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Abstract: In this work, a portable and low cost system for detection and quantification of arsenic in water has 
been developed, based on surface plasmon resonance in Kretschmann configuration. By means of self-
assembled monolayers on gold substrate type Au (111) in an aqueous medium, and autonomous and repetitive 
use of the substrate, it is possible to sense concentrations close to 5 parts per billion. A novel self-
functionalization module of monolayers on Au (111) for recognition and fixation of arsenic, together with a 
pretreatment module and a wireless communications module that allows the configuration of a network for to 
mapping and monitoring arsenic concentrations are integrated into a suitcase to configure a lightweight and 
portable kit system, or if required, the modules can be operated independently from each other. Copyright © 
2014 IFSA Publishing, S. L. 
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1. Introduction 

 

The presence of arsenic in drinking water and 
contaminated food has become an issue of great 
impact on human health [1-3]. It is estimated that 
over 130 million people in more than 70 countries 
are at high risk from consumption of arsenic present 
in food or contaminated water. Accepted levels of 
arsenic in drinking water are below 10 parts per 
billion [4], which requires the use of appropriate 
methodologies and instrumentation for monitoring 
and quantifying these hard to detect levels of 

contamination. Furthermore, for the tasks of mapping 
concentrations of arsenic in aqueous matrices and 
properly accomplish investigations on causes and 
sources of these metals, it is necessary to develop 
measurement systems, protocols, and methodologies 
for identification and quantification with a high 
degree of portability and accuracy. Current methods 
for measuring concentrations of arsenic in water, 
although of high quality and precision, require 
complex preparation protocols and instrumental 
infrastructure [5-6]. This justifies the development of 
portable and less expensive systems able to quantify 
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arsenic concentrations in water contaminated with 
the level of sensitivity required. 

By means of surface plasmon sensors it is 
possible to overcome and resolve constraints and 
issues of high cost, low portability and the ability to 
perform in situ measurements in a readily fashion. In 
this work, these challenges were addressed and 
resolved in a functional matter. An autonomous 
sensor has been developed (nanoSens) [7] to meet 
characteristics like self-running capabilities, low 
cost, portable, and useful to make in situ 
measurements and potential capacity for 
configuration in a network of sensors dedicated to 
mapping and monitoring arsenic concentrations in 
different places at once. 

 
 

2. Design and Configuration 
 

The nanoSens system consists of four modules 
that achieve different functions:  

i) Opto-electronic module;  
ii) Functionalization module;  
iii) Pretreatment module;  
iv) Communication module wich may be 

integrated into a single portable unit or may be used 
independently. 

The opto-electronic module utilize the well 
known Kretschmann configuration [8] (Fig. 1)  
which is the most common aproach for exitation of 
surface plasmon by prism coupling in a total 
atenuation method.  

 
 

 
 

Fig. 1. Surface plasmon resonance setup. An incident laser 
light onto gold substrate via a prism is reflected and 
detected by a photodetector. At a certain angle of 
incidence, excitation of surface plasmons are produced and 
change in reflected light can be detected. 

 
 

Devices have been already reported that use this 
kind of technology to provide for high-sensitivity 
measurement solutions [9]. In the Kretschmann 
configuration, p-polarized light is directed through a 
prism on a gold substrate functionalized with a 
monolayer capable of binding the analyte of interest. 
The light reflected from the gold substrate changes 
its intensity as a function of the incidence angle 

which is measured by a photodetector. For a given 
angle, a minimum intensity caused by the surface 
plasmon resonance occur. This angle is called the 
resonance angle and it is dependent on the index of 
refraction in the interface where the analyte which is 
to be sensed is located.  

The photodetector selected and implemented is a 
quad photodiode array (QP50-6SD2, Pacific Silicon 
Sensor, Inc) with current-to-voltage amplifiers that 
provide botton minus top and left minus right 
difference signals. The difference signals are voltage 
analogs of the light intensity difference sensed by the 
pairs of photodiode elements in the array. The 
spectral response at 22 oC is shown in Fig. 2, which 
has high response to wavelegths in the NIR, 
specifically between 800 and 950 nm. This spectral 
response of the photodiode allows to make a choice 
of the laser wavelength that must be implemented in 
the system. 

 
 

 
 

Fig. 2. Spectral response of photodetector used for 
configuration of opto-electronic module (Pacific Silicon 
Sensor, Inc Series 6 Data Sheet). 

 
 

The laser chosen to configure the opto-electronic 
module (Thorlabs L808P10 model) has an optical 
output power Po of 10 mW, a lasing wavelength λp 
of 808±7 nm, an operating voltage of 2.0 V, 
threshold current of 25 mA, and an operating current 
of 50 mA. Attending design restrictions for selected 
laser diode, a control unit EK200 (Thorlabs) was 
implemented. This unit allows control of constant 
power input to the laser diode in the limiting current 
range from 0 to 100 mA, with an accuracy limit of 
0.1 %. Thermal drift during prolonged times (24 hr) 
and lower than 1 %, has controlled current limits for 
embedded photodetector in the laser diode adjusted 
by variable potentiometer. The current range of 
photodetector embedded in the laser diode is between 
20-125 uA and the bandwidth at 3 dB is 10 kHz. 

A glass prism (BK7, refractive index 
η=1,51±0,01) is used. Fig. 3 shows the exploded 
view of the flow cell through which passes the water 
sample to be sensed, the optical assembly together 
with the gold substrate, the laser and  
the photodetector. 
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Fig. 3. Exploded view of the optical components, flow cell 
and photodetector as part of opto-electronic module. 

 
 

With a surface plasmon resonance setup, the 
curve of reflectance of pristine gold as a function of 
angle of incidence was obtained. Fig. 4 shows that 
for an angle of incidence of 600 a high reflectance  
is obtained.  

 
 

 
 

Fig. 4. Reflectance as a function of incident angle for the 
pristine gold substrate. 

 
 

This is the resonance angle for which surface 
plasmon resonance occurs. Based on this angle the 
direction of the incident laser beam on the substrate 
is configured. Changes in the gold-monolayer 
dielectric constant produced by the levels of captured 
arsenic produce a change in the resonance angle 
which is correlated to the concentration of analyte. In 
addition, the reflectance curve shows a very reduced 
angular bandwidth -low dispersion-, indicating that 
the choice of the wavelength of the laser diode was 
the most suitable. This proves that sensor resolution 
can be drastically favored. Changes caused by the 
capture of arsenic at very low concentrations can be 
detected by the photodetector. 

Thus for example, gold with dithiothreitol 
functionalized at 10 mM produces a shift in 
reflectance curve -for a fixed angle of 600 - that 
results in a voltage difference in the photodetector 
near to 1 V as illustrated in Fig. 5. 

 
 

Fig. 5. Gold substrate with dithiothreitol. The differential 
voltage is near to 1 Volt. 

 
 

If water with arsenic concentrations at 10 ppb 
circulates through the flow cell for 10 min, the 
differential voltage nears the 0.1 V value. 

Fig. 6 shows the transmittance for pristine gold 
substrate, gold substrate with dithiothreitol and gold 
substrate with dithiothreitol and arsenic at 10 ppb. 
This notorious and drastic changes are imposed by 
the presence of the monolayer and arsenic 
respectively. This curves were measured with 
integration sphere Uv-Vis. 

 
 

 
 

Fig. 6. Transmittance as a function of wavelength for 
pristine gold substrate, gold substrate with dithiothreitol 
and gold substrate with dithiothreitol and arsenic at 10 ppb. 

 
 
The Kretschmann cofiguration present in the 

opto-electronic module is continuosly consulted by a 
robust programmable logic control (PLC) unit, which 
is the principal data reader, processing and recorder 
unit. The data can be queried or consulted in a 
network enviroment, through the communication 
GSM modem unit. Furthermore, its battery pack unit, 
guarantee an autonomy of at least three months 
working of continuous field work. 
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2.1. Gold Substrate 
 
Au films provide the substrate onto which self-

assembles of molecules bind the analyte (arsenic) 
were deposited on Corning glass with d.c. magnetron 
sputtering [10] using an AJA-ATC 1800 system with 
a base pressure of 10-7 Pa. The deposition of the films 
was done with one 2-inch Au target, having a purity 
of 99.99 % at an applied power of 150 W and a pure 
Air pressure of 0.4 Pa. Due to the low adherence of 
gold to the glass, an intermediate film of Titanium 
with 5 nm in thickness is used. The average Au film 
thickness is 50 nm. 

The diffraction pattern obtained is shown in 
Fig. 7. Using Bragg's law and from the value of the 
lattice constant for gold, the Miller indices for the 
corresponding peaks were obtained. The XRD 
pattern of the gold film on glass surface shows 
diffraction peaks corresponding to (111), (200), and 
(220) respectively. The higher diffraction peak 
intensity corresponding to the plane (111) is located 
at 38.3o and is parallel to the glass surface. The peaks 
(200) and (220) of less intensity are located at 44.4o 
and 64.8o respectively. This distribution corresponds 
to a cubic face centered structure and allows to verify 
that it is an fcc(111) surface. 

 
 
 

 
 

Fig. 7. Diffraction pattern of the gold substrate. The 
intensity of a peak corresponding to the (111) orientation at 
38.30 is very intense and dominates over other orientations. 

 
 

AFM characterization of the gold surface was 
performed with a commercially available AFM. 
Fig. 8 shows granular structures typical of this 
metallic film with a very smooth surface and very 
low impurities levels. 

 
 

2.2. Self-assembled Monolayers 
 

In this work, thin films of Au (111) are 
functionalized with n-alkanethiols with different 
chain lengths using different immobilization 
strategies on gold surfaces [11]. The evolution of 
self-assembled monolayers on Au (111) substrate 

with different substances was studied. These studies 
allowed to evaluate the behavior and evolution of the 
substrate as it is reused, which led us to perform a 
formal protocol for functionalization in an aqueous 
medium at room temperature and to ensure an 
autonomous and a repetitive use of the substrate.  

Functionalization of the gold surface with  
n-alkanethiol, was performed at room temperature 
and in aqueous media. Specifically for dithiothreitol 
DDT, it was possible to obtain monolayers of good 
quality for capturing the arsenic as indicated in the 
absorption curve of Fig. 9. Concentrations of 
dithiothreitol under which a higher level of 
identification of arsenic occurs in approximately 
10 mM. This is the chosen value for functionalizing 
gold substrates. 

 
 

 
 

Fig. 8. AFM characterization of gold surface. 
 
 

 
 

Fig. 9. Curve for absorption of Au (111) with self-
assembled DTT in aqueous solution at different 
concentrations (solid line) and subsequent conjugation of 
As (dashed line) [12]. 

 
 

The functionalization time of the monolayer is 
very critical and important to design the sensor. The 
time 16 hr has been identified as desirable, as the  
time for which the monolayer completes its process 
of self-assembly and self-organization (coordinate e 
in Fig. 10). The temperature at which the 
functionalization process was performed is 15 oC. 
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Fig. 10. Absorbance by a thin layer of Au (111) 
functionalized with DTT at different times between 10 and 
30000 min in aqueous solution at a concentration of 10 
mM. Areas of the curve associated with the steps of self-
assembly: a-b) physisorption, b-c-d) chemisorption, d-e) 
Planning and Ordering and constant densification [12]. 

 
In summary, the operating parameters for the 

process of self-functionalization (for the case of the 
DTT) of the sensor are as follows: 

1. Temperature: 15 oC. 
2. Molarity of DDT: 10 mM. 
3. Time of functionalization: 16 hr. 
 
 

2.3. Functionalization and Pretreatment 
Module 

 

The functionalization module consists of eigth 
tanks of 300 and 200 mL respectivelly, which 
contain the chemical agents necessary for 
functionalization and cleaning of the gold substrate. 
These units are indicated in the block diagram of the 
Fig. 11 a-b. 

A master system is responsible for controlling the 
supply module and recycling the carrier solution of 
the chemical species following the protocol verified 
experimentally for the washing process and re 
functionalization of the nanostructured film [12]. 
This module is responsible for starting, stopping and 
controlling the processes of detection, measurement 
and monitoring of the analyte. 

Attending the specifications proposed by the 
design requirements, a programmable relay 0BA7 
LOGO 12/24 SIEMENS was used. The device has 
eight inputs, four of which are analog and four digital 
relay outputs. By including the self-functionalization, 
demand increase communication ports, being need to 
add a digital module DM8 12/24R, which has four 
digital inputs and four digital relay outputs. 

Water samples are admitted directly to a pre-
treatment module. This system removes particulate 
matter and other wastes that are usually present in the 
water collected from the points of interest in the 
field. The pretreatment is performed with the  
use of hollow fiber membranes with pore sizes  
of 0.1 micrometers, to ensure maintaining the 
concentration of the analyte (arsenic) unchanged. 
This pre-treatment ensures that the cell does not enter 
compounds that can modify the refractive index and 
cause damage to the gold substrate. 

 
 

(a) 
 

 
 

(b) 
 

Fig. 11. a) Isometric view of functionalization module, 
b) Photography of functionalization module into a portable 

Suitcase integrated. 
 
 

2.4. Communications Module 
 

The communications module is the system 
responsible for transmitting the historical data 
recorded by the reading unit and for processing 
information to an application that resides on a 
personal computer. 

The positive and innovative impact that can 
generate the development of this sensor will be 
strongly linked to the ability to put generated 
information in a network environment. This 
motivates the migration of the serial communication 
technology to Ethernet communication using an RJ45 
peripheral. The reader unit and data processing is 
provided with a channel with a MAC address:  
00-1C-06-1D-AE-43. The data are transmitted via a 
TCP/IP protocol and the communication is done 
between the communication module and the PC with 
an RJ45 cable directly connected or through a router 
or bridge. This is possible because the 
communications module has a system that 
automatically detects the type of connection that the 
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process is implementing and changes the order of 
port threads if necessary. Once the hardware 
connections are made, it is necessary to configure a 
network connection to the PC, making sure the IP 
address and sub net mask allow that both the PC and 
the communication module are on the same network 
(eg for the PC IP: 192.168.0.1 and Subnet mask: 
255.255.255.0). 

The communication module can also act in a 
master-slave network. In this case one becomes in 
client and the other in server. Through Ethernet, the 
system can share physical resources such as 
peripheral inputs and outputs that each possesses. 
 
 

3. Conclusions 
 

The development of an autonomous sensor for 
detection and measurement of arsenic in drinking 
water is reported. The developed system has the 
following advantages:  

i) The complete system can be integrated into a 
lightweight and portable suitcase, or if needed, each 
module can be operated independently.  

ii) It is a very low cost system (< 1800 US). In 
this budget figure, the cost of pre-treatment module 
has not been included.  

iii) The system is able to measure arsenic 
concentrations below 5 ppb. Measurements made at 
various sites confirm that the sensor reaches resolve 
concentrations of 1 ppb.  

iv) The sensor enables communication  
via Ethernet.  

v) The substrates may be repeatedly  
re-functionalized. 

The Kretschmann configuration chosen shows 
high performance stability, without noise thresholds 
altering the measurement in the 5-450C range. The 
wavelength selected for the laser -810 nm- proved 
successful in terms of resolution imposed on the 
sensor, which is reflected in the reduced dispersion 
obtained in the reflectance curve. 

The Table 1 Summarizes the principal technical 
aspects of the system. 
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Table 1. Technical Aspects. 
 

Description Value Unit 
Weight (all modules) < 8 kg 
Operating temperature 5 - 45 ˚C 
Sensibility 5 ppb 
Uncertainty 15 % 
Laser Wavelength 808 ± 7 nm 
Thickness of the gold layer  
(that configures the substrate) 

50 nm 
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