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a b s t r a c t 

Wastewater-based epidemiology (WBE) is a powerful technique for monitoring illicit drugs of abuse in 

the community. Here, we report upon a surface-enhanced Raman spectroscopy (SERS) sensor for the sen- 

sitive and selective detection of methamphetamine based upon the assembly of noble metal core-shell 

nanoparticles on a bespoke glassy nanofibrous electrospun paper matrix. The hierarchical structure of 

the fibrous paper, modified with the synthesized Au@Ag core-shells (Au@Ag) gave strong SERS signalling, 

enabling us to evaluate the community-wide prevalence of methamphetamine in wastewater treatment 

plants within Beijing. We show that, when normalized for the daily flow of the wastewater treatment 

plants and for population density, higher mass loads of drugs are generally found in sewage influent 

from urban areas, implying greater local methamphetamine usage than that in less populated areas. The 

user-friendly and disposable paper sensors demonstrate the applicability of rapid on-site illicit drug de- 

tection, illustrating the application to wastewater-based epidemiology, which has the potential to inform 

government agencies regarding societal interventions. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Worldwide illicit drug use has increased significantly, generat- 

ng global concern around both public health as well as national 

nd international security ( Niaz et al., 2017 ). In particular, metham- 

hetamine, as one of the most widely used illicit drugs, is currently 

he most widely abused drug in China ( Du et al., 2015 ; Niaz et al.,

017 ). The use of methamphetamine has important societal conse- 

uences, including the loss of livelihoods, higher incidences of lo- 

al and organized crime, and increased healthcare costs with asso- 

iated morbidities and mortalities ( Niaz et al., 2017 ). To date, tra- 

itional methods for monitoring community drug use have been 

ased largely upon population surveys, which are time-consuming 

nd may be inaccurate ( Zuccato et al., 2008 ). In the past decade, a

ew approach, namely, wastewater-based epidemiology (WBE), has 

merged as a powerful, near-real-time and cost-effective tool both 

or the evaluation of illicit drug consumption ( Castrignanò et al., 

018 ; Du et al., 2019 ) or toxic substance exposure ( Markosian and
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irzoyan, 2019 ; Rousis et al., 2017 ) as well as, most recently, for 

he early warning of infectious disease outbreaks ( Peccia et al., 

020 ; Sims and Kasprzyk-Hordern, 2020 ). 

Recently, such measurements of a community’s drug consump- 

ion have been demonstrated through the quantification of the 

hemical residues and/or metabolites that enter the urban sew- 

rs from urine or faeces, although these methods have always 

sed traditional centralized laboratory testing based upon chro- 

atographic separation methods coupled with mass spectrometry 

 Bell and Sirimuthu, 2008 ; Castiglioni et al., 2013 , 2015 ; Chen et al.,

013 ; Cyranoski, 2018 ; Du et al., 2015 , 2017 ; Harman et al., 2011 ;

eid et al., 2014 ; Zuccato et al., 2005 ). The analytic approach 

eeds to consider the population serviced, the stability of drug 

esidues, the rates of drug excretion and wastewater volumes 

 Chen et al., 2013 ; Harman et al., 2011 ; Zuccato et al., 2005 ). By

nalysing wastewater collected at treatment plants ( Chen et al., 

013 ; Harman et al., 2011 ; Reid et al., 2014 ), the community-wide

se of drugs including antibiotics ( Reid et al., 2014 ) and alcohol 

 Cyranoski, 2018 ) can has been evaluated. This method has also 

een demonstrated as an innovative and promising tool for the 

valuation of recent trends in illicit drug use in many countries 

 Castiglioni et al., 2013 , 2015 ; Du et al., 2015 , 2017 ). 
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The use of chromatographic separation methods coupled with 

ass spectrometry (e.g., triple quadrupole instruments) provides 

 robust, sensitive and selective analytic approach ( Bell and Sir- 

muthu, 2008 ), in which chemical compounds or their metabo- 

ites present in wastewater serve as biomarkers, quantified us- 

ng an internal reference such as a deuterated analogue ( Bell and 

irimuthu, 2008 ). Non-targeted analysis is usually undertaken by 

igh-resolution mass spectrometry ( Harman et al., 2011 ), a the 

ethod which involves complex sample preparation from sewage, 

s well as the high cost of analysis with a requirement for trained 

echnicians. As a consequence, there is now a need for novel an- 

lytical tools to perform rapid and on-site analysis of wastewater 

ith minimal sample processing by less skilled personnel. 

We have recently demonstrated aptamer sensors for the elec- 

rochemical detection of cocaine ( Yang et al., 2016 ) and for the 

olorimetric detection of methamphetamine ( Mao et al., 2019 ). 

uilding upon this experience, we believe that rapid monitoring 

f sewage minimizes uncertainty arising from the low stability of 

ertain targets ( Du et al., 2015 ; Kneipp et al., 2008 ; Zuccato et al.,

005 ). 

Surface-enhanced Raman spectroscopy (SERS) is a powerful 

pectroscopic technique for label-free detection of (bio)chemical 

pecies, enabling the analysis of a spectroscopic fingerprint of 

ach molecule ( Brown and Milton, 2008 ; Ji et al., 2012 ). This ap-

roach has already been confirmed to be an attractive method for 

he monitoring of chemical pollutants ( Brown and Milton, 2008 ) 

nd pesticides ( Li et al., 2017 ) present in the environment at low

oncentrations. The key to this technique is the electromagnetic 

nhancement afforded by noble metal nanostructures ( Lin et al., 

016 ; Xie et al., 2011 ). Although SERS analysis holds potential to 

chieve ultrasensitive detection ( Huang et al., 2020 ; Ren et al., 

011 ), its broader applicability has been hindered by problems as- 

ociated with both sample preparation and reproducibility of the 

ignal generated at the SERS-active sensor substrate ( Su et al., 

017 ); both being key requirements for practical implementation 

 Kudelski, 2005 ; Reilly et al., 2007 ). Thus, techniques including the 

reation of colloidal suspensions of metal nanocrystals using chem- 

cal synthesis ( Wang et al., 2005 ; Yap et al., 2012 ), electrochem-

cally nano-textured metal surfaces ( Cheng et al., 2010 ), regularly 

atterned metal particles using vapour deposition ( Reilly et al., 

007 ), lithographic techniques ( Wang et al., 2005 ), and template- 

irected self-assembly ( Yap et al., 2012 ) have all been developed to 

anufacture stable and sensitive sensing surfaces. The wide vari- 

ty of different techniques currently available ( Cheng et al., 2010 ) 

ncludes those for the fabrication of well-ordered periodic silver 

r gold nanoparticle arrays, which enable precise control over the 

hape, size, and organization of the metal nanostructures ( He et al., 

009 ). Generally, SERS substrates obtained by these techniques 

how a large Raman enhancement and high reproducibility, en- 

bling single molecule detection capable of identifying analytes at 

race levels ( Ahmed and Gordon, 2012 ). 

Paper-based SERS substrates for on-site analysis of real sam- 

les ( Abbas et al., 2013 ; Ahmed and Gordon, 2012 ; He et al., 2009 ;

olavarapu and Liz-Marzán, 2013 ; Polavarapu et al., 2014 ; Yu and 

hite, 2010 ) provide a versatile and low-cost alternative and have 

ttracted increasing interest in recent years for the development of 

ortable miniaturized devices suitable for on-site analysis and test- 

ng ( Martinez et al., 2008 , 2010 ). Paper-based SERS substrates have 

he advantage that they can wick the samples by capillary forces, 

roviding chromatographic sample preparation, filtration and fluid 

ovement simultaneously ( Polavarapu and Liz-Marzán, 2013 ). The 

aper matrix can also be adapted to provide visual/optical or elec- 

rochemical measurements (and can be easily disposed of at the 

nd of the analysis) ( Mao et al., 2020 ). 

Recent studies have demonstrated the fabrication of inexpen- 

ive SERS substrates on paper, such as filter paper ( Abbas et al., 
2 
013 ), photocopy paper ( Polavarapu et al., 2014 ), and cellulose 

aper ( Yu and White, 2010 ), by printing ( Yu and White, 2010 ),

ip-coating gold nanorods ( Lee et al., 2010 ), and in situ growth 

 Cheng et al., 2011 ) and filtration ( Zhang et al., 2015 ). Despite

hese advances, there remain important limitations in the use 

f these paper-based sensors, including the high background Ra- 

an interference in the SERS detection observed in many com- 

ercially available papers. Furthermore, the inhomogeneous and 

iscrete distribution of nanostructures on paper has meant that 

any techniques have only moderate sensitivities in the nM range 

 Zhang et al., 2015 ). In order to improve the signal readout, large

ample volumes (e.g., litre level) have been needed to accumulate 

olecular targets in the detection zone, a task that is often im- 

ractical ( Lee et al., 2011 ; Meng et al., 2013 ; Zhang et al., 2015 ). 

The development of effective and simple production of closely- 

acked nanostructure arrays, uniformly distributed on the paper 

urface for signal analysis, also remains an important challenge. In 

rder to overcome this obstacle, most recently, Xu et al. (2019) re- 

orted the SERS detection of methyl blue (MB), an organic pollu- 

ant in wastewater, using ZnO@Au nanorods as the substrate. Simi- 

arly, Lee et al. (2017) demonstrated the use of paper as a substrate 

or SERS detection of two toxic drugs (4-aminobenzoic acid and 

yrocatechol) in “model” wastewater samples, with sensitivities as 

ow as nM (equivalent to 150 ppt). 

To our knowledge, rapid SERS detection using paper as a sub- 

trate to address WBE in the community for the evaluation of illicit 

rug use trends in real samples has not been reported. Here, we 

emonstrate a new, bespoke, paper-based SERS substrate created 

y the assembly of noble metal core-shell nanoparticles on modi- 

ed electrospun glass nanofibrous paper (GNFP). The sensors were 

sed for the detection of methamphetamine in water samples, in- 

luding surface water and wastewater in different areas within Bei- 

ing ( Fig. 1 ). The objectives of this study were to synthesize Au@Ag 

ore-shells by seeded growth, which exhibit high SERS enhance- 

ent and construct a novel paper-based SERS substrate with the 

anoparticles immobilized on a nanofibrous paper functionalized 

ith poly-L-lysine (pLL). Finally we used this novel paper-based 

ERS substrate for methamphetamine detection in real surface and 

astewater samples, which was compared to mass spectrometry as 

 gold-standard reference technique in order to evaluate commu- 

ity drug consumption with SERS sensors at wastewater treatment 

lants in Beijing. The sensor provides a potential tool for rapid on- 

ite analysis of sewage to identify spatio-temporal variations in lo- 

al trends in drug use. 

. Experimental section 

.1. Preparation of glass nanofibrous paper-based SERS substrates 

Synthesis of Au@Ag core-shell nanoparticles: Gold nanoparticles 

AuNPs) were prepared by reduction of gold(III) chloride hydrate 

ith trisodium citrate using a procedure adapted from the liter- 

ture ( Shen et al., 2010 ). Briefly, 50 mL of 0.01% (w/w) HAuCl 4 
as reduced by 750 μL of 1% (w/w) trisodium citrate solution at 

00 °C under vigorous magnetic stirring for 20 min until the solu- 

ion turned light red. The prepared AuNPs were used as seed par- 

icles. A total of 600 μL of AgNO 3 solution (0.5%, w/w) was added 

o 100 mL of the boiling gold seed solution. Afterwards, 1 mL of 

odium citrate solution (1%, w/w) was added dropwise as the re- 

ucing agent with stirring. The solution was boiled for 1 h and 

hen cooled to room temperature. 

Fabrication of Au@Ag-pLL on paper: GNFP (8 mm × 8 mm) was 

rst cleaned exhaustively through a series of sequential washing 

teps with ultrapure water, acetone, ethanol and ultrapure water 

each for 10 min) prior to drying at 60 °C in the oven. The pa-

er was then immersed in 0.1 wt% pLL solution for 10 min and 
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Fig. 1. Locations of the sixteen wastewater treatment plants in the urban area of Beijing . The study locations were abbreviated as follows: FZ, Fangzhuang; XHM, Xiao- 

hongmen; HX, Hexi; WLT, Wulituo; LGQ, Lu gouqiao; BY, Beiyuan; GBD, Gaobeidian; QH, Qinghe; WJC, Wujiacun; XJH, Xioajiahe; JXQ, Jiuxianqiao; BXH, Beixiaohe; WQ, 

Wenquan; XYY, Xiaoyueyuan; HF, Huaifang; YF, Yongfeng) . 
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6  
insed in water, with any remaining fluid gently blown away un- 

er a stream of pure nitrogen gas. The pLL layer-coated GNFP 

as then immersed into a solution containing the synthesized 

u@Ag core-shell colloid for 30 h. Au@Ag core-shell nanoparticles 

ssembled on the surface of the nanofibrous paper due to local 

lectrostatic interactions with pLL. Finally, the paper was washed 

ith phosphate buffer (0.01 mM, pH 7.0) and dried in a stream 

f nitrogen gas. The substrates were characterized by both low- 

agnification and high-magnification field emission scanning elec- 

ron microscopy (FE-SEM), as shown in Fig. 2 . 

.2. Analytical performance of the novel SERS sensors 

To demonstrate the quantitative capability of this SERS-active 

ensor, experimental samples were prepared as follows: crystal vi- 

let (CV) solids were dissolved in ethyl alcohol without any fur- 

her purification to obtain a 1 mM stock solution. Then, CV stan- 

ards were prepared using serial dilutions of the stock solution 

ith ethyl alcohol. Similarly, standards of methamphetamine were 

repared, again by serial dilution of a 100 ppm stock solution with 

eionized water, giving a series of methamphetamine standards at 

.01, 0.1, 1.0, 10.0, 100.0, 10 0 0.0, and 10,0 0 0.0 ppb. These standards

ere used to determine key analytical performance metrics includ- 

ng the limit of detection and linear range. 

.3. Detection of illicit drugs in water samples 

In order to evaluate the feasibility of detecting metham- 

hetamine in real samples, concentrations in surface and wastew- 

ter samples were determined using SERS, and these samples were 

lso measured using conventional instrumentation, namely, liquid 
3 
hromatography-mass spectrometry (LC-MS). Surface water sam- 

les were collected from two rivers (the Pearl River in Guang- 

ong Province and the Wanquan River in the City of Beijing) and 

rom Weiming Lake in Beijing (see the supporting information for 

etailed sample collection information). In addition, wastewater 

as collected (as both influent and effluent) from sixteen domes- 

ic wastewater treatment plants (Fangzhuang, Xiaohongmen, Hexi, 

ulituo, Lugouqiao, Beiyuan, Gaobeidian, Qinghe, Wujiacun, Xioa- 

iahe, Jiuxianqiao, Beixiaohe, Wenquan, Xiaoyueyuan, Huaifang, and 

ongfeng) located in the urban area of Beijing ( Fig. 1 ). Sampling 

as conducted during summer. Each treatment plant was sampled 

or 4 consecutive days over a period of 24 h, and the samples were 

ombined for measurement (detailed in the supporting informa- 

ion). 

SERS analysis: Two hundred millilitres of wastewater was pro- 

essed on-site by first acidifying the sample (by adding 10 drops 

f HCl, pH~2) and then filtering using a 0.22 μm membrane to re- 

ove solid debris. Purification and enrichment were performed us- 

ng a standard 3 mL cationic solid-phase extraction cartridge from 

FFINISEP (Paris, France), pre-equilibrated using 1 mL of acetoni- 

rile (AcN) and 2 mL of water, as follows: sample loading (of the 

00 mL of filtered wastewater); washing (for removal of interfer- 

nces) in 3 mL of water and 3 mL of water/AcN (60/40, v/v); drying 

or 30 s prior to elution (in 2 mL of methanol (MeOH) containing 

% formic acid); and finally, analysis by SERS. 

LC-MS analysis: First, 200 mL of each sample was filtered us- 

ng 0.22 μm membrane filters to remove solid particles and then 

tored for reference laboratory analysis. An Oasis MCX cartridge 

rom Waters (Milford, USA) was pre-conditioned in sequence with 

 mL of MeOH, 4 mL of deionized water, and 4 mL of deionized
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Fig. 2. Evaluation and characterization of Au@Ag assembled on the glass nanofibrous paper substrate: (a) Field emission scanning electron microscopy (FE-SEM) image of 

prepared Au nanoparticles; (b) FE-SEM image of prepared Au@Ag core-shell nanoparticles; (c) Low-magnification high-resolution transmission electron microscopy (HR-TEM) 

image of Au@Ag; (d) High-magnification HR-TEM images of Au@Ag; (e) Low-magnification FE-SEM image of glass nanofibrous paper; (f) High-magnification FE-SEM image 

of the glass nanofibrous paper substrate; (g) Low-magnification FE-SEM image of Au@Ag-pLL assembled on the glass nanofibrous paper substrate; (h) High-magnification 

FE-SEM image of Au@Ag-pLL assembled on the glass nanofibrous paper substrate. 
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ater at pH 2.0. The sample was then loaded onto the cartridge at 

 flow rate of 2–3 mL/min. After drying under vacuum, the sample 

as sequentially eluted off the cartridge with 4 mL of MeOH and 

 mL of 5% NH 3 in MeOH. The eluate was evaporated to dryness 

nder a gentle nitrogen stream and re-constituted in 200 μL of 

cN/water (5/95, v/v). A further cleaning step was performed us- 

ng a 0.22 μm centrifugal filter (VWR International, PA, USA) be- 

ore LC-MS analysis. 

Theoretical calculation simulations: Density functional theory 

DFT) calculations were used to confirm vibrational band assign- 

ents for methamphetamine (C 10 H 15 N). All the quantum chemical 

alculations were performed using DFT with the BP86 functional 

nd 6–311G(d) basis set employing the Gaussian 09 and GaussView 

.09 program package ( Kohn et al., 1996 ; P. Hohenberg, 1964 ). The

alculations were performed without any symmetry restrictions. 

. Results and discussion 

.1. Novel substrate for SERS sensors 

Au@Ag core-shell nanoparticles were synthesized to combine 

he strong SERS effect of Ag with the well-known stability of Au 

 Li et al., 2017 ). It has also been proposed that plasmonic Au@Ag 

ore-shell nanomaterials have a better SERS effect than single- 

omponent Au or Ag due to their resonant behaviour ( Li et al., 

017 ). The synthesized Au@Ag was characterized by ultraviolet- 

isible (UV–vis) spectrometry (Figure S1), as well as field emission 

canning electron microscopy (FE-SEM) and high-resolution trans- 

ission electron microscopy (HR-TEM) ( Fig. 2 ). Figure S1 shows 

he UV–vis spectra of AuNPs and Au@Ag. Compared with the ab- 

orption peak of AuNPs, the peak of the Au@Ag solution was 

lue-shifted. As shown in Fig. 2 b and c, the average diameter of 

u@Ag was approximately 40 nm, exhibiting a uniform size. We 

lso obtained a more detailed Au@Ag particle size distribution im- 

ge through HR-TEM (see Figure S2), which demonstrated that the 

ajority of the diameter sizes of Au@Ag ranged from 37 to 43 nm 

16/21). 

The GNFP (8 mm × 8 mm) provided an enhanced surface area, 

eading to improvements in both sensitivity and dynamic range 

as a function of the increased number of noble metal core-shell 
4 
anoparticles that could be modified on its surface). The sur- 

ace topography of the GNFP was determined by FE-SEM ( Fig. 2 e 

nd f), showing that a highly porous three-dimensional matrix 

as formed. When compared to two-dimensional planar substrates 

 Li et al., 2017 ), nanofibrous paper substrates, with a hierarchical 

tructure of nanoparticles adsorbed onto the fibril matrix, exhib- 

ted an increased surface area and enhanced the absorption capac- 

ty for easy access of analytes. By absorbing the Au@Ag-pLL solu- 

ion, the SERS GNFP could be easily fabricated (see Scheme 1 ). 

Here, we used pLL to attach Au@Ag to the paper matrix by ex- 

loiting its positively charged amine functional groups and its low 

aman scattering cross-section. pLL was readily absorbed onto the 

aper at room temperature without any other treatment, providing 

n excellent mediator for the physisorption and ionic stabilization 

f the negatively charged Au@Ag on the glassy paper in a single 

tep. 

According to a previous report ( Fang et al., 2015 ), the assem- 

ly times of glass in pLL and nanoparticle solutions were opti- 

ized at 10 min and 30 h, respectively. Using characterization of 

ow-magnification ( Fig. 2 g) and high-magnification ( Fig. 2 h) FE- 

EM images, the experimental results show that the Au@Ag core- 

hell nanoparticles have been effectively loaded on GNFP with pLL. 

o investigate the reproducibility of the SERS platform, 8 differ- 

nt SERS substrates were used to measure 100 nM CV standards. 

ig. 3 a shows that the 8 different spectra were consistent, with a 

trong peak at 1620 cm 

–1 , showing a relative standard deviation 

RSD) of ~5%. 

Given that an ideal sensor substrate should be stable for long- 

erm storage, we compared the SERS signals from a freshly pre- 

ared Au@Ag assembled on the GNFP substrate with the same sub- 

trate following storage under atmospheric conditions for one or 

wo months. As shown in Fig. 3 , 2 μL of 100 nM CV was analysed

n the freshly prepared Au@Ag-pLL-GNFP SERS substrate (No. 3) 

nd from a substrate prepared one month (No. 2) and two months 

No. 1) earlier. Raman spectra were obtained using a portable Ra- 

an spectroscopy system (i-Raman portable Raman spectrometer, 

&W Tek, USA) using a high quantum efficiency charge-coupled 

evice (CCD) array detector. A 785 nm laser was used for excita- 

ion. The collection parameters of each SERS spectrum included an 

xposure time of 50 0 0 ms and integrating 3 times over each spec- 
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Scheme 1. Schematic illustration of the self-assembly of Au@Ag on a glass nanofibrous paper (GNFP) SERS substrate. 

Fig. 3. (a) SERS spectra of CV (100 nM) acquired from 8 different SERS substrates 

within a SERS array, showing a high degree of reproducibility; (b) SERS spectra 

( λex = 785 nm) of CV (100 nM) acquired from a freshly prepared Au@Ag-pLL-GNFP 

SERS substrate (No. 3) and from a substrate prepared one month (No. 2) and two 

months (No. 1) earlier, showing good long-term stability of the nanofibrous paper- 

Au@Ag assembly. 

Fig. 4. SERS spectra of methamphetamine measured on Au@Ag-modified glass 

nanofibrous paper substrate. The inset shows the SERS spectra from DFT simula- 

tions. The powder spectra are provided in Fig. S3. 
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rum. The results demonstrated no significant decrease in the sig- 

al intensity, with a Raman peak at 1620 cm 

–1 , showing an RSD of 

5.9%. 

.2. Detection of illicit drugs in solutions 

We used Au@Ag-pLL assembled on glass nanoporous paper sub- 

trates for SERS detection of methamphetamine, as shown in Fig. 4 . 

ompared with the theoretical Raman spectra ( Fig. 4 inset) and the 

owder spectra (Figure S3), the SERS spectra of methamphetamine 

how a close correspondence. The SERS bands were also compared 

ith the theoretical predictions and vibrations as shown in Table 

1, which were consistent with assignments made in previous in- 

estigations ( Kline et al., 2016 ). The molecular structures of the an- 

lytes are presented in Fig. 4 as an aid for visualizing the vibra- 

ional mode assignments. As shown in the Raman spectra in Table 

1, methamphetamine can be differentiated using five bands at 619 

m 

−1 , 835 cm 

−1 , 1001 cm 

−1 , 1016 cm 

−1 and 1602 cm 

−1 , although

n our work, we found the strongest signal band at 1016 cm 

−1 to 

e analytically most useful. 

To illustrate the analytical capability of the SERS-active sub- 

trate for illicit drug detection, we carried out the detection of 

ethamphetamine in a combined qualitative and quantitative way. 
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Fig. 5. SERS assay performance of different concentrations of (a) methamphetamine 

(0.01 to 10,0 0 0 ppb) on Au@Ag-pLL assembled on the glass nanofibrous paper sub- 

strate. (b) Standard curve of the corresponding peak intensities at 1016 cm 

−1 and 

�I 1016 as a function of drug concentration. 
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Fig. 6. (a) Detection of 100 ppb methamphetamine in different matrices (buffer, 

lake and river water) using the SERS sensors (black) and LC-MS (white) as the 

gold-standard reference method; (b) normalized methamphetamine concentrations 

in wastewater treatment plants measured using the SERS sensor (white) and HPLC- 

MS/MS; (black), as reference (see also Table S3); (c) normalized concentrations of 

methamphetamine determined by the SERS sensor in influent (black) and effluent 

(white) from wastewater treatment plants in Beijing, demonstrating the effective- 

ness of the wastewater treatment process (see Table S3); (d) estimated average 

loads of methamphetamine where wastewater samples were collected (see Table 

S4). (Notes: FZ, Fangzhuang; XHM, Xiaohongmen; HX, Hexi; WLT, Wulituo; LGQ, Lu- 

gouqiao; BY, Beiyuan; GBD, Gaobeidian; QH, Qinghe; WJC, Wujiacun; XJH, Xioajiahe; 

JXQ, Jiuxianqiao; BXH, Beixiaohe; WQ, Wenquan; XYY, Xiaoyueyuan; HF, Huaifang; 

YF, Yongfeng). 
irst, 2 μL of the methamphetamine solution at a series of stan- 

ard concentrations (0.01, 0.1, 1.0, 10.0, 100.0, 10 0 0.0, and 10,0 0 0.0

pb) in anhydrous ethanol were analysed on the SERS-enabled pa- 

er substrate. As the solvent evaporated, the analytes were spread 

venly on the SERS-active layer on the sensor ( Scheme 1 ). Raman 

pectra were obtained using a portable Raman spectroscopy sys- 

em (i-Raman portable Raman spectrometer, B&W Tek, USA) us- 

ng a high quantum efficiency CCD array detector. A 785 nm laser 

as used for excitation. The collection parameters of each SERS 

pectrum included an exposure time of 50 0 0 ms and integrating 

 times over each spectrum. 

Raman spectra of different concentrations of methamphetamine 

ere obtained using the characteristic band at 1016 cm 

−1 . Fig. 5 a 

ndicates that the intensity of this signal increased for metham- 

hetamine concentrations between 0.01 and 10,0 0 0.0 ppb (with 

he baseline subtracted from all the Raman spectra). 

Fig. 5 b shows the relationship between changes in the Raman 

ntensity of methamphetamine with increasing methamphetamine 

oncentrations, giving an excellent linear correlation (r 2 = 0.99) 

ith the logarithmic concentration of methamphetamine ranging 

rom 10 −1 ppb to 10 4 ppb, as presented in the inset of Fig. 5 b. The

imit of detection was estimated to be 7.2 ppt (3 standard devia- 

ions above the mean of the baseline). 
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.3. Evaluation of the drug concentration with SERS sensors by 

nalysis of surface water 

In order to investigate the efficacy of the sensor for the detec- 

ion of real samples, we present preliminarily results that verified 

he feasibility of analysing surface water, including lake water and 

iver water samples. The surface water samples were first filtered 

ith 0.22 μm membrane filters. Then, 100 ppb methamphetamine 

as spiked into the different types of aqueous samples including 

uffer, lake sam ple and river sam ples, as shown in Fig. 6 a (using

C-MS measurements as our gold-standard reference technique). 

he results from the buffer sam ple corresponded well with the 

easured concentrations in the lake and river samples, including 

he Pearl River and Wanquan River, as shown in Table S2. 

.4. Evaluation of community drug consumption with SERS sensors at 

astewater treatment plants 

We also analysed methamphetamine concentrations in the 

astewater collected from 16 influent and effluent pipes in 

astewater treatment plants in Beijing, again normalized by the 

aily flow rate of sewage at each plant. Fig. 6b Fig. 6b and Fig. 6d

emonstrated the concentrations of methamphetamine in sewage 

n Beijing, and estimated average loads of methamphetamine, 

here wastewater samples were collected from influent (detailed 

ata in the Tables S3 and S4). As shown in Table S3, metham- 

hetamine was present in all of the influents, with concentra- 

ions ranging from 3.10 ppt to 180.0 ppt. The high concentration 

evel of methamphetamine in influents suggests a wide use of 

ethamphetamine in Beijing. Table S3 shows that higher metham- 

hetamine daily drug loadings per daily flow rate are present at 

he five sites (Xiaohongmen, Gaobeidian Qinghe, Jiuxianqiao, and 

uaifang) that are located in more central districts of Beijing, as 

hown in Fig. 1 , closest to the business and entertainment cen- 

res with the highest population densities. Wenquan and Yongfeng 

re the farthest from the centre of the city and showed the lowest 

aily drug load of methamphetamine in our sampling periods. The 

rug load was also low at Xiaojiahe and Hexi, which, although not 

ar from the urban centre, receive sewage from the suburbs. 

Finally, we also found that the removal efficiencies of metham- 

hetamine were efficient in the wastewater treatment plants 

y comparing the influent with effluent samples, as shown in 

ig. 6 b and Table S3, again using data that were normalized by 

he flow rate. As shown in Fig. 6c, the removal efficiencies for 

ethamphetamine were typically > 89% (with the exception of 

he Fangzhuang (63.5%) and Hexi (60.3%) plants). Similarly, high 

ethamphetamine removal efficiencies have been observed in the 

iterature elsewhere ( Loganathan et al., 2009 ; Postigo et al., 2010 ). 

. Conclusion 

In summary, we present the development of methods for the 

abrication of SERS substrates comprising glass nanoporous paper 

ynthesized by electrospinning, functionalized with Au@Ag core- 

hell nanoparticles. The substrates serve as simple SERS sensors 

ith negligible background interference, providing high sensitivity, 

ood reproducibility and excellent stability. The sensors were used 

or the detection of methamphetamine in water treatment plants 

n Beijing district, and the results were in close agreement with 

hose obtained by a gold-standard mass spectrometry method as a 

eference. This application of SERS sensors demonstrates an inno- 

ative technology for the evaluation of community-wide metham- 

hetamine consumption. The results also showed the effective re- 

oval of the drug, measured as the difference between influx and 

fflux, at the sampled wastewater treatment plants. The SERS sen- 

ors provided a clear demonstration of a new WBE tool that could 
7 
ave generic application to a range of public health issues, includ- 

ng those for the rapid monitoring of community drug use, lo- 

al environmental pollution and markers for infectious diseases. 

n addition, chiral sensors should be further explored in the fu- 

ure with the increasing attention on chiral compounds analysis in 

astewater. 
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