Solid-state Ion Selective Lab Chip Sensor for On-site Measurement of Orthophosphate in Coastal Ecosystems
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This paper describes the characterization of the assembled solid-state ion-selective lab chip sensor to potentiometrically measure phosphate ions in coastal ecosystems. Since the assembled chip sensor is easy to setup and does not require any sample preparations, it is an ideal technique to study the measurement of phosphate in small volumes of liquids or in estuarine sediments. The size of the proposed lab chip is 12 mm x 21 mm, and the microfluidic channel has the width of 2 mm, length of 5 mm, and depth of 150 μm. All electrodes have the length of 500 µm, width of 200 μm, and spacing of 200 μm. 
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[bookmark: _GoBack]    INTRODUCTION
Much of inorganic phosphate, especially orthophosphate has been released from landmasses in the surrounding basin. It is clear that phosphate enrichment is the primary cause of eutrophication regarded as one of the greatest threats to coastal ecosystem health (Bricker et al., 2008). So the serious impact of orthophosphate loading to seawater and/or estuaries from agricultural and residential fertilizer applications is permission of excessive growth of undesirable algae since the released orthophosphate is readily taken up by algae (Conley et al., 2009). Excessive harmful algal blooms (HABs) may lead to other more serious impacts including production of nuisance biotoxins or reduction of dissolved oxygen concentrations. With respect to important algal nutrients, phosphate monitoring has attracted a great deal of attention both from environmental field and estuaries.
In general, phosphate can be determined by ion chromatograph (IC) (Guo, Cai, and Yang, 2005; Kapinus et al., 2004) or the spectrophotometric molybdenum blue method of Fiske and Subbarow (Conrath et al., 1995). The main disadvantages of these methods are the complexity and cost of the equipment needed and the large volumes of reagents and samples required. Consequently, these reasons have prompted the need of developing sensitive, selective, portable and fast methods to determine phosphate in water. The most recent analytical methods have concentrated on either simple electrochemical sensors, 
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such as ion-selective electrodes mainly based on the use of highly selectively phosphate ionophore materials in polymer membranes (Zhang et al., 2006) or biosensors based on phosphate binding protein (Salins, Deo, and Daunert, 2004) and ion-channel (Aoki et al., 2003). However, although the configuration of electrochemical electrodes with internal filling solutions seemed to be an effective approach for measuring phosphate, their electrodes are difficult to minimize for wide application. As well, the relatively high cost and instability of enzyme materials limit the use of enzyme based phosphate sensors. 
Alternately, the replacement of the liquid internal solution with a solid-state membrane has been the subject of a number of recent investigations (Zine et al., 2006) since the use of solid-state membrane for phosphate seems quite promising, which has many advantages over other conventional methods, including simple structure, high sensing performance and ease compatibility with other advanced technologies such as, micro electro mechanical systems (MEMS) techniques. During the last decade, several researches have been devoted to develop solid-state phosphate sensors based on bulk cobalt wire (Chen, Marco, and Alexander, 1997; Chen, Grierson, and Adams, 1998; Engblom, 1998 and 1999; Marco, Pejcic, and Chen, 1998; Marco and Phan, 2003; Meruva and Meyerhoff, 1996). They found cobalt wire as the working electrode to be robust, simple to use, highly selective and stable (Engblom, 1998). However, most of the sensors used as working electrodes are relatively large in size, on the order of 1-3 cm in diameter. They can be used to monitor bulk liquid concentrations when there is sufficient volume to wet the electrode contacts, but they are often inappropriate for the measurements of small volumes of liquids or in estuarine sediments. Due to this limitation, the continuous surveillance of small volumes of liquids or in estuarine sediments is not possible. In order for on site monitoring of phosphate in small volumes of liquids or in sediments, recently, cobalt-based electrodes have immersed in an aqueous solution containing the phosphate ions to be measured, together with a separate, external reference electrode. 
In most cases, however, the assembled electrode is precise enough and much more convenient for the stationary potentiometric measurements of phosphate. Therefore, this paper describes the simple, inexpensive, assembled phosphate ion-selective lab chip sensor that has both micro-tip size of solid-state ion-selective working electrode and additional Ag/AgCl reference placed on a plsatic lab chip to potentiometrically measure phosphateion.

METHODS 
Potentiometric Measurement of Phosphate
The interaction of the cobalt surface with oxygen has been suggested to explain the sensing mechanism of the cobalt towards the phosphate ions by several authors (Marco, Pejcic, and Chen, 1998; Meruva and Meyerhoff, 1996; Rahman et al., 2006; Xiao et al., 1995).  They have realized that under both acidic and basic medium there is an oxidation reduction on the surface of cobalt electrode by following a pretreatment procedure (Marco, Pejcic, and Chen, 1998; Xiao et al., 1995), schematically in both cases:

2Co(s) + 2H2O(l) ↔ 2CoO + 4H+ + 4e-                         	 (1)

In this way, it has been postulated that the CoO layer formed at the electrode surface serves as the sensitive membrane responding toward phosphate ions according to host-guest mechanism (Rahman et al., 2006).  Specifically, in the presence of phosphate in solution, cobalt phosphate is produced on the surface of cobalt by the following three reactions proposed (Meruva and Meyerhoff, 1996; Xiao et al., 1995), depending on the pH value of the solution;
at pH 4 in 25 mM potassium hydrogen phthalate (KHP, K2HPO4) buffer:

3CoO + 2H2PO4- + 2H+ ↔ Co3(PO4)2 + 3H2O            	 (2)

at pH 8 in N-2-Hydroxyethylpiperazine-N'-3-propanesulfonic acid (HEPPS) buffer:

3CoO + 2HPO42- + H2O ↔ Co3(PO4)2 + 4OH-             	 (3)

at pH 11 in 10 mM 3-(cyclohexylamino)-1-propanesulphonic acid (CAPS) buffer:

3CoO + 2PO43- + 3H2O ↔ Co3(PO4)2 + 6OH-            	 (4)

Depending on the pH value of the solution, the cobalt-based electrode can detect all three ortho-phosphate ions. The Nernst equation for the electron transfer and side reaction can be written and thoroughly examimed as (Marco, Pejcic, and Chen, 1998):

E = Const. - 2.303RT/F [pH] -  2.303RT/F [log(γH(3+x)PO4x )] -  2.303RT/F [log(H(3+x)PO4x )]                                  	 (5)

where, γ is activity coefficient; R, T and F have their traditional meanings as universal gas constant (8.314 J/K/mol), absolute temperature and Faraday’s constant (96,485 C/mol). Under constant pH and ionic strength in buffer, Equation (5) is simplified as:
E = Const. - 2.303RT/F [log(H(3+x)PO4x)]                     	 (6)

In this way, the corresponding electrode potential response versus the logarithm of the phosphate concentration can be determined directly by the proposed Nernst Equation (6).

     RESULTS
Cyclic olefin copolymer (COC, Topas 5013, Ticona, Summit, NJ) as a substrate and a lapped Ni disk as a mold were used for plastic injection molding. Negative photoresist, SU-8 2075 (MicroChem Corp., MA), promoter (OmniCoat™, MicroChem Corp., MA) and OmniCoat developer (Microposit MF 319), SU-8 stripper (Remover PG), positive photoresist (Shipley 1818), 351 developer were prepared for polymer fabrication process. The Cyless Silver electroplating solution (Technic, Inc.) and 1 M KCl solution were used for Ag/AgCl electroplating process. 

Fabrication of Lab Chip
The schematics design of the lab chip is shown in Figure 1. A sensor array of two electrochemical sensors for measurement of phosphate ions is located in microchannel for fluidics, which is composed of on-chip Ag/AgCl reference electrode and Co working electrode for each sensor. The size of the proposed lab chip is 12 mm x 21 mm, and the microfluidic channel has the width of 2 mm, length of 5 mm, and depth of 150 μm. All electrodes have the length of 500 µm, width of 200 μm, and spacing of 200 μm. The sensor array was designed for simultaneous measurements to obtain the average value on the lab chip.
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Figure 1. Schematic illustration (a) of the polymer lab chip with array of sensors and microfluidic channel (b).


Figure 2 illustrates both a photolithography/metal patterning for the sensor part and a UV LIGA and polymer injection molding process for the microfluidic part.
For the microfluidic part, the master mold for the lab chip was fabricated on a 3-inch nickel (Ni) disk. The nickel disk was lapped flat by a lapping machine, cleaned and dehydrated in 90°C oven overnight. For a UV LIGA process, OmniCoat™ was then coated on the prepared Ni disk by a spinner, and was hardened on a hot plate at 200°C for 1 min. The thick photoresist, SU-8 2075 was spin-coated for 200µm thickness on the Ni disk, was exposed by a 365 nm UV lamp, and was developed by immersing into SU-8 developer, followed by Ni electroplating process. 150 μm of plating height was performed in a Ni electroplating bath with a 10 mA/cm2 of current density. Finally, a Ni mold with 150 μm height microchannel was produced for polymer injection molding after developing all residual SU-8 by immersing in the SU-8 stripper solution. The COC microfluidic chip was replicated though polymer microinjection molding process (BOY 22A, BOY machines, Inc. PA) using produced Ni master mold, which the molding process cycle times was less than one minute. 
The sensor array part with working and reference electrodes was patterned on a blank COC substrate. After the cleaning of the COC substrate, the metal deposition was performed on the COC substrate with 1,000 Å thick Au layer using an e-beam metal evaporator. The photoresist, Shipley 1818 was spin-coated at 3,000 rpm on Au evaporated COC substrate, which was then baked in the 60°C oven for 30 minutes. The baked photoresist was exposed under UV light (365 nm, 8 mW/cm2) for 12 seconds by directly contacting to the Cr mask, and followed by developing process (1:5 dilution of 351 developer solution). After obtaining electrode patterns on the substrate, Ag/AgCl were also electroplated to make reference electrodes. The Cyless Silver electroplating solution was used for Ag electroplating process. A Cobalt electroplating solution was utilized as the anode and the electrode was connected to the cathode for obtaining uniform Ag layer for 20 seconds 1 M KCl solution was used for AgCl electroplating process. The polarities of the Co foil and the electrode patterns were switched each other for 15 seconds until forming AgCl layer on an Au pattern.
Using a UV adhesive bonding technique at room temperature the microfluidic part was bonded with the sensor part to form the final package. The fabricated lab chip with a set of electrical contact pads with standard pitch fits a conventional connector when the lab chip is loaded onto the analyzer. Figure 3 shows a photograph of the fabricated lab chip and depicts a sensor array with two electrodes, electrical contact pads, and microchannel with inlet/outlet ports.
After complete assembly of the chip senor, potentiometric measurements of phosphate were performed under constant condition, keeping constant temperature (25oC). For pretreatment of chip sensor, electrodes remained in water for 30 minutes and successively a 0.025 M of potassium hydrogen phthalate buffer solution until a steady state potential was obtained, respectively (Rahman et al., 2006). According to the previously described works related to the phosphate determination using a cobalt electrode, it is reported that a slight super Nernstian response of the chip sensor was observed under above or below 0.025 M concentration of buffer solution (Xiao et al., 1995). So, a 0.025 M concentration of buffer solution was used in this study. After pretreatment, the chip sensor was calibrated in a series of solutions of known concentration. The seven voltage readings were plotted against the known phosphate values to obtain a calibration curve. For each calibration experiment, phosphate standards comprising 1 × 10-6 to 1.0 × 10-2 M were prepared using a potassium hydrogen phthalate buffer. The buffer solution was adjusted to the desired pH values by adding a small amount of 0.1 M potassium hydroxide or nitric acid solution. The chip sensor was rinsed in distilled water between each buffer change. 
All electromotive force (EMF) values were recorded against the given Ag/AgCl reference wire using Accumet Microprocessor Model 15 pH/mV meter (Fisher, Catalog No. 13-635-15A). These EMF values enable the concentration of the dihydrogen phosphate to be determined through application of the Nernst equation.
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Figure 2. Illustration of the fabrication process for the proposed lab chip.


DISCUSSION
From the response to stepwise changes in the concentration of KH2PO4, as shown in Figure 3a, the potential response of the phosphate chip sensor (versus a given Ag/AgCl reference) was found to be very stable during the calibration. Moreover, the phosphate chip sensors exhibit a relatively short response time (i.e. time required to reach 90% of the final stable reading); the response times were less than 5 seconds for 1.0 × 10-2 M of phosphate solution at pH 6. The reason is that solid-state phosphate chip sensor is possible to quickly reach the equilibrium state of formation of cobalt phosphate on the CoO surface. It is reported that the response time of a bi-enzyme based phosphate biosensor was 3 min for one measurement, which is not efficient for rapid monitoring (Rahman et al., 2006). Normally, response times should be as fast as possible, but less than 1 minute might be acceptable for in situ measurement of phosphate at a sampling point. 
Figure 3b shows that the calibration curve, plotting a graph of the electrode voltage versus the logarithmic ion concentration, was obtained in the experimental conditions described above.  When the concentration increases, the electrode potential becomes more negative since the phosphate microelectrode is sensing an anion. Three replicate measurements of each standard phosphate solution were made and the average values were used for calibration plots. It can be seen that no significant differences between plots were observed since the standard deviation values calculated were too small. The linear range was determined wheret the data points do not deviate from linearity by more than 10 mV. The potential response of the assembled phosphate ion-selective lab chip sensor showed a linear regression in the range of 1×10-5 to 1×10-3 M with a slope of 54 mV/decade. Thus, based on the calibration curve, the limit of the lower and upper detection was found to correspond to 1×10-6 M and  1×10-2 M at pH 6.0, respectively.
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Figure 3. Electrode potential changes with time in solutions of phosphate concentrations from 10−6 to 10−2 mol/L (a); Calibration curve of phosphate ion-selective lab chip sensor (b).


In order to study the precision of the assembled phosphate ion selective lab chip sensor, 8 continuous measurements in 0.5×10-3 M phosphate solution at pH 6.0 were carried out. As shown in Table 1, the average potential of assembled phosphate ion selective lab chip sensor was -526 mV. In addition, the experimental results showed a good precision, indicating that relative standard deviation (RSD) was 3.5%. 
In order to study the long-term stability during 6 days, the assembled phosphate ion selective lab chip sensor response was continuously observed using the 1.0×10-3 M phosphate solution at pH 6.0. The 5 measurements a day were plotted against the number of days after the preparation of assembled phosphate ion selective lab chip sensor. As shown in Figure 4, the assembled phosphate ion selective lab chip sensor provided a stable voltage potential for the time periods measured. The assembled potentiometric phosphate microelectrode is less sensitive to electric fields and therefore measurements do not have to be done in a Faraday cage.

Table 1. The evaluation of precision of the phosphate ion-selective lab chip sensor.
	No.
	1
	2
	3
	4
	5
	6
	7
	8

	EMF (-mV)
	520
	524
	529
	527
	521
	528
	529
	526

	Mean (n=8)
	-526 mV

	RSD
	3.5(%)
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Figure 4. Long-term stability of the phosphate ion-selective lab chip sensor.


CONCLUSIONS
In general, electrochemical electrodes have played an important role in many surface waters quality monitoring studies for decades since their small physical size makes handheld or portable devices inexpensive and allows direct, in situ and rapid measurement with periodic calibration steps. In addition, metal electrodes exhibit fast electron-transfer kinetics and promote low background current for many redox systems. However, one of common problems of electrochemical electrode is the fouling during electrochemical analysis of target compounds. Cobalt metal has a selective electromotive force response to orthophosphate ions depending on the pH value of the solution. Most previous reports on cobalt-based phosphate microelectrode used isolate, external and commercial reference electrode. However, in this study, combination working and reference electrode in a body showed the excellent electrical potential. Due to the phosphate selectivity and convenient sensor configuration, the assembled potentiometric phosphate microelectrode was proved to have a strong potentials for diverse applications in applied analytical chemistry, clinical, or environmental sample analysis.
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