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Abstract:

 The aim of this study was to develop a circuit for an inexpensive portable biosensing system based on surface plasmon resonance spectroscopy. This portable biosensing system designed for field use is characterized by a special structure which consists of a microfluidic cell incorporating a right angle prism functionalized with a biomolecular identification membrane, a laser line generator and a data acquisition circuit board. The data structure, data memory capacity and a line charge-coupled device (CCD) array with a driving circuit for collecting the photoelectric signals are intensively focused on and the high performance analog-to-digital (A/D) converter is comprehensively evaluated. The interface circuit and the photoelectric signal amplifier circuit are first studied to obtain the weak signals from the line CCD array in this experiment. Quantitative measurements for validating the sensitivity of the biosensing system were implemented using ethanol solutions of various concentrations indicated by volume fractions of 5%, 8%, 15%, 20%, 25%, and 30%, respectively, without a biomembrane immobilized on the surface of the SPR sensor. The experiments demonstrated that it is possible to detect a change in the refractive index of an ethanol solution with a sensitivity of 4.99838 × 105 ΔRU/RI in terms of the changes in delta response unit with refractive index using this SPR biosensing system, whereby the theoretical limit of detection of 3.3537 × 10−5 refractive index unit (RIU) and a high linearity at the correlation coefficient of 0.98065. The results obtained from a series of tests confirmed the practicality of this cost-effective portable SPR biosensing system.
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1. Introduction

In the last two decades there has been a great effort towards the development of portable surface plasmon resonance (SPR) bioanalyzers to meet the need for fast and non-destructive detection in numerous important areas including food safety, environmental monitoring and agriculture [1,2,3]. Optical SPR bioanalyzers designed to measure refractive index changes and quantify biomolecular interactions caused by the binding of interacting molecules are typically based on surface plasmons propagating along the metal-dielectric interface where the interaction between an evanescent wave and dielectric occurs [4,5,6]. However, the price of these bioanalyzers when designed by using a common surface plasmon resonance biosensor is extremely high due to the complicated configurations of the optics and electronics. In recent years, much effort has been dedicated to the development of portable SPR biosensors capable of detecting molecular analytes in real time [7,8,9]. In practice, portable and cost-effective surface plasmon resonance instruments are urgently needed and have potential in many practical applications, including medical diagnostics, drug screening and basic scientific research. A TiSPR1K23-based biosensor, an integrated SPR biosensor made by Texas Instruments (Dallas, TX, USA), has been used to design a portable bioanalyzer for applications in kinetic analysis of chemical and biological reactions [10,11,12]. There are a few references on data acquisition circuits for SPR biosensing systems, although the circuit design plays a vital role in the fabrication of bioanalyzers. In this paper we describe a data acquisition circuit for collecting the response signals from a line charge-coupled device (CCD) array and the data transmission from the SPR biosnesing system to the upper computer, mainly composed of a high performance microcontroller, a driving circuit for adjusting the current for the laser generator, a watchdog circuit for monitoring the power supply, and an extension data memory for storing the initialized parameters [13]. A high speed, 12-bit built-in A/D converter is used to collect the signals from the line CCD array. The data acquisition circuit and the corresponding data algorithm to collect the photoelectric signals from the line CCD array were successfully built. The collected photoelectric signals are used to calculate the locations of the surface plasmon resonance dip on the line CCD array in order to perform the association and disassociation processes of biomolecules dynamically [14,15]. The data algorithms are considered extensively to establish the response curve of this SPR biosensing system. Quantitative measurements for validating the sensitivity were implemented in this paper. The outline of the paper is as follows: in Section 2, we briefly review the structure and fundamental principles of SPR biosensing system. Section 3 provides a detailed account of the data acquisition circuit developed for the portable SPR biosensing system, while our experimental results are presented in Section 4. The paper ends with a summary in Section 5.



2. Experimental Section


2.1. Materials

The laser line generator (dimension φ 16 mm × 45 mm, wavelength 780 nm, beam divergent angle 65°) was purchased from SFOLT Co., Ltd. (Shanghai, China). The line CCD array (UPD3575 module) was purchased from Tianjin Brilliance Photoelectric Technology Co., Ltd. (Tianjin, China). A BK7 prism with 50 nm Au film was customized by Changchun Dingxin Photoelectric Co., Ltd. (Changchun, China) The optical adjustment clamp which is designed to hold the right angle prism was fabricated in Henan Nongda Xunjie Measurement and Testing Technology Co., Ltd. (Zhengzhou, China). Ethanol solutions with concentrations of 5%, 8%, 15%, 20%, 25% and 30% volume fraction were purchased from Shanghai General Chemical Reagent Factory (Shanghai, China). Double distilled water was used throughout the whole experiment. 0.01 M PBS (pH 7.4) buffer was prepared by dissolving 0.24 g KH2PO4, 8.0 g NaCl, 1.44 g K2HPO4 and 0.2 g KCl in 1000 mL of double distilled water.



2.2. Design of the SPR Biosensing System

The prototype of the SPR biosensing system is shown in Figure 1. From the figure, this SPR biosensing system consists of a laser line generator, a microfluidic cell, a line CCD module with driving circuit and an adjustable clamp and a power supply module. In principle, this SPR biosensing system uses a prism, on which surface a 50 nm thick, 1 mm long and 3 mm wide Au thin film was deposited. The dimensions of the microfluidic cell are 3.5 mm (L) × 0.5 mm (W) × 0.25 mm (H). The laser line generator with a P-polarizer is utilized to excite the free electrons which originally are oscillating inside the metal film (Au film). The surface plasmon was produced by the P-polarized laser beam along with the interface between the surface of Au film and biological medium. It is well-known that the evanescent wave produced from the total internal reflection acts on the prism to excite a standing charge density wave on the Au surface [16]. Therefore, a surface plasmon wave will be produced by the standing charge density at the interface between the metal film and the biological medium.

Figure 1. The SPR biosensing platfrom designed by using a laser line generator, a linear CCD module, a microfluidic cell and corresponding clamps. (A) Schematic diagram of the principle of this SPR biosensing platform; (B) The top view of the overall structure of this SPR biosensing platform without an instrument enclosure; (C) The side view of Figure 1B.
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For the biosensor constructed by a prism with the coupling method of the attenuated total reflection, the propagation constants of the incident light wave and the surface plasmon wave along the x axis will be obtained in Equations (1) and (2) (see Figure 1A):
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(1)
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(2)




where the propagation constants for incident light wave and the surface plasmon wave are indicated with [image: there is no content], respectively. [image: there is no content], [image: there is no content] are the complex refractive index of the metal film and the refractive index of the prism, respectively. [image: there is no content] is the angle formed between the incident light and the normal line of the prism. [image: there is no content] is the refractive index of the biological sample flows through the metal film surface. C is the speed of light and [image: there is no content] is the frequency of the surface plasmon wave.
Both propagation constants will be equal, [image: there is no content] when the surface plasmon resonance phenomenon occurs. At the resonance point, the intensity of the incident light is absorbed greatly. The intensity of reflective light is approximately zero [17,18]. By using this relationship, the refractive index of the biological sample bound on the surface of Au film will be calculated. This is seen as 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 in the minimum value is a measure of the dielectric constant or refractive index changes on the Au surface [19].

In Figure 1, the overall structure of this biosensing platform, which is composed of the laser liner generator, the linear CCD module, the microfluidic cell and the power supply, is shown in Figure 1B. The side view of Figure 1B indicated with Figure 1C shows the position relationship between the laser line generator and the linear CCD array clearly. In this SPR biosensing system (see Figure 1), the laser line generator does not need to be moved to change the angle of the incident beam, so that the laser line generator is exactly fixed by the adjustable clamp. The low cost of the instrument can be developed using this platform.






3. Considerations on Data Acquisition


3.1. Optimization of Interface Circuits

The interfacing system of this SPR biosensing system is a combination of biological sensing membranes and a photoelectrical signals processing circuit. There are four layers in the architecture which were considered to construct this interfacing system. The bottom layer of this interfacing system is dedicated to transducing the refractive indexes changed on the Au film surface of the SPR biosensor into voltage signals (biosensor) in real time, including the linear CCD array and on/off control module of the SPR biosensors. The signal conditioning components including amplifiers for amplifying the photoelectric signals formed the second layer. A microcontroller was used to execute the filtering algorithm to form the third layer. The upper layer, mainly referring to the computer for collecting data from microcontroller with RS232C communication protocol, is used to obtain the response curves and analyze the response unit signals (RUs) [20]. The light intensity of the laser line generator can be controlled with currents through the I/O port of the microcontroller (see Figure 2). For this biosensing system described in Figure 2, once the refractive index is changed with the concentrations of biological samples, these changes will be converted into electronic signals by the SPR biosensor on which the biomolecular identification membrane should be immobilized in advance, while the control process strategy can be implemented by the PIC24FJ128GA008 microcontroller, a very versatile piece of hardware. It has been utilized to receive the data from the A/D converter and the laser line generator is perfectly arranged together to calculate the SPR pixel positions, to plot the SPR curves, to perform the kinetics analysis and to transmit the data to the upper PC. This advanced biological sensing system exists to monitor and process the changes of refractive index efficiently [21]. Obviously, the microcontroller plays an important role in data acquisition and decision implementation.

Figure 2. Schematic diagram of the interface system of this SPR biosensing system involving the SPR biosensor, the microcontroller and upper computer.
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3.2. Data Structure for Organizing and Storing Response Unit Signals (RUs)

A data structure is considered to organize all the data from the CCD circuit embedded in the SPR biosensing system and from the memory associated with the microcontroller efficiently. The 1024 photoelectric signals from the 16-bit A/D converter are quantified as 16-bit binary codes if the16-bit A/D converter in the CCD circuit was chosen. The response unit signals (RUs) were computed based on the following formula RU = (1.334 − RIx) × 30,000, where 1.334 is the refractive index of deionized water. RIx is the refractive index of an unknown sample, which can be measured by the SPR biosensing system and 30,000 is a pre-determined factor for increasing the sensitivity of the calculated responses [22]. The normalization of RU values is obtained from the 16-bit A/D converted value from the line CCD array when the biological sample flowed through the Au film surface, which is divided by the 16-bit A/D converted value from the CCD array when air is occurred over the Au film surface [23,24,25]. Therefore, the RU value is in 16-bit binary code. It is known that the lowest and the highest RU values correspond to 1 and 65,536, respectively. The data structure was intensively considered by taking the least required storage space into account. Certainly, the minimum amount of the required storage space is not only considered in this biosensing system, but also the efficiency for data retrieval should be linked. In this experiment, the RU values only need to be stored as integer type data, such as −32,768 and 32,767. Therefore, the short integer type data structure was chosen due to the fact it only occupies 2 bytes for one measurement value.



3.3. Memory Management

There are no EEPROM units in the PIC24FJ128GA008 microcontroller, therefore, a 24LC256 extension memory was used, which is a 32 K × 8 (256 K bits) serial electrically erasable PROM. This device also has a page write capability of up to 64 bytes of data to greatly prolong this device’s lifetime. A record index and corresponding measurement results are included in each data set. The record index is used to mark the location of the measurement results stored in the extension memory, which is a type of nonvolatile memory. In this experiment, the data for calculating the RU values, for finding the internal data record, and for the communication with the upper computer are stored in this extension memory due to the limitations of the internal memory in the microcontroller [26,27].

The memory capacity of this extension memory is suggested to be 32 KB (32,768 Bytes). If the RU value is expressed in a long integer form it can be used to store a maximum of up to 32,768/4 (8192) measurement results. Three different areas need to be defined in the extension memory device, which are involved to the memory space of record indexes, measurement results and parameters for performing the biosensor actions [28]. The parameters for running the SPR biosensing system are stored in the parameter areas which use a reserved space of 16 or 32 bytes in the extension memory. The sequence numbers (serial number), data status (valid/invalid), channel numbers, the first address of this extension memory, total data capacity and the corresponding measurement information are stored in the record index area. The measurement results are stored in the corresponding format of the data set in the data area [29]. Generally, the block 0 area is used to store the parameters and record indexes, while the other remaining spaces in the extension memory are allocated to store measurement results. In this experiment, block 0 was used to store the parameters and the indexes of the record index area. The record indexes are stored in the area of block 1 and the measurement results are stored in the following blocks in order to upgrade the memory capacity easily. In the block 0 area, the first 128 bytes in this memory are used to store the parameters, while the following 128 bytes are used to store the indexes of the record index area. In the last half part of the block 0, the first 16 bytes of this space were used to store the indexes of the sequence number’s index and the first address of the measurement results, while the next 32 bytes of this space are reserved to store the index of the sequence number of the measurement results’ index. In the following record index section of the last half part of block 0, there are 8 bytes occupied by each record index. These are the serial number (1 byte) produced by the record indexes, valid status (1 byte), the number of channels (1 byte), the starting address (2 bytes), the total spaces used (2 bytes), and 1 byte is reserved. In the record index of block 1, the record indexes include the measurement results record number, valid status, number of channels, starting address and total of the data, etc. In the data area, one data section can store 64 measurement result records if the measurement results are expressed in a long integer form [30]. The memory allocations of the 25LC256 memory chip are shown in Table 1.

Table 1. Memory allocations in the 25LC256 memory chip.


	Block 0
	Parameters area and the index of the record index area



	Block 1
	Measurement result record Index area, which indicates the measurement result record number, valid status, number of channels, starting address, total of the data, etc.



	Block 2
	Measurement results area



	……
	……



	Block 127
	Measurement results area












3.4. The Parameter Settings of the Circuit Module of UPD3575D

The photoelectric sensor, linear CCD containing grids of pixels, characterized by photoelectric conversion, charge storage and charge transfer. The output voltage is proportional to the charge packets which are collected in potential wells created by applying a positive voltage to the gate electrodes [31]. Applying a positive voltage to the gate electrode in the correct sequence transfers the charge packets. In this experiment, the photoelectric signals from the line CCD array in the UPD3575 module are obtained under the timing diagrams. The output voltage (Vout) of the pixel signals starts to change when the arrival of the falling edge of the pixel synchronizing pulse (PSP) is coming [32].

From Figure 3, the relationship between the Vout and the pixel synchronizing pulse is illustrated by the fact that the Vout is kept changing when the level of the pixel synchronizing pulse drops to a low value until the coming of the rising edge of the pixel synchronizing pulse, and a stable Vout will be achieved when the level of the pixel synchronizing pulse becomes high in the first half cycle. Then the Vout will become zero at the high level in the last half cycle of pixel synchronizing pulse [33,34]. The cycle settings of the pixel synchronous pulse are determined manually. The pixel synchronizing pulse’s cycle can be set in 2 µs, 4 µs, and 8 µs, electronically.

Figure 3. Timing diagram for the photoelectric signals acquisition of the line CCD array.
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3.5. Considerations of A/D Converter

The maximum conversion rate is only 100 K samples per second (SPS), so the A/D converter ADS8320 is primarily considered. The 10 µs sampling period will be calculated from the conversion rate of 100 K SPS, which is larger than the maximum pixel synchronizing pulse’s cycle of 8 µs obtained from the UPD3575D module. Therefore, a high speed AD converter must be chosen. For the consideration of the microcontroller PIC24HJ32GP302, an A/D converter with a high conversion rate of 1.1 MSPS@10bit (MSPS, million samples per second) or 0.5 MSPS@12bit embedded inside it is chosen. If high AD resolution is needed, the 12-bit resolution is the top priority to be chosen. Therefore, the sampling period of 2 µs at the sampling rate of 0.5 MSPS is calculated. Correspondingly, the pixel synchronizing pulse’s cycle of 2, 4, and 8 µs, respectively, is appropriate to match this A/D converter. From the description of the data sheet of the PIC24HJ32GP302 microcontroller, in the 0.5 MSPS@12bit mode, the minimum analog-to-digital converter (ADC) clock period (TAD) of 117.6 ns is found. The conversion time (tCONV) is 14TAD (14 × 117.6 = 1646.4 ns) is calculated according to the TAD value. The clock frequency of this microcontroller is found to be 4 × 7.3728 MHz and the clock cycle is 33.9 ns. Therefore, the instruction cycle TCY (TCY, instruction cycle) is calculated to be 2 × 33.9 = 67.8 ns (TCY is less than TAD). 2TCY (2 × 67.8 = 135.6 ns) is more than TAD (Min). It is known that the sampling cycle should be larger than 3TAD (since 3TAD is the minimum ADC sample time) compared with the ADC clock period; under these conditions, the sampling cycle is 18 TAD (18 × 117.6 ns = 2116 ns = 2.12 µs, with the maximum sampling frequency of 0.5 MHz, and the minimum sampling cycle of 2.0 µs, therefore, the 18 TAD meets the hardware requirements). Correspondingly, the sampling frequency is 472 KSPS. Due to the sampling cycle being over 2 µs, pixel synchronizing pulse cycles of 4, 8 µs are chosen, respectively. Compared with the PIC24FJ128GA008 microcontroller, the PIC24HJ32GP302 microcontroller can fit well the actual requirements of this SPR biosensing system because the built-in A/D converter can work at a high conversion rate of 0.5 MSPS@12bit with the minimum ADC clock period (TAD) of 117.6 ns or work at a high conversion rate of 1.1 MSPS@10bit with the minimum ADC clock period (TAD) of 76 ns.




4. Results and Analysis


4.1. Response of the Biosensing System to Ethanol Concentrations

By using ethanol solutions as the standard detected sample, the responses indicated with RU from the biosensing system for the different ethanol concentrations were measured within a concentration range from 5% to 30% (volume fraction) and deionized water was flowed successively over the Au surface of biosensor to obtain the baseline signals. The Au surface of the biosensor was not modified with a ligand as the specific acceptor for capturing the ethanol molecules to avoid influencing the signals produced by the biomolecular identification membrane. The experiments were performed at 37 °C. The obtained calibration curves are shown in Figure 4.

Figure 4. Sensorgrams with inset calibration curve diagrams obtained for different ethanol solution concentrations. The sensorgram was obtained from concentrations of 5%, 8%, 15%, 20%, 25% and 30% ethanol in volume fraction, respectively. The lower right inset indicates the fitting curve established by delta response units with different standard ethanol concentrations ranging from 5% to 30%.
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The calibration curves represent the process of SPR response signals without a ligand in the dynamic response range of 5% to 30%, which is useful for quantifying purposes. In this experiment, the ethanol molecules started to be adsorbed on the Au film after 1800 s for the reaction in solution. Then the response signals increased rapidly up to a plateau [35,36]. From Figure 4, it is indicated that the association curve gradually but obviously dwindled with increasing ethanol concentration. The plateau of the curve corresponds to the saturation of the sensor active points. A linear range between 5% and 30% can be used for determination of ethanol concentrations.



4.2. Sensitivity Evaluation

The samples with concentrations of 5%, 8%, 15%, 20%, 25% and 30% in volumetric fractions, which can also be converted to refractive indexes of 1.32159, 1.32304, 1.32644, 1.32886, 1.33128 and 1.33370, respectively, were measured five times, repeatedly. The mean response values of these known concentration samples were calculated to be 529, 1607, 2944, 4720, 5541, and 6065 in delta response units, which refers to the sensor response induced by biomolecular binding, changing the local reflective index (RI) at the sensor interface [37]. Importantly, a response (background response) will also be generated if there is a difference in the refractive indices of the running and sample buffers. This background response must be subtracted from the sensorgram to obtain the actual binding response (delta response units, delta RU). Hence, the refractive index of the medium is directly related to the delta RU. The coefficient of variation of the repeated measurement was also calculated to be 5.89%. The fitting equation ΔRU = 499837.79883RI–659968.315329 can be obtained with the R-Square of 0.98065, the theoretical limit of detection of 3.3537 × 10−5 RIU (refractive index unit) and the sensitivity of this SPR biosensing system was calculated to be 4.99838 × 105 ΔRU/RI (see the inset in Figure 4).




5. Conclusions

The circuit and signal conditioning approaches designed for an inexpensive portable SPR biosensing system constructed using a laser line generator and a linear UPD3575D CCD module have been thoroughly considered. The system is capable of detecting chemical and biological substances and performing kinetic analysis of high affinity biomolecular interactions. The circuit for collecting the signals from the linear CCD array and transferring the measurement results to the computer is mainly composed of a PIC24FJ128GA008 microcontroller, a driver circuit for running the laser line generator, and an extension memory for storing the initialized parameters and measurement results. A UPD3575D CCD module with a 1024 bit linear image sensor capable of converting light into voltage has been chosen and the integration time and the pixel synchronizing pulse’s cycle have been discussed in this paper. In this experiment, a high speed, 12 bit built-in A/D converter has been chosen to collect the signals from the linear CCD array. Ethanol solutions with concentrations of 5%, 8%, 15%, 20%, 25% and 30% in volume fraction, respectively, have been used to evaluate the performance of the SPR biosensing system. The ethanol solutions with different concentration factors were flowed over the surface of the sensor chip and the SPR curve and kinetics response curve are established. The measured results for the responses to ethanol showed that the selectivity, detection range, and measuring time of this SPR biosensor supported the utility of the bioassay platform, especially, for low concentration measurements. The experiments demonstrated that it is able to detect a change in the refractive index of an ethanol solution with a sensitivity of 4.99,838 × 105 ΔRU/RI in terms of the changes in delta response unit with refractive index, and a high linearity with a correlation coefficient of 0.98065. The theoretical limit of detection of this SPR biosensing system was calculated to be 3.3537 × 10−5 RIU (refractive index unit). Future work will involve the continuation of laboratory tests as well as field trials to obtain more abundant data illustrating the high sensitivity and reliability of this inexpensive portable SPR biosensing system to optimize the algorithm for obtaining the precise position of the resonant dip and the optimization of the circuit design with microcontrollers.
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