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Abstract 

 

We report a smartphone label-free biosensor platform based on grating-coupled surface 

plasmon resonance (GC-SPR). The sensor system relies on the smartphone’s built-in flash 

light source and camera, a disposable sensor chip with Au diffraction grating and a compact 
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disk (CD) as the spectra dispersive unit. The Au grating sensor chip was modified with a 

synthetic peptide receptor and employed on the GC-SPR detection of lipopolysaccharides 

(known as endotoxins) with detection limit of 32.5 ng/mL in water. Upon incubation of 

various small and macro-molecules with the synthetic peptide modified sensor chips, we 

concluded the good selectivity of the sensor for LPS detection. In addition, the sensor shows 

feasibility for the detection of LPS in commonly used clinical injectable fluids, such as 

clinical-grade 0.9% sodium chloride intravenous infusion, compound sodium lactate 

intravenous infusion and insulin aspart. The developed sensor platform offers the advantage 

of portability and simplicity, which is attractive for point-of-care and remote detection of 

biomedical and environmental targets. 
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1. Introduction 

Rapid on-site detection of chemical and biological species is intensively pursued in the 

field of early diagnosis, domestic healthcare, and environmental monitoring in remote 

locations where conventional analytical tools are not available (Hay Burgess et al. 

2006; Mudanyali et al. 2012). Conventional analysis in a clinical setting usually 

requires highly-trained personnel, sophisticated instruments and complex procedures, 

which may include examinations (X-ray, tomographic and and ultrasonic imaging, etc.) 

as well as lab-tests (mass spectroscopy, electrochemical assay and enzyme-linked 

immunosorbent assay [ELISA] etc.) (Mudanyali et al. 2012). These methods provide 

high sensitivity and accuracy and have definitely advanced modern diagnostics in the 

developed countries. However, they are not suitable for on-site analysis as they are 

time consuming, not usable for daily life, and often not affordable for deploying in 

resource-limited areas.  

 

Multiple strategies have been proposed to address the technical challenges in the area 

of point-of-care (POC) and field diagnosis based on optical/electrical components (Lim 

et al. 2009; Potyrailo et al. 2012; Rakow and Suslick 2000; Shen et al. 2012; Zhu et al. 

2011). Other POC systems such as paper-based devices for HIV detection (Wang et al. 

2010a) and colorimetric immunoassays (Wang et al. 2010b) have been proposed.  

Although these simple colorimetric assays can be read by the naked eye, more 

sensitive and precise analysis require amplification, image capturing and data 

processing. Among the external auxiliary tools, the smartphones are gradually standing 

out because of the global ubiquity, steady upgrading functions and straightforward 

coupling with optical methods that utilize absorbance/transmittance (Wang et al. 

2016a; Wang et al. 2016b; Wei et al. 2014), fluorescence (Tseng et al. 2010; Zhu et al. 
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2011), chemiluminescence (Zangheri et al. 2015) and spectroscopy of guided waves 

based on photonic crystal (Gallegos et al. 2013) and surface plasmon resonance (SPR) 

(Liu et al. 2015; Preechaburana et al. 2012; Wang et al. 2016b). Such developments 

may provide new solutions for routine daily personal healthcare and tests of 

contaminants in drinking water and food. It can also serve as a first hand tool for the 

characterization of injectable biofluids prior to use. Critical reviews on the smartphone 

biosensors based on optical and electrical detection methods have been reported 

elsewhere (Roda et al. 2016; Zhang and Liu 2016).  

 

Lipopolysaccharide (LPS) also known as endotoxin (Kim et al. 2012) is one of such 

targets present in the outer membrane of Gram-negative bacteria. It consists of three 

covalently bound parts, an inner core, outer core and O-antigen. LPS is an 

inflammatory stimulator that may trigger septic shock. Septic shock is severe 

pathophysiological syndrome in response to an infection that in many cases is fatal as 

it can lead to organ failure (Cohen 2002). Human beings are exposed to LPS through 

drinking water and injectable biofluids (including various supplements and infusion 

liquids). The first detection method for LPS, rabbit pyrogen test (RPT) dates back to 

1940s (Weary and Wallin 1973). Other approaches have been established since then 

including the widely used limulus amoebocyte lysate (LAL) test (Weary et al. 1980). 

Apart from these complicated methods, some of which involved animals, methods that 

are fully synthetic and are easy to operate are in great demand. 

 

In this work we demonstrate a portable LPS detection platform based on a smartphone 

and a grating-coupled SPR (GC-SPR), Fig.1a. Compared to previous designs of 

portable biosensors that utilize wavelength interrogation of GC-SPR and 
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immunoassays (Fernandez et al. 2010), the reported sensor system does not require 

additionally external light source and detector which greatly simplifies the whole 

platform. In addition, specific analysis of target analyte is assured by using a synthetic 

peptide receptor immobilized on the sensor chip surface which provides more robust 

disposable sensor chips with longer shelf-life. 

 

2. Materials and methods 

2.1 Materials 

Lipopolysaccharides (LPS) from Klebsiella pneumonia (L4268) was purchased from Sigma-

Aldrich (Singapore). The molecular weight of commercial LPS varies between 4 and 20 kDa. 

Peptide KC-13 (KKNYSSSISSIHC) and a scrambled peptide YC-13 (YISKSNSSKIHSC) 

were customized and purchased from GL Biochem (Shanghai, China). UV curable polymer, 

NOA72 was obtained from Norland (Cranbury, NJ). The plastic sample chamber kit, 

including a chamber and several sample holders were 3D printed with acrylonitrile butadiene 

styrene (ABS). Clinical-grade 0.9% sodium chloride intravenous infusion BP was purchased 

from Hebei Tiancheng Pharmaceutical Co. (Cangzhou, China). Compound sodium lactate 

intravenous infusion BP was obtained from CR Double-Crane Pharmaceutical Co. (Beijing, 

China). Insulin aspart were purchased from Novo Nordisk (Bagsvaerd, Denmark). 

Ethylenediaminetetraacetic acid (EDTA) was obtained from Macklin (Shanghai, China). 

Other chemicals, including bovine serum albumin (BSA, ca. ~66kDa, ≥96%), phosphate-

buffered saline (PBS) buffer tablets were purchased from Sigma-Aldrich. 

 

2.2 Preparation of a sensor chip  

The Au grating substrate was prepared as reported in our previous work(Wang et al. 2011; 

Wang et al. 2012). Briefly, a glass substrate was drop casted with UV curable polymer (NOA 
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72) and a PDMS stamp (replicated from a silicon master) was placed on it and cured under 

UV light (365 nm) for 2 hours. After peeling off the PDMS stamp, the substrate was coated 

with 2 nm Cr followed by 70 nm Au film. 

The grating Au substrates and flat Au film were first cleaned by O2 plasma for 3 min. After 4h 

incubation in aqueous solution with 50 µM KC-13, the surface was rinsed by deionzed water 

and dried by a stream of N2. The peptide forms covalent interaction between the Au and thiol 

terminated group from the cysteine of the peptide. The peptide-modified Au substrates were 

used further for LPS detection. The flat Au film (2nm Cr and 47 nm Au coated on glass 

substrate) were used for conventional prism-coupled SPR measurement. 

 

2.3 Analyte capture on the sensor chip 

For characterizing the performance of developed SPR spectrometer, the grating Au substrates 

were incubated in 1 mg/mL BSA aqueous solution for 20 min. After rinsing with deionzed 

water, the substrates were dried by a stream of N2 prior to the measurement of the reflectance 

color band with the smartphone SPR spectrometer.  

For the detection of LPS, the KC-13 modified sensor chips were incubated sequencially with 

LSP solution with concentrations of 10 ng/ml, 50 ng/ml, 100 ng/ml, 500 ng/ml, 1 µg/ml, 5 

µg/ml, and 10 µg/ml. In between the sensor chips were ringsed with water to remove 

unspecific bond molecules and measured the SPR spectra with the smartphone spectrometer. 

 

2.4 The selectivity test and detection of LPS in clinical matrices 

To investigate the selectivity of the sensors, the SPR chips were incubated for 20 min with 

PBS buffer solution in the presence of 100 µM of glucose, EDTA, citrate, H3PO4, acetic acid, 

glutathione (GSH), ATP and 100 µg/mL BSA, respectively. The SPR dip shifts were recorded 

after rinsing the sensor chips with PBS buffer, and compared with that measured in PBS 
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buffer in the presence of 100 ng/mL LPS (i.e. 10 nM, provided the molecular weight of 10 

kDa). 

For the detection of LPS in real samples/matrices, clinical-grade 0.9% sodium chloride 

intravenous infusion BP, compound sodium lactate intravenous infusion BP, insulin aspart 

(undiluted and 1 time diluted with PBS) were spiked with 50 ng/mL, 100 ng/mL, 1 µg/mL of 

LPS. The sensor responses were recorded after 20 min incubation followed by rinsing with 

PBS buffer. The sensor responses for the same amount of LPS in PBS buffer solution were 

taken as comparison. 

 

2.5 Calibrating of smartphone spectrometer 

To calibrate the smartphone spectrometer, six filters (470nm±20nm, 482nm±17.5nm, 

525nm±20nm, 536nm±20nm, 670nm±20nm band pass filters, and 550nm longpass filter) 

were sequentially placed into the filter holder of the smartphone spectrometer to obtain the 

spectra and compare it with the one measured with UV-vis spectrometer. The transmission 

spectra of six filters measured by UV-vis spectrometer were shown in Fig. S1 in the 

Supporting Information. In the smartphone spectrometer, a mirror was inserted into the 

sample holder and a reference spectrum was obtained without any filters. The filters 

transmission spectra were accordingly measured by placing the filter into the filter holder (see 

Fig. 1). Compared with the spectra measured by UV-vis spectrometer, the measurable 

wavelength range of the smartphone spectrometer was determined as 430nm-650nm. 

 

3. Results and discussion 

3.1 The development of the smartphone GC-SPR spectrometer 

Surface plasmons were excited by a light beam emitted from the smartphone in-built 

white light LED (HTC sensation XE), which passes through an aperture (0.5 mm) and 
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a polarizer (LPVIS050-MP2, Thorlabs) and impinges under an angle of about θ=5° at 

an Au sensor chip with diffraction grating mounted on a sample holder (Fig. 1a). The 

in-built LED light source covers a wavelength range from 400 to 750 nm, with two 

strong emission bands located at ~450 and ~550 nm, respectively (Wang et al. 2016b). 

The distance between the aperture and the sensor chip surface was set to be 5.1 cm to 

allow for the light reflect back to the camera. The reflected light passes through a 

compact disk (CD, with 640 lines/mm) as a transmission diffraction grating to spatially 

disperse the wavelength spectrum via the first diffraction order which was imaged to 

the phone CMOS camera (8 Megapixel), see Fig. 1bi. Note that there is a built-in lens 

on the front of the CMOS sensor to focus the image of the spectrum. In this study, the 

spectrum image was focused by touching the screen and captured with 4 times of 

magnification. 

  
Fig. 1 (a) Schematic structure of the smarphone spectrometer relying the in-built LED light, a 

CD diffraction substrate and the smartphone camera. Inset is a photo of 3D printing plastic 
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sample chamber kit attached on HTC sensation XE smartphone. (b) The optical arrangement 

of the smartphone spectrometer (i), and a photo of an Au sensor chip with diffraction grating 

(ii), a correspinding AFM imging (iii) and surface profile (iv) of the sensor chip. 

 

3.2 The characterization of GC-SPR sensor chips 

The Au grating substrates can be mass produced with the PDMS stamp and UV curing 

procedure (Fig. 1bii), which is also compatible with roll-to-roll printing. AFM 

characterization indicated the sinusoidal modulation with period of Λ=500nm and 

modulation depth of d=50nm (Fig. 1biii, iv). The GC-SPR on these gratings was firstly 

analysed by a commercial spectrometer Ocean Optics HR4000 for angles of incidence 

0-30° and a grating oriented perpendicular to the plane of incidence, see Fig. 2, and 

Fig. S2. The GC-SPR associated with the coupling of incident light to surface 

plasmons via +1
st
 and -1

st
 diffraction orders is manifested as a narrow dip in the 

reflectivity spectrum. The measured spectrum shows that the resonance occurs at 

normal incidence at around 550 nm. When the angle of incidence is increased, the 

resonance splits and the -1
st
 diffraction order branch is red shifted. The -1

st
 order 

resonant wavelength increases linearly from about 570 nm to 730 nm with the incident 

angle increase from 4° to 25°, as shown in Fig. 2. The coupling to surface plasmons is 

stronger and the resonant dip is narrower (width of 20-50 nm) for the -1
st
 diffraction 

order than for the +1
st
 diffraction order. The reason is that the +1

st
 diffraction order 

SPR occurs at short wavelengths close to the plasma frequency of gold. Considering 

the SPR coupling efficiency and the detectable range of the smartphone spectrometer, 

the sample holder was therefore designed to provide the incident light of θ=5° and -1
st
 

diffraction order excitation. 
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Fig. 2 (a) Measured angular-reflectance dispersion of grating Au substrates under incident 

angles from 0˚ to 30˚ (step of 0.1˚) and wavelength range between 400 nm and 900 nm. (b) 

Reflective spectra of grating Au substrates measured under 10 different incident angles (0˚, 3˚, 

4˚, 5˚, 6˚, 7˚, 10˚, 15˚, 20˚, 25˚) in air.  

 

3.3 The measurement of the smartphone GC-SPR reflection spectrum 

The developed smartphone GC-SPR relies on the measurement of changes in the 

wavelength reflectivity spectrum. Dispersed wavelength spectrum was imaged to the 

smartphone CMOS detector at area of about 900 pixels × 50 pixels. Five spectra were 

accumulated to decrease the noise. As seen in Fig. 3a, the acquired image from CMOS 

camera shows a bright stripe with wavelength-dispersed light intensity that was 

reflected from the sensor chip. In order to convert the pixels along the stripe to 

wavelength λ, the optical arrangement was calibrated by using a mirror and a set of 
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known transmission filters. The GC-SPR spectrum was obtained by averaging the 

intensity perpendicular to stripe yielding a raw spectrum I(λ). The raw spectrum 

measured for the sensor chip Is(λ) was normalized with that obtained for a reference 

mirror I0(λ) in order to obtain reflectivity R(λ)=Is(λ)/I0(λ). The spectra were then 

proceed by Savitzky-Golay method with 30 points of window and polynomial order of 

5.  

In order to demonstrate the sensitivity of developed smartphone SPR spectrometer to 

refractive index changes on the sensor chip surface, BSA monolayer was physisorbed 

on the gold surface. The rainbow stripe shows a dark band corresponding to the SPR 

resonant band which shifts to higher wavelength after the adsorption of BSA (marked 

in red arrow in Fig. 3a). The -1
st
 order excitation of surface plasmons on gold surface is 

manifested as a narrow dip in the reflectivity spectrum centered at 581 nm (Fig. 3b). 

After the surface was coated with BSA monolayer, the SPR wavelength shifts to about 

589 nm. Therefore, due to the high sensitivity of SPR to refractive index changes, such 

a smartphone SPR spectrometer shows the feasibility for biomolecule detection.  
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Fig. 3 (a) Color bands of grating Au before (upper one) and after incubation with 1mg/mL 

BSA, measured under incident angle of 5°. The line and red arrow indicate the SPR dip on the 

color band. (b) The corresponding SPR spectra of grating Au substrate before (black curve) 

and after (red curve) non-specific binding of BSA.  

 

3.4 The detection of LPS with smartphone SPR spectrometer 

We accordingly modified the grating Au substrate with a synthetic peptide receptor for 

specific detection of LPS (from Klebsiella pneumonia) based on the smartphone SPR 

spectrometer. Peptide-functionalized metallic surface (nanostructures) has been widely 

applied in our group for sensing applications including the detection of toxins (Liu et 

al. 2014b; Wang et al. 2014), ions and protein biomarkers (Aili et al. 2009; Chen et al. 

2013; Zhang et al. 2015). In this smartphone SPR spectrometer, we modified the 

grating Au substrate with KC-13 peptide (KKNYSSSISSIHC). The synthetic peptide 

shows high affinity to the binding of LPS as reported previously (Lim et al. 2015; 
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Suzuki et al. 2010). After incubation of the KC-13 modified sensor chip with 

concentrations of LPS in water between 10 ng/mL and 10 μg/mL for 20 min, the SPR 

spectra were measured by using the smartphone spectrometer. As shown in the 

rainbow stripe changes on different concentration of LPS (Fig. 4a), red shifts on the 

dark band were observed. Accordingly, the SPR reflectivity spectra show the resonant 

wavelength shifts to higher wavelength upon increasing the concentration of LSP 

applied on the sensor chip. The resonant wavelength shift of 1.46 nm was observed 

upon the incubation of 10 ng/mL LPS on the sensor surface, and wavelength shifts up 

to 5.66 nm at presence of 10 µg/mL LPS (Fig. 4b). The signal-to-noise ratio for 1 

µg/ml LPS is about 2.4 (Fig. 4c) which is about 3.6-fold lower than that measured with 

conventional prism-coupled SPR setup (see Fig. S3 in the Supporting Information). 

This is due to the higher noise of smartphone SPR spectrometer and the chip-to-chip 

variations. Note that the signal-to-noise ratio is computed based on the signal divided 

by 3 times of the standard deviation (3×SD = 2.1 nm) of SPR dip wavelength for 5 

different chips. The calibration curve based on monitoring the resonant wavelength 

shift indicated that the limit of detection (LOD) for the detection of LPS down to 32.5 

ng/ml can be achieved with the smartphone SPR spectrometer (Fig. 4c). The LOD was 

determined as the concentration of LPS at which the response is 3 times of the standard 

deviation (3×SD = 2.1 nm) of dip wavelength measured with 5 different chips. The 

high noise could be mainly ascribed to the variation for the chips 

fabrication/modification. Note that the error bars were obtained from measurements of 

3 different chips. Our method has shown at least 10-fold lower LOD as compared with 

fluorescence based LPS detection (~1.5μg/ml) (Voss et al. 2007), fluorescence turn-on 

detection (280 ng/ml) (Liu et al. 2014a), and other methods (Wu et al. 2011).  
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In addition, the selectivity of the sensor was investigated by incubating sensor chips 

with various small or macro-biomolecules, such as 100 μM of glucose, EDTA, 

phosphate, citrate, ATP, GSH, acetic acid and 100 μg/mL of BSA in PBS buffer 

solution. The SPR responses were compared with that measured in 100 ng/mL LPS in 

PBS (Fig. S4 in the Supporting Information). The results show that the response for 

most of the tested analytes are comparable with the blank samples, about 5-fold lower 

dip shifts as compared with that of 100 ng/mL LPS. For 100 μg/mL of BSA (1000-fold 

higher than LPS concentration), it shows a relative higher response (about 3-fold lower 

than that of LPS response) due to the nonspecific adsorption of BSA on the chip 

surface. Overall, the sensor chips show good selectivity for the detection of LPS. Note 

that the sensor as measured for the detection of LPS at concentration from 50 ng/mL to 

1 μg/mL in PBS (Fig. S4 in the Supporting Information) provides about 10% higher 

response as that measured in water (Fig. 4c). It might be ascribed to the higher ionic 

strength in PBS which improved the LPS interactions with KC-13. In addition, a 

control experiment was also carried out on the scrambled peptide (YC-13) modified 

sensor chip for the study of the nonspecific binding of LPS. The results show that the 

response for the nonspecific binding of 100 ng/mL LPS was comparable with the blank 

sample (Fig. S4 in the Supporting Information). 

For the real samples/matrices detection, we tested our sensor with three injectable 

clinical solutions, which require a reliable and sensitive endotoxin test to ensure the 

absence of LPS before being injected into a patient. The injectable solutions, i.e. 

clinical-grade 0.9% sodium chloride intravenous infusion, compound sodium lactate 

intravenous infusion and insulin aspart (undiluted and 1 time diluted with PBS) were 

spiked with LPS at final concentrations of 50 ng/mL, 100 ng/mL and 1 μg/mL. The 

response for the LSP-spiked sodium chloride and compound sodium lactate matrices 
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(simple infusion solution but may contain unknown additives such as stabilizer that 

interferes with LPS) shows comparable response as in PBS buffer (Fig. S5 in the 

Supporting Information). However, the insulin sample is more complicated, which 

shows significant reduce of sensor response due to the inhibition of insulin itself or 

additives in the sample solution. This inhibition effect can be reduced by 1 time 

dilution of the insulin aspart with PBS buffer, as indicated in Fig. S5. The 

reproducibility test was also carried out over 10 different chips on the measurement of 

100 ng/mL LPS in clinical-grade sodium chloride intravenous infusion, and the results 

show the response deviation of SD = 0.21 nm. Note that the response was recorded 

from the SPR dip shift on the same chip before and after incubation with the LPS-

spiked solution. Therefore, we believe this method is applicable for the detection of 

LPS in commonly used infusion solutions. We expect that this small, low-cost 

smartphone SPR spectrometer can be generally applied for point-of-care diagnosis, 

food safety control and environment monitoring in near future. 
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Fig. 4 (a) Colour bands measured on mirror as a reference and peptide-modified grating Au 

substrate after incubation with various concentration of LPS from 0 to 10 µg/ml. The line 

indicates the SPR resonant band changes. (b) The corresponding spectra of grating Au 

substrate after incuabtion with different concentration of LPS. (c) The sigmoidal fitted 
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calibration curve (red) with the noise level (dashed black curve) estimated as 3 times of 

standard deviation of SPR dip wavelength on 5 different chips. 

 

Conclusions 

In summary, we have built a grating-coupled SPR smartphone spectrometer and 

applied it for the detection of lipopolysaccharides (LPS). This optical instrument does 

not contain electronic components and solely relies on the LED flash light source and 

the CMOS camera built in the used smartphone. The spectrometer is able to perform 

the analysis in a spectral range of 430 nm-650 nm and it was employed for SPR 

spectroscopy on sensor chips with Au diffraction gratings that are be prepared by mass 

production-compatible means. As a receptor, synthetic peptide KC-13 ligand was 

immobilized on the Au grating sensor chip for specific capture of LPS. The 

measurement was performed ex situ based on monitoring the resonant wavelength 

shift. The results show the feasibility for the detection of LPS at detection limit of 32.5 

ng/ml, and good selectivity for the LSP detection with practical application for real 

samples/matrices detection such as clinical injectable fluids. We expect that the small 

and low-cost smartphone SPR spectrometer will be widely applied in field detection in 

near future. 
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Highlights 

 

 A smartphone label-free biosensor based on grating-coupled SPR was developed. 

 The sensor system relies on the smartphone’s built-in flash light and camera. 

 A synthetic peptide receptor was employed for the detection of LPS (endotoxins). 

 




