to 

be 95 fg.  The background signal from the printed paper SERS substrate is compared 

with the SERS signal of 120 femtograms of R6G in Figure 5.3.  The R6G signal can 

clearly be distinguished from the background. 
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Figure 5.2 SERS measurements after applying R6G to the bulk region of the dipstick and then 

performing lateral flow concentration. (a) SERS spectrum of 1.2 ng R6G showing the 1508 cm-1 

peak used to quantify the data. (b) Concentration curve of R6G signal intensity at 1508 cm-1. 

Data is fitted using the Langmuir equation. (Inset: SERS signal at femtogram levels.) 
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Figure 5.3 (A) Comparison of the SERS signal from 120 femtograms of R6G with the 

background signal of the paper SERS substrate. (B) Magnified view of selected portion of the 

SERS spectra showing the 1508 cm-1 peak. Note: The background spectrum has been shifted for 

clarity.      
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5.3.2 Application as surface swabs 
 
To evaluate the applicability of these printed paper SERS substrates as surface 

swabs to collect analyte molecules from a surface prior to SERS detection, 5 µL of 5 

µM R6G solution (12 ng) was pipetted onto a glass slide, dried, and swabbed using 

the SERS-active paper followed by lateral flow concentration. Figure 5.4 shows the 

resulting SERS signal intensity compared with equal amounts of R6G applied directly 

to the dipstick. After 5 trials, we observed an average efficiency of 35% in analyte 

collection by swabbing as compared to the direct application of the sample to the 

paper. This reduction can be attributed to the affinity of the analyte for the cellulose 

substrate and also the solvent used to soak the swab prior to swabbing. In addition to 

this, the thoroughness of the swabbing process has a significant influence on the 

efficiency at which the analyte is collected.  

 

Figure 5.4 Comparison of the SERS intensity by swabbing a surface containing 12 ng of R6G 

versus a reference of 12 ng of R6G deposited directly onto the dipstick. Lateral flow 

concentration was performed after analyte collection in both cases. 
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5.3.3 Lateral flow concentration 
 
To illustrate the advantages of the lateral flow concentration step, we used the 

printed paper SERS substrates to swab glass slides after depositing 5 µL of 10 µM 

R6G (24 ng). Figure 5.5 shows the SERS signal before and after performing the 

lateral-flow concentration. Before the lateral-flow concentration step, the SERS 

spectrum of R6G is barely visible, but after lateral concentration, the SERS signal 

intensity increases by 24X on average (5 trials), indicating the concentration of R6G 

onto the silver region. Because the calibration curve is non-linear, this 24X 

improvement in the SERS signal actually translates to 2 orders of magnitude 

improvement to the detection limit in terms of mass. We observed that the choice of 

solvent used for the lateral flow concentration can have an effect on the concentration 

enhancement. We hypothesize that this is due to the solubility of the analyte in the 

solvent and hence the mobility of the analyte along the paper strip. With judicious 

selection of a suitable solvent for a given analyte, we expect that it is possible to 

further improve the concentration enhancement and hence detection limits of these 

dipsticks and swabs. This optimization will be investigated further in future work. 
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Figure 5.5 SERS signals from swabbing a glass slide containing 24 ng of R6G before and after 

performing the lateral flow concentration. The SERS signal strength is improved by 24X due to 

the lateral flow concentration. (Note: SERS spectra are shifted for clarity) 
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5.3.4 Applications for pesticide and narcotic detection 
 
To illustrate the use of the paper SERS dipstick for a practical application, we 

detected the pesticide malathion in water. Malathion is one of the most commonly 

used organophosphate insecticides for pest control in the United States. As a result, 

malathion and malathion breakdown products can be found as contaminants in 

ground water and in/on foods.194,195 Figure 5.6(A) shows the SERS spectrum from 

307.5 ng of malathion, while Figure 5.6(B) shows the SERS signal intensity at 508 

cm-1 at varying amounts of malathion. Again, the data fits extremely well to a 

Langmuir isotherm (R2 = 0.982) with fairly low variability from dipstick to dipstick. 

The data yields a calculated detection limit of 413 pg of malathion in water.  

To further demonstrate the real-world application of these SERS-active paper 

substrates as swabs, we applied them for the detection of two illegal narcotics – 

heroin and cocaine. Figure 5.7(A) shows the SERS spectrum obtained by wiping a 

microscope glass slide containing 5 µg of cocaine, while Figure 5.7(B) shows the 

associated calibration curve obtained by adding varying amounts of cocaine to the 

SERS-active paper fitted to the Langmuir equation (R2 = 0.963). Likewise, the SERS 

spectrum obtained by swabbing a glass slide seeded with 5 µg of heroin is shown in 

Figure 5.8(A), while Figure 5.8(B) shows the associated heroin calibration curve 

fitted to the Langmuir equation (R2 = 0.932).  The calculated limits of detection for 

cocaine and heroin are 15 ng and 9 ng respectively. 
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Figure 5.6 SERS measurements after applying malathion to the bulk region of the dipstick and 

then performing lateral flow concentration. (a) SERS spectrum of 307.5 ng malathion showing 

the 508 cm-1 peak used to quantify the data. (b) Concentration curve of SERS intensity at 

508 cm-1. Data is fitted using the Langmuir equation. (Inset: SERS at low nanogram levels.) 
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Figure 5.7 (A) SERS spectrum obtained after wiping a surface containing 5 µg of cocaine and 

performing lateral flow concentration. (B) Cocaine calibration curve obtained by measuring the 

intensity of the 1005 cm-1 peak. (Inset: SERS signal at low nanogram levels.) 
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Chapter 6 : Chromatographic Separation and Detection of 

Multiple Analytes from Complex Samples Using Paper SERS7  

 

6.1 Introduction 

Recent years have seen an explosion in the investigation of SERS for a wide 

variety of applications, such as forensics, homeland security, food safety, and medical 

diagnostics.196–201 One of the hypothetical advantages of using SERS as a detection 

modality is its ability to specifically differentiate a target analyte from non-targeted 

background molecules in complex real-world samples, and to detect multiple targets 

with a single scan.23,202–205 However, identification of a targeted analyte in a complex 

sample may be challenging due to the interaction of molecules within the sample and 

interference by highly fluorescent molecules in the sample.  Furthermore, multiple 

analytes may not be easy to detect simultaneously due to dominance of analytes with 

large Raman cross sections and overlapping of spectral signatures of analytes. The 

use of long-wavelength laser excitation sources can help reduce the problem of high 

sample fluorescence, but at the expense of a lower Raman signal.206,207 Techniques 

such as pulsed excitation,208,209 laser gating,210–212 wavelength modulation213,214 and 

shifted excitation215 have been employed to mitigate situations in which highly 

fluorescent interferents are present, but these techniques require expensive and 

elaborate equipment. In addition, statistical techniques such as principal component 

7 This chapter is adapted from: Wei W. Yu and Ian M. White, Chromatographic Separation and 
Detection of Target Analytes from Complex Samples Using Inkjet Printed SERS Substrates, Analyst, 
138, 3679–3686 (2013). Reproduced by permission of The Royal Society of Chemistry. 
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formula (Enfamil) was prepared at the recommended ratio of 1:7 (powder: liquid) 

with 1% HCl; appropriate amounts of melamine were then added to this stock 

solution to prepare samples of different concentrations. IR 780 and heroin were 

mixed at various ratios and dissolved in acetonitrile. Refillable ink cartridges were 

purchased from Alpha D Development and used without modification. 

6.2.2 Silver nanoparticle synthesis 
 
Silver nanoparticles were synthesized by reduction of silver nitrate using 

trisodium citrate as a reducing agent according to the method of Lee and Meisel.80 

Briefly, 90 mg silver nitrate was added to 500 mL of ultrapure water (18.2 MΩ), 

which was then brought to a boil in a flask under vigorous stirring. 100 mg of sodium 

citrate was added and the solution was left to boil for an additional 10 minutes. After 

the solution turned greenish brown, which indicated the formation of silver colloid, it 

was then removed from heat. 

6.2.3 Ink formulation and printing 
 
To form the silver ink, nanoparticle colloids were centrifuged at 6,000g to 

concentrate the nanoparticles by 100X in volume. The concentrated colloid was then 

mixed at a ratio of 1:1 with a 10 mg/mL dextran solution in water. The ink was then 

injected into refillable printing cartridges. An inkjet printer (Epson Workforce 30) 

was used to print the nanoparticles onto the chromatography paper or PVDF 

membrane as in Chapter 3. An open source vector graphics editor, Inkscape, was used 

to define the shapes to print. To increase the nanoparticle concentration in the 

substrate, the printing was repeated five times for paper and 10 times for PVDF. After 
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drying in air, excess unbound nanoparticles were removed from the paper or 

membrane by performing a pre-rinse with the mobile phase (dilute HCl was used in 

the case of PVDF membranes). 

6.2.4 Chromatographic separation 

To perform chromatographic separation of a sample, a pipette is used to place 

a small drop of the sample onto the printed SERS substrate. After drying, the 

substrate is placed upright inside a sealed jar that has been pre-saturated with the 

mobile phase while making sure that there is no contact with the sides of the jar. The 

mobile phase solvents differ depending on the sample and target components being 

separated. The level of the mobile phase is adjusted so that the meniscus is 1 cm 

below that of the position of the applied droplet. As the solvent is wicked up the 

chromatographic strip, the components of the sample are separated on the strip. The 

run time varies from 1 – 10 minutes depending on the mobile phase used. After 

performing the separation, the solvent front is marked using a pencil and the 

chromatogram is air-dried. To achieve separation of closely related species, 2D 

chromatographic separation is employed (Figure 6.1). This is done by rotating the 

strip by 90 degrees (after drying) and then performing another separation step using a 

second mobile phase. In addition, separated components may be concentrated by 

lateral flow concentration (Figure 6.1). This is done by cutting out the region 

containing the analyte of interest and dipping it into a volatile solvent.93  
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Figure 6.1 Schematics of the chromatographic separation and lateral concentration steps on 

paper SERS substrates. 

 

6.2.5 SERS measurements 
 
SERS measurements are performed using a 785 nm laser diode (Ocean 

Optics), a QE65000 (Ocean Optics) portable spectrometer, and a fiber optic probe 

(InPhotonics). A laser power of 17 mW was used to interrogate the samples on paper 

(8 mW for PVDF), and a 1-second CCD exposure was used for collecting the SERS 

spectra. The position of the target analytes on the chromatogram and their SERS 

spectra were recorded. SERS signals were averaged across 15 signal acquisitions 

from three separate trials and the variability in the signal was determined from the 

standard deviation. Background contributions from the substrates were accounted for 

by manually subtracting the SERS signals obtained from blank samples. To determine 

the signal intensity, the height of the most prominent peak from the Raman bands was 

calculated. This was repeated for three separate trials to determine their repeatability. 
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The limit of detection reported is the lowest concentration of analyte for which the 

Raman signature is easily visible. The retention factor (Rf) values of the analytes are 

calculated based on the positions of maximum SERS signals. 

6.3 Results and Discussion 

6.3.1 Detection of multiple analytes using paper SERS chromatography 
 
Paper chromatography has been well established as a quick, easy, and 

inexpensive way to separate and analyze components in a mixture. Just like other 

chromatography techniques, the principle of the separation of analytes is based on the 

different affinity of analytes for the stationary phase and their solubility in the mobile 

phase. Identification of the different components is based on the retention factor (Rf), 

which is the ratio of the distance traveled by the analyte to the distance traveled by 

the mobile phase, or by extracting the analyte from the chromatogram for further 

analysis.228,229 While useful for analyte separation, paper chromatography and in 

general thin-layer chromatography (TLC) is limited as an analytical technique 

because of the need for the analytes to be visible, or to be made visible by chemical 

means. The combination of SERS with paper chromatography removes this drawback 

by allowing analyte detection on the chromatogram without any chemical 

modifications, while also providing the added benefit of concentration and 

quantification of analytes without extraction.  

The concept of paper SERS chromatography is demonstrated in Figure 6.2 

using a mixture of 3 dyes consisting of 1 mM R6G, 1 mM methylene blue and 1 mM 

malachite green. From Figure 6.2(A) it is evident that without separation, the SERS 
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signature of the dye mixture is dominated by the SERS spectrum of methylene blue, 

as the SERS signatures of malachite green and R6G are not discernible. After a 4 

minute chromatographic separation step using a mobile phase of (50% acetone: 50% 

0.1 M ammonium acetate), the separation of methylene blue from malachite green 

and R6G is clearly visible in Figure 6.2(B). However, it is also evident that the 

malachite green was not successfully separated from R6G. By rotating the 

chromatogram 90 degrees and performing an additional 10 minute separation step 

using 0.1 M ammonium acetate as the mobile phase, it was possible to resolve the 

malachite green and R6G into separate bands, as shown in Figure 6.2(C). The distinct 

SERS spectra of the separated bands match closely with those of the reference spectra 

of the respective dyes. A slight cross contribution from each dye is visible due to 

residual retention of the dyes on the nanoparticles or the paper during the separation 

steps (Figure 6.3), but these do not interfere with the identification of the analytes as 

in the initial condition.  Note that a high concentration (1 mM) of each dye was used 

in this case in order to illustrate visually the separation of the dye components. 
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Figure 6.2 (A) SERS of a mixture of dyes on the paper substrate showing that the signal is 

dominated by methylene blue (MB). (B) After 1D separation, MB is clearly separated visually 

and confirmed by SERS, but the malachite green (MG) and R6G are not resolved. (C) After an 

additional 2D separation step, all 3 dyes are clearly separated from each other. A comparison of 

the SERS spectrum of each separated dye to the respective reference spectrum shows minimal 

cross contamination. SERS spectra have been shifted and rescaled for clarity. 
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Figure 6.3 Comparison of chromatographic separation of individual dyes and dye mixture using 

paper and a printed paper SERS substrate. Note that there is no difference in the retention 

factor (Rf) for the dyes, but there is visibly more tailing of the dyes on the paper SERS 

chromatogram. This is due to the adhesion of the dyes to the silver nanoparticles.   

 

6.3.2 Separation and detection from complex samples 
 
One of the difficulties in applying SERS for the detection of a trace amount of 

a target in a complex sample (e.g., food, beverages, urine, blood, etc.) is the presence 

of large amount of proteins, ions, salts and other materials that can interact with the 

nanostructures and interfere with the SERS activity. Removal of such interferents 

often requires lengthy and labor intensive sample clean up steps, which ultimately 

reduces the efficiency of SERS detection. We demonstrate that paper SERS substrates 
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can also be used to chromatographically separate a target from a complex matrix 

without the need for additional sample clean-up steps.  

As a practical example, we illustrate this by the separation and detection of 

melamine from infant formula. Infant formula is highly rich in proteins and other 

components, making it a complex sample to analyze. An examination of its 

ingredients reveals over 50 different compounds, such as proteins, lipids, vitamins, 

minerals and sugars. Adulteration of infant formula with melamine, a chemical that 

contains a high percentage of nitrogen, to make the infant formula appear to have 

higher protein content was a major problem in China in 2008 and led to the death of 

several infants.230 Due to the complex matrix, many of the traditional and new 

techniques of detecting melamine in infant formula have relied on laborious and time 

consuming cleanup steps.231–235 Others have utilized SERS towards this problem with 

good result,78,96,236–239 but often the burden of labor and/or cost is shifted from sample 

cleanup to fabricating complex SERS substrates. Here we demonstrate the utilization 

of inkjet printed PVDF SERS membranes for a single step separation and detection of 

melamine in infant formula. PVDF membranes are used in this case instead of paper 

due to the high binding affinity of proteins to PVDF. 

As shown in Figure 6.4(A), the SERS signature of 100 ppm melamine in a 0.2 

µL droplet of infant formula on the SERS-active PVDF substrate is hardly visible due 

to the fouling of the nanoparticles by the abundant proteins, lipids and other 

molecules (region I). Interestingly, even before performing a separation, the potential 

benefit of separation is apparent; the hydrophilic membrane wicks the liquid sample 

outward (into region II), but larger solids and proteins do not move.  In this outer 
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ring, a small SERS signal for melamine can be observed (Figure 6.4A). After 

performing the chromatography using a mobile phase of 0.1% acetic acid for 1 

minute, melamine is separated in the chromatogram (region III); a clear SERS 

signature of melamine is apparent, and very little background can be seen. The 

melamine is located near the solvent front due to its good solubility in the dilute acid, 

while the larger protein molecules are localized where the sample was applied. Other 

non-target molecules from the sample are smeared over the surface on the membrane 

as indicated by the grey regions in the micrograph in Figure 6.4(A). A SERS 

chromatogram of the separation is shown in Figure 6.4(B), showing the location of 

melamine after performing the separation.    

Using this technique, it was possible to detect as low as 5 ppm melamine in 

infant formula as shown in Figure 6.5, with a linear response over 2 orders of 

magnitude. However, without separation, the detection limit of melamine in infant 

formula is 100 ppm using the printed substrate; thus by performing a simple 

separation we are able to achieve greater than one order of magnitude improvement to 

the detection. The detection limit of a pure melamine sample on the PVDF SERS 

substrate on the other hand was 100 ppb (see Figure 6.6); hence detection is still 

better in a purified sample as compared to a chromatographically-separated sample. 

We suspect that this may be due to: (i) sequestration of some of the melamine 

(through binding to proteins or lipids), and/or (ii) fouling of the nanoparticles surfaces 

(which reduces their SERS activity) by some of the small molecules which remain 

unseparated from melamine.  
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Figure 6.4 (A) Infant formula laced with melamine  (100 ppm) on PVDF membrane before and 

after chromatographic separation. SERS of regions I, II and III shows the dramatic 

improvement of the 695 cm-1 peak of melamine after performing the separation. (B) SERS 

chromatogram showing the location of melamine on the PVDF membrane. (NP = nanoparticle) 
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