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Due to the instrument designed by using a common surface plasmon resonance biosensor is extremely
expensive, we established a portable and cost-effective surface plasmon resonance biosensing system. It
is mainly composed of laser line generator, P-polarizer, customized prism, microfluidic cell, and line
Charge Coupled Device (CCD) array. Microprocessor PIC24FJ128GA006 with embedded A/D converter,
communication interface circuit and photoelectric signal amplifier circuit are used to obtain the weak
signals from the biosensing system. Moreover, the line CCD module is checked and optimized on the
number of pixels, pixels dimension, output amplifier and the timing diagram. The micro-flow cell is
made of stainless steel with a high thermal conductivity, and the microprocessor based Proportional-
Integral-Derivative (PID) temperature-controlled algorithm was designed to keep the constant tem-
perature (25 °C) of the sample solutions. Correspondingly, the data algorithms designed especially to this
biosensing system including amplitude-limiting filtering algorithm, data normalization and curve plot-
ting were programmed efficiently. To validate the performance of the biosensor, ethanol solution sam-
ples at the concentrations of 5%, 7.5%, 10%, 12.5% and 15% in volumetric fractions were used, respectively.
The fitting equation ARU = — 752987.265 + 570237.348 x Rl with the R-Square of 0.97344 was estab-
lished by delta response units (ARUs) to refractive indexes (RI). The maximum relative standard deviation
(RSD) of 4.8% was obtained.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

on the interface between the glass (prism) and the metal film (Au
film) deposited on the glass surface when the incident angle of the

Surface plasmon resonance (SPR) biosensors are designed and
widely used in the detection and identification of viruses, hor-
mones and proteins in field such as food safety, biomedical, dis-
ease diagnosis and proteomics due to their non-invasive, label-free
and on-line dynamic properties of measurement [1-5]. Further-
more, it is a useful and important technology to be studied on
biomolecular interactions when one of the two interactants is
immobilized onto the sensor surface first, while the other is free in
sample solution and also flowed over the sensor surface [6-9]. The
processes of the association and dissociation were monitored by
and displayed in a response curve in arbitrary unit. A surface
plasmon is produced by a p-polarized laser beam which impinges
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laser beam is larger than the angle of total internal reflection [10-
15]. A typical surface plasmon wave propagating along the inter-
face can be realized by the so-called Kretschmann configuration
[16-18]. The special angle at which the surface plasmon resonance
occurs is extremely sensitive to any changes in the refractive index
of the medium adjacent to the metal surface, and such changes
can be monitored by recording the intensity of reflected light
when the sample solution is flowed through the microfluidic cell
[19-21].

Although surface plasmon resonance is a powerful technique to
analyze biomolecular interactions in real-time in a label free en-
vironment, at present, the cost of the instrument designed by the
surface plasmon resonance technology is still extremely expensive
due to the complicated configuration of optics and electronics.
In practice, the portable and cost-effective surface plasmon
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resonance instruments are urgently developed and have potential
for use in many fields including medicine diagnostics, drug
screening and basic scientific research [22-27]. With the ongoing
requirements of low cost and portable instruments, we present in
this work a portable surface plasmon resonance biosensor for
identifying the biomoleculars in sample solutions, which consists
of the laser line generator and the line CCD array. In order to re-
duce the cost of this biosensor, the circuit, that is mainly composed
of a line CCD array, a microprocessor PIC24F]128, and commu-
nication interface, should be economically designed. In order to
keep the temperature of the microfluidic cell and biosensor con-
stant, the Thermal Electric Chip (TEC) with the control algorithm
(PID) is applied and optimized to adjust the current flowing
through the TEC according to the atmosphere temperature. A
comprehensive optimization analysis on the biosensor designed
by using the laser line generator to obtain the performance para-
meters regarding the dependence of sensitivity on optics and
electronics is presented in this work.

2. Materials and methods

2.1. Materials

The laser line generator (dimension @16 mm x 45 mm, wave-
length 780 nm, beam divergent angle 65°) was purchased from
SFOLT Co., Ltd (Shanghai, China). The high speed acquisition circuit
board with line CCD array (UPD3575 module) was purchased from
Tianjin Brilliance Photoelectric Technology Co., Ltd. BK7 prism
with 50 nm Au film was customized in Changchun Dingxin
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photoelectric Co., Ltd. The optical adjustment bracket for holding
the right angle prism was fabricated in Henan Nongda Xunjie
Measurement and Testing Technology Co., Ltd. Ethanol and PBS
were purchased from Shanghai General Chemical Reagent Factory
(Shanghai, China).

2.2. Setup of the SPR biosensor

The schematic diagram for constructing the surface plasmon
resonance biosensor is depicted in Fig. 1. From Fig. 1c, it is known
that the evanescent wave produced from the total internal re-
flection acts on the prism can excite a standing charge density
wave on the gold surface [17]. A surface plasmon wave will be
produced by the standing charge density at the interface between
the metal film and biological medium, which is a P-polarized
electromagnetic wave due to P-polarized light being parallel to the
incident plane while the S-polarized light being perpendicular to
the incident plane.

For the biosensor constructed by a prism with the coupling
method of the attenuated total reflection, the propagation con-
stants of the incident light wave and the surface plasmon wave
along the x-axis will be obtained in the following equations:

KPr = ﬁ% sin G

KSP = _Enes @
X +es C

(1

(2)

Clamp for holding the,

icrofluidic cell

Prism clamp

[

Linear CCD array

Fig. 1. Schematic of the surface plasmon resonance biosensor using the laser line generator and a linear CCD.
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Kpr = ﬁ% sin 6, = /ﬁ% =K -
where the propagation constants for incident light wave and the
surface plasmon wave are indicated with K,°?, K,”", respectively. &,
is the complex refractive index of the metal film. ), is the angle
formed between the incident light and the normal line of the
prism. €5 is the refractive index of the biological sample flowed
through the metal film surface. C is the speed of light and w is the
frequency of the surface plasmon wave.

Both propagation constants will be equal, K = K" = K, while
the surface plasmon resonance phenomenon occurring. At the
resonance point, the intensity of the incident light is absorbed
greatly. The intensity of reflective light is approximately zero. By
using this relationship, the refractive index of the biological sam-
ple bound on the surface of gold film will be calculated. After the
light at a certain wavelength and certain angle is shone on the
interface between the prism and the Au film, the surface plasmon
and the photon inside the Au film will be absorbed. This is seen by
a minimum intensity value in the reflection spectra. The position
of the minima is indicative of the chemistry on the surface of the
SPR sensor. The shift for the minimum value is a measure of the
dielectric constant or refractive index changes on the Au surface.

The laser line generator is the key component to be used to
excite the free electronics which were oscillated inside the metal
film (Au film) originally to produce the surface plasmon. In this
setup, the laser line generator does not need to be moved to
change the angle of the incident beam which shines on the in-
terface between the end of the prism and the Au film, so that the
laser line generator was exactly fixed. The divergent angle of the
laser line generator related to the incident beam is totally different
from the light source used in the conventional surface plasmon
resonance instrument. The microfluidic cell should be embedded
in the clamp firstly. Then the incident beam is adjusted to shine on
the microfluidic cell attached on the Au film surface of the SPR
biosensor. Finally, the position of the linear CCD array was fixed by
fine-tuning the knob. The advantages of this biosensor are its
components are fixed and the surface plasmon wave is generated
by changing the angle of incident light. This extremely reduces the
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cost of the instrument if an instrument is developed using this
platform of biosensor.

The hardware components are combined to realize that the
function of this SPR biosensor has been plotted as the block dia-
gram shown in Fig. 2 in terms of the functional requirements of
this biosensor. The data obtained from the linear CCD was trans-
mitted to the module of signals condition circuit, which can be
used to amplify the photoelectric signals. The properties of the A/D
converter used to convert the photoelectric signals into digital
signals are intensively studied. The light intensity of the laser line
generator can be controlled through the I/O port embedded inside
the microprocessor. In the circuit of the surface plasmon re-
sonance biosensor, the microcontroller PIC24F]128GA006 was
utilized to receive the data from the A/D converter, to calculate the
pixel positions at the surface plasmon resonance occurring, to plot
the surface plasmon resonance curve, and to perform the kinetics
analysis.

In order to keep the constant internal temperature of the SPR
biosensor platform and the microfluidic cell to improve the signal-
noise-ratio (SNR), the special circuit module was designed and
constructed technically for the temperature control system. The
biosensor module and the microfluidic cell were enclosed in a
stainless steel clamp, which was machined for optimal contact
with the biosensor module and the temperature controller with a
TEC. In this experiment, the stainless steel housing was insulated
in an opaque black plastic box for better temperature control and
for smaller impact of ambient light. In this experiment, two elec-
tric fans are used to disturb the internal wind inside the housed
plastic box to adjust the temperature of the TEC chip associating
with the atmosphere temperature. The alarm will be triggered if
one of the electric fans was damaged. The information of the
working status including the internal temperature in Celsius de-
gree and fans speed in revolutions per second (RPS) was trans-
mitted to upper PC and was monitored on the screen in real time.

2.3. CCD circuit

The photoelectronic signals from the line CCD array (UPD3575
module) in this SPR biosensing system were obtained by the
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Tr - Port| & USB interface
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Fig. 2. Functional block diagram of the surface plasmon resonance bioanalyzer.
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following approach shown in Fig. 2. The UPD3575D is a 1024-bit
photo sensor array.

The main features of this linear CCD module include the built-
in driving circuit capable of directly driving TTL loads, the built-in
output signal amplifier and sample hold circuit, a single 12V
power source, and the low average dark voltage (less than 0.5 mV).
The output voltage (V,,.) of the pixel signals starts to be changed
while the arrival of the falling edge of the pixel synchronizing
pulse (PSP) is coming. The V,,,, was kept changing when the pixel
synchronizing pulse is low level until the coming of the rising edge
of PSP, and the V,,, will be achieved stably while the PSP becomes
high level in the first half cycle. The V,,, will be decreased up to
0V while the PSP kept a high level in the second half cycle.
Therefore, the A/D converter will be started to run once the pixel
synchronizing pulse's rising edge comes in. The sampling process
of the A/D converter must be finished in the period of half high
level. Otherwise, V,, will be dropped. The following conversion
will be started automatically after the sampling being ended. Then
the results from the A/D converter will be stored in the extensive
memory after it was accumulated and averaged by the
microcontroller.

2.4. Calculation formulas

2.4.1. RU value
The intensity of response signals (RU, response unit) from the
SPR biosensor is calculated by

DSample,on - D/Vater,off

RU = % 30000

DAir,on - DAir,off (4)

where Dsampleon is the A/D converted value of the voltage from the
line CCD array when the biological sample solution is flowed
through the surface of the Au film with the laser on. Dwagter,of is the
A/D converted value of the voltage from CCD when the deionized
water is injected through the Au film surface with the laser off.
Dair.on is the A/D converted value of the voltage from CCD when the
air fully fills in the microfluidic cell with the laser on. Dajrof is the
A/D converted value of the voltage from CCD when the surface of
the Au film is dry under the laser off. The amplitude-limiting fil-
tering algorithm was used to eliminate the gross errors in pro-
cessing the A/D converted value from the CCD before calculating
the RU. The SPR curve was produced by plotting RU values ob-
tained from the median filter on the Y-axis, and the time on the X-
axis.

2.4.2. Amplitude-limiting filtering algorithm

As the CCD array was used in this experiment, Dsgmple,on,
Dsample,of » Dair,on, and Dair,of ,» define before, obtained from the A/D
converter do not obey the statistical law completely. The tradi-
tional method for removing gross errors only process data as pure
numerical value. It does not reflect the characteristics of data
changed with time. Taking amplitude-limiting filtering algorithm
into account for processing the raw data, the gross error problem
can be solved efficiently. Otherwise, the gross error will affect the
value of RUs greatly with reference to the formula (4).

The following procedure for programming is considered.
(1) The A/D converted values, such as Dsampie,on, Dsample,of » Dair,on
and Dajr o , are stored in the RAM in a temporal sequence, which
can only be temporary read and restored, and are expressed as X,
X3, X3, ..., Xy, respectively. The first one of the A/D converted values
is X;, while the last one is X,,. (2) The increment of the two ad-
jacent A/D converted values is denoted as Y;, namely, ¥; = X2 — Xj,
o=X5-X3, 5=Xa-X5, ..., Y=X41 - X, ..., o1 =X — X1
(3) The maximum permissible increment (denoted A) of both
adjacent A/D converted values was determined by the maximum

slope (denoted V,,,4x) of X; and the sample period T. So the A value
can be calculated by

A=KVpx T (5)

where K is the constant coefficient. Obviously, the amplitude-
limiting filtering algorithm will be understood completely by using

the following criteria:
<A, i

Ax = 1)1~ )f
> %1 6)

2 2
Il

A' .
where X; is the result from the amplitude-limiting filtering algo-
rithm in the ith sampling period. x; is the sampling value in cor-
responding ith sampling period without amplitude-limiting fil-
tering, while X_; is the previous value obtained from the ampli-
tude-limiting filter.

3. Results and analysis
3.1. Temperature experiments

Changes in temperature will cause significant changes in the
refractive index of aqueous solution, which will affect SPR signals.
[28] The thermoelectric cooler (TEC semiconductor chip) is the key
component used in this experiment for heating or cooling by
changing the current direction through the TEC chip. The driver
with the PID algorithm was designed to control the internal
temperature of the biosensor for keeping it working at the tem-
perature of 25 °C. The narrow measurement range of temperature
was obtained by a thermistor sensor to improve the precision of
the constant temperature controller. A 16-bit A/D converter was
utilized in the temperature control circuit, which was set to work
at a differential mode (both input voltages change in opposite
directions). The resolution of the ADS 0832 is equivalent to the
ADC working at 15-bit due to one sign bit used. Hence, the A/D
converted values were changed in the range from 0 to 32 767. The
temperature range which can be measured by the thermistor
sensor should be as small as possible to obtain the resolution of
0.01 °C. For example, the A/D converter value of 327 was gotten
with the variation of 1 °C in the temperature measurement range
from 0 to 100 °C, and so on. The A/D converted value of approxi-
mately 3 was gotten with the variation of 0.01 °C in the same
temperature range of 100 °C. It can be apparent that the narrower
the temperature measurement range, the larger the A/D converted
value at the variation of 0.01 °C can be obtained. Obviously, the
high-precision temperature controller was designed in the tem-
perature measurement range from 0 to 2 °C. In this situation, the
A/D converted value of 16 383 was gotten with the variation of
1 °C in the temperature measurement range of 2 °C, while the A/D
converted value of 163 was gotten with the variation of 0.01 °C in
the same temperature measurement range of 2 °C.

In order to validate the properties of this temperature con-
troller, the disturbance suppressing characteristics are needed to
verify accordingly. It was defined as that the temperature control
system can adjust the temperature automatically to reach the
constant temperature point regardless the disturbances of the
outside temperature. The time needed to achieve the constant
temperature point is the key parameter that should be concerned
about in this issue. In this experiment, the current flowed through
to the TEC chip for heating was cut off if the temperature deviation
is larger than the A/D converted value of 16 000 (corresponding to
1 °C). However, the cooling system starts to work then.

After the temperature perturbation was stopped, the time-de-
pendent temperature changes of the temperature control system
using TEC chip was shown in Fig. 3. In the beginning of the time, a
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Fig. 3. The time-dependent temperature changes of the temperature controlling
system.

big peek occurs during this time. Then the temperature value
drops rapidly to reach the steady state after working for 500 s
under the parameters of P=165, I=0.5 and D=6000.

3.2. SPR curve

RU is derived from the refractive index of the medium adjacent
to the Au film surface of the biosensor. The refractive index of a
prepared ethanol solution sample is dependent on the volumetric
faction (indicated with v/v ratio). Hence, the value of RU may be
varied with different sample concentrations.

By taking the ethanol solution as the standard detected sample,
no ligand was immobilized on the biosensor surface where 50 nm
gold film was deposited as the specific acceptor for identifying the
ethanol molecules to avoid influencing produced by the biomo-
lecular identification membrane [29]. The several known con-
centrations of the ethanol solutions are 5%, 7.5%, 10%, 12.5% and
15% in volumetric fractions, respectively and the deionized water
was flowed successively over the biosensor surface to obtain the
baseline signals. The response signals obtained from the different
concentrations were shown in Fig. 4. The SPR curve became
smooth due to the PID temperature algorithm.

There are distinct differences between the two curves obtained
from two adjacent sample concentrations, which demonstrated
that a higher sensitivity can be achieved.

The background of 3000 shown in Fig. 4 was automatically set
by the operating software. A normal calibration method was

7500
7000 -
6500 -
6000 -
5500 -
5000 -
4500 -
4000 -
3500 - 4//’k
3000 4———
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15%

RU

2500

0 200 400 600 800
Time/s
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Fig. 4. Sensor response diagram obtained from different concentrations of ethanol

solutions. The sensorgram obtained from known concentrations of 5%, 7.5%, 10%,
12.5% and 15% in volumetric fractions, respectively.
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Fig. 5. The fitting curve established by delta response units with different re-
fractive indexes.

applied to convert the RU values which was obtained from the
deionized water flowed through the Au film surface of the SPR
biosensor. After that, the resolution was improved by avoiding the
calculation of the very small number.

In order to determine the effectiveness of this biosensing
platform designed by using the laser line generator, the ethanol
solution samples with concentrations of 5%, 7.5%, 10%, 12.5% and
15% were measured repeatedly for five times, respectively. The
mean response values of these known concentration samples were
calculated to be 647,1349, 1798, 2194, 3586 in delta response units
(ARU), which reflect the biosensor sensor response induced by
analyte binding that change the local reflective index (RI) at the
biosensor sensor interface. Importantly, a background response
will also be generated if there is a difference in the refractive in-
dexes of the running and sample buffers. This background re-
sponse must be subtracted from the sensorgram to obtain the
actual binding response. Hence the refractive index of the medium
is directly related to the ARU. In Fig. 5, the fitting equation
ARU = - 752987.265 + 570237.348 x RI, where RI is the refractive
index of the ethanol solution sample, can be obtained with the R-
Square of 0.97344. The mean and the standard deviation (SD)
obtained from each ethanol sample solution are shown with error
bar in Fig. 5. It showed that the response relationship to the dif-
ferent ethanol solution samples is very satisfactory despite the
variation occurred in the single-time measurement.

4. Conclusions

The circuit and data processing designed for this SPR platform
using the laser line generator have been presented. It is capable of
detecting chemical and biological substances. The circuit for col-
lecting the signals from the linear CCD array and transferring
measurement results to the computer is mainly composed of a
microprocessor PIC24F]128GAO006, a driver circuit for running the
laser line generator, a watchdog circuit for monitoring the power
supply, an extension memory for storing the initialized parameters
and measurement results, and a temperature controller chip (TEC).
The amplitude-limiting filter and the median filter have been
programmed and analyzed. The UPD3575D CCD module with a
1024 bit linear image sensor capable of converting light into vol-
tage has chosen and the integration time and the pixel synchro-
nizing pulse's cycle have been intensively discussed. In order to
keep the constant temperature of the surface plasmon resonance
biosensor constant, the TEC with PID algorithm is utilized. In this
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experiment, a 16-bit A/D converter ADC0832 was used in the
temperature control circuit, which was initialized to work at the
differential mode to reach the temperature of 25 °C with the small
deviation of + 0.5 °C.

To validate the performance of the biosensor, ethanol solution
samples at the concentrations of 5%, 7.5%, 10%, 12.5% and 15% in
volumetric fractions were used, respectively. The fitting equation
ARU = — 752987.265 + 570237.348 x RI with the R-Square of
0.97344 was established by delta response units (ARUs) to re-
fractive indexes (RI). The maximum relative standard deviation
(RSD) of 4.8% was obtained. Changes in refractive indexes of bio-
logical analytes adjacent to the Au film surface of the biosensor
can be detected by this SPR biosensor. Therefore, this biosensor
can be used in the detection of association and dissociation rate of
biomolecular interactions.

Future work will involve the continuation of laboratory tests as
well as field trials to obtain more data of high sensitivity and re-
liability for this biosensing system with the optimization of the
algorithm for obtaining the precise position of the resonant dip
and the optimization of the circuit design with microprocessors.
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