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Abstract

:

A glucose-responsive polymer brush was designed on a gold electrode and exploited as an extended gate for a field effect transistor (FET) based biosensor. A permittivity change at the gate interface due to the change in hydration upon specific binding with glucose was detectable. The rate of response was markedly enhanced compared to the previously studied cross-linked or gel-coupled electrode, owing to its kinetics involving no process of the polymer network diffusion. This finding may offer a new strategy of the FET-based biosensors effective not only for large molecules but also for electrically neutral molecules such as glucose with improved kinetics.
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1. Introduction


Rapid, sensitive and economically acceptable means to determine biological substances is of interest in all scenes of analytical science and clinical diagnosis. Field effect transistor (FET) based molecular detection provides a solid option to achieve this goal. FET is a type of transistors that modulates the source-drain “channel” conductivity in response to the change in electric field along a perpendicular direction to the gate electrode. For bio-sensing applications, bio-recognition events of interest are predesigned on the gate surface. During these events, any observed changes in the channel conductivity can be correlated to polarity and density of charges at the gate, thus providing a basis for identification and quantification of these molecules. This strategy, often termed “bio-FETs”, has been validated for a variety of targets [1,2,3,4] including ions [1], enzymes [5], proteins [6,7], nucleotides [8,9,10,11] carbohydrates [12,13] and even cells [14,15,16,17,18,19,20,21]. The beauty of bio-FETs may be highlighted in the fact that it represents a label-free determination platform, which can be readily downsized and integrated by virtue of today’s advanced semiconductor fabrication technology. While offering a number of applications, the strategy of bio-FETs often finds difficulty in dealing with relatively large molecules such as proteins. This intrinsic limitation is related to the thickness of electrical double layer or the Debye length formed at the gate surface, which is no greater than a few nanometers in length under physiological ionic conditions. Beyond this length, counterion-screening effect prevails masking otherwise visible molecular charges and, as a result, the technique yields an upper limit of the molecular size for which the charge sensing can be reliably performed [22,23].



To cope with this limitation, we have previously described a role of stimuli-responsive polymer gels (or smart gels) to enable the “Debye-length-free” signal transduction [24,25,26]. When configured as a thin coat on the gate electrode, smart gels could serve as a modulator of the interfacial permittivity upon detection of each specific target due to the change in hydration, a parameter also detectable by the principle of bio-FET [24,25]. Owing to the ability of smart gels to spatially propagate the signal (synchronized with the change in hydration) across a macroscopic scale of distance, the technique was virtually free from the Debye length. However, for a critical shortcoming, this mode of the signal propagation was significantly slow, the rate of which was determined by cooperative diffusion of the polymer network, typically requiring tens of minutes to complete.



This work focuses on the use of a linear or non-crosslinked polymer system in order to exclude such a slow (rate-determining) process. For this purpose, the gate surface was modified with a newly synthesized phenylboronate-functionalized glucose-responsive polymer. This polymer was capable of undergoing reversible, abrupt and glucose-dependent change in hydration at room temperature, providing a convenient platform to demonstrate such a way of signal-transduction with remarkably improved rate of response.




2. Experimental Section


2.1. Materials


N-isopropylacrylamide (NIPAAm), azobisisobutyronitrile (AIBN) and cupper bromide(I) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Pentandiethylenetriamine was purchased from Tokyo Chemical Industry (Tokyo, Japan). Tris(2-aminoethyl)amine, ethyl α-bromoisobutyrate and bis[2-(2-bromoisobutyryloxy)-undecyl]disulfide were purchased form Aldrich Chem. Co. (Milwaukee, WI, USA). N-isopropylacrylamide was recrystallized in hexane before use. Azobisisobutyronitrile was recrystallized in methanol. All other chemicals were used as received. 4-(2-acrylamidoethylcarbamoyl)-3-fluorophenylboronic acid (AECFPBA) was synthesized as reported previously [27].




2.2. Preparation of Gold Extended Gate Electrode for FET and the Surface Modification


A synthetic quartz substrate (Ra = 1.8 nm) bearing 10 islands of sputtered polycrystalline-gold layer (100 nm) using titanium as an adhesion layer (10 nm) was used as an extended gate for Bio-FET. The specific thickness of each layer was obtained by the controlled sputter-exposure times.



For convenience in the following surface modification, a glass tube with the inner diameter of 5 mm was installed using a thermosetting insulating resin (ZC-203, Nippon Pelnox, Tokyo, Japan) to surround the area of the electrodes. The inner area of the chamber was plasma-cleaned in an oxygen plasma reactor (PDC 210, Yamato, Japan) for 60 s with the power of 300 W under the oxygen pressure of 150 Pa, prior to use. The cleaned electrode surface was immersed in a 10 mM ethanol solution containing bis[2-(2-bromoisobutyryloxy)-undecyl]disulfide to install the surface with bromine group terminated self-assembled monolayer (SAM) for the following surface initiated ATRP. The same molar amount of dithiothreitol (DTT) was also added for the reduction of the disulfide group into the thiol group, to facilitate the rate of thiol-Au chemo-sorption reaction. After 24 h incubation at room temperature the modified electrode surface was thoroughly washed by sonication in pure ethanol. These surface modification procedures are schematically depicted in Figure 1a.
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Figure 1. (a) Fabrication route of polymer modified gold electrode. (b) Circuit diagram for field effect transistor (FET) based measurement. 
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The packing density of the SAM was assessed by cyclic voltammetry (CV) using an Autolab PGSTAT 302 (Eco Chemie, Utrecht, The Netherlands) potentiostat equipped with a three-electrode system using a platinum wire as a counter electrode. The voltage was scanned from −0.2 to −1.35 V (vs. reference Ag/AgCl electrode) at the rate of 0.5 V/s with resolution of 0.5 mV in an aqueous 0.5 M KOH solution. The first scan reduction peak found at the range of −0.8 to −1.0 V was attributed to the charge transfer from the electrode to the thiol. The number of thiol groups per unit area (γ, nm−2) was calculated as:


γ = QSAMNA/F



(1)




where QSAM is the total surface charge density calculated from the background corrected peak area, scan rate and the electrode surface area, NA the Avogadro’s constant and F the Faraday constant [28]. The density of the SAM was determined to be 3.1 ± 0.7 chains nm−2, which is comparable to those reported and what is theoretically expected when the maximum coverage on the Au (111) surface occurs. Thus, we concluded that the cleavage of disulfide bonds of bis[2-(2-bromoisobutyryloxy)-undecyl]disulfide and the subsequent Au-S chemisorption on the electrode occurred in an almost stoichiometric manner.




2.3. Synthesis of Poly(NIPAAm-Co-AECPBA)


Under an argon atmosphere, a mixed solvent DMF/water (80:20, v/v, 1 mL), NIPAAm, AECFPBA, CuBr (92.5 µmol), and PMDETA (278 µmol) were charged into the flask, which was tightly sealed with a rubber septum. The reaction mixture was degassed by three freeze−vacuum−thaw cycles, which was poured onto the above-described electrode chamber under an argon atmosphere. To an identical reaction mixture, ethyl α-bromoisobutyrate (92.5 µmol) was added as a soluble initiator to allow the solution-phase ATRP, separately form the surface-initiated reaction. This experiment was meant to provide an indirect characterization of the gate-surface-introduced polymers. Each reaction was allowed with constant stirring at room temperature for 1 h, which was then terminated by exposing to the air. The obtained solution (from the solution-phase ATRP) was passed through a basic alumina column. The eluted fraction was further dialyzed against purified water for 2 days and finally freeze-dried. The yield, fraction of AECFPBA as determined by 1H-NMR, Mn and Mw/Mn as determined by GPC for all polymers are summarized in Table 1. The copolymer compositions were determined by 1H-NMR (500 MHz, D2O) from the peak intensity ratios of methine proton on isopropyl group of NIPAAm (δ 3.8 ppm) relative to those of aromatic protons of AECPBA (δ 7.3–7.6) (SI Figure 1). All polymers prepared in solution phase had Mn of about 2000 with reasonably narrow distribution (Mw/Mn = 1.3) regardless of the fraction of AECFPBA, which is indicative of quantitative progress of ATRP. The morphology of the polymer-modified electrode was investigated using a Scanning Electron Microscope (S-3400N, Hitachi Science Systems, Ltd., Tokyo, Japan) with the accelerating voltage of 2 kV. Samples were first mounted on carbon fiber pads preadhered to aluminum stubs. Images were taken and analyzed by the equipped software (SI Figure 2).
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Table 1. Preparation and characterization of PBA containing polymer.
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Abbreviation

	
NIPAAm [wt%] 1

	
AECFPBA [wt%] 2

	
Mn

	
Mw/Mn

	
Yield [wt%]






	
PNIP-B-10

	
90

	
10

	
1.3 × 103

	
1.3

	
30.0




	
PNIP-B-20

	
80

	
20

	
1.2 × 103

	
1.4

	
30.0




	
PNIP-B-30

	
70

	
30

	
1.2 × 103

	
1.3

	
17.9








1 Molar fraction of NIPAAm in feed. 2 Molar fraction of AECFPBA in feed.








2.4. Transmittance Measurement for Determination of Lower Critical Solution Temperature


The LCSTs (Lower Critical Solution Temperatures) of the 0.1 wt% polymer solutions for various glucose concentrations were assessed by observing the change in transmittance at 500 nm using a UV-VIS spectrophotometer (UV-2450, Shimadzu Co. Ltd., Kyoto, Japan). Each sample was set in a thermostatic cell holder and heated at the rate of 0.2 °C/min. The LCST was defined as the temperature at the inflection point in the transmittance versus temperature curves (SI Figure 3).




2.5. Measurement of Surface Potential


The prepared 10-channel gold electrode was electrically lined to a Keithley 6517B electrometer/high resistance meter (Keithley, Cleveland, OH, USA) through a switching circuit (Figure 1b). Drain current (Id), drain-source voltage (Vds), and biased gate voltage (VG) were 600 μA, 1.0 V, and 0 V (versus Ag/AgCl), respectively. The reaction chamber was filled with a 50 mM PBS adjusted to pH 7.4 (155 mM NaCl). Changes in the surface potential were monitored when adding graded amounts of glucose in solution. All measurements were carried out at room temperature with an Ag/AgCl reference electrode in saturated (3.3 M) KCl solution immobilized in a salt bridge.





3. Results and Discussion


The focus of this study is to demonstrate the feasibility of exploiting stimuli-responsive-polymer-brushed surfaces as a route to obtain prompt signal transduction in Bio-FETs. Threshold gate voltage (VT) of Bio-FETs is sensitive to both charge density (Q) and capacitance (C) of the gate, and their relationship is qualitatively expressed as:


ΔVT = ΔQ/ΔC



(2)







Due to a marked discrepancy in the relative permittivity between water (ca. 80) and organic materials (ca. 2), when the gate-introduced material undergoes abrupt change in hydration, it leads to modulation of ΔC and thus ΔVT. Our previous reports had shown that the direction of ΔVT of the smart gel-coupled bio-FETs was actively controllable depending on the material’s polarity and magnitude of the change in hydration [25]. While these observations offered a rationale for the “Debye-length-free” signal-transduction, its kinetics was significantly slow due to the rate-determining process of cooperative network diffusion inherent to the cross-linked (gel) system.



As a platform polymer to decorate the gate, PNIPAAm main-chained copolymers bearing PBA functionality were newly synthesized. The pendent PBA is able to reversibly bind with glucose and dynamically change the state of equilibrium, as shown in Figure 2a. With increase of glucose concentration, the fraction of hydrophilic phenylboronate increases, thus increasing the overall solubility of the polymer [29]. This feature has been summarized in Figure 2b, where a glucose-induced increment of lower critical solution temperatures (LCST) has been systemically revealed for different contents of PBA. It should be noted that PBA is unique in that it undergoes a dramatic inversion in its level of hydrophobicity depending on the degree of acid disassociation; it is strongly hydrophobic when uncharged (Figure 2a, (i)) but it becomes hydrophilic when negatively charged (Figure 2a, (ii) and (iii)). Therefore, an increase of the PBA content in the copolymer, on the one hand, results in a decreased LCST in the absence of glucose, on the other hand, leads to more profound glucose-dependent change, as observed in Figure 2b. Our first effort was to gain insight into an optimal fraction of PBA, with which the polymer would show dramatic glucose-dependent solubility changes at around room temperature (25 °C). Based on the results obtained in Figure 2b, PNIP-B-20 and PNIP-B-30 (20 and 30 w/v % of PBA in feed, respectively) were chosen as structures to be introduced to the gate surface. These polymers show LCSTs of 21 °C and 25 °C, respectively, at 1 g/L of glucose, which is an equivalent concentration to human normoglycemia (Figure 2b). Also disclosed in Figure 2b is that the LCST of these polymers dramatically increases with further increase of the glucose concentration, and vice versa. The equivalent polymers (to PNIP-B-20 and PNIP-B-30) were introduced to gold electrodes by conducting the surface-initiated ATRP as described above. For controls, non-modified (bare Au) electrodes and those modified with PNIPAAm homopolymer were prepared.
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Figure 2. (a) Glucose-dependent equilibria of PBA. (b) Glucose dependent changes in the lower critical solution temperatures (LCST) of PNIP-B for different contents of PBA. 
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The polymer modified gold electrodes were electrically lined to an electrometer and were assessed for their potentiometric response to glucose. Figure 3 shows changes in the surface potential of the PNIP-B-30 modified electrode as a function of the glucose concentration investigated at 25 °C. When increasing the glucose concentration from hypo- to normo- and hyperglycemic levels, the potential increased as large as 20 mV. Importantly, this positive direction shift of the potential indicates dominant contribution of the polymer hydration, rather than an increase of the phenylboronate anions when binding with glucose. As for the selectivity, PBA can also bind with other 1.2 or 1.3 cis-diols including other sugars, catechol, RNA and etc. Indeed, the binding constant between PBA and glucose is comparable to those for other naturally occurring monosaccharides such as mannose and galactose [30]. Even so, in consideration of their respective blood concentrations, in practice, it can be regarded as glucose specific, as demonstrated by many other researches. Because of a lack in the number of experiments, the detection limit of glucose in the present configuration is yet to be determined. As a reference, our previous study had shown that a gold electrode modified with a self-assembled monolayer of PBA could accomplish a potentiometric (charge) detection of glucose with its detection limit of 0.2 g/L, which is safely below normoglycemia, i.e., 1 g/L [31].
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Figure 3. Surface potential changes of PNIP-B-30 modified electrode as a function of the glucose concentration investigated at 25 °C. Data are expressed as averages + S.D. (n = 10). 
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Representatively shown in Figure 4 is a kinetic feature of the potentiometric response of the PNIP-B-20-modified electrode when adding 10 g/L glucose at 27.5 °C, along with that of the control (PNIPAAm-modified electrode). A remarkably elevated potential (as large as 100 mV) is evident specifically for the polymer-modified electrode; the magnitude of the potential change is much greater than that obtained in Figure 3 where the layer was composed of PNIP-B-30 and recorded at 25 °C. This difference may be ascribed to that in the initial state of the hydration (with no glucose) specific to the type of polymer and each investigated temperature, which is characteristic of the amphiphilic polymer-coupled Bio-FETs. Furthermore, Figure 4 also demonstrates a remarkably enhanced rate of response, in contrast to the previously reported cross-linked polymer systems; the early stage response in Figure 4 appears to complete within a few minutes, while the gel-coupled systems typically required several tens of minutes. This enhancement in the rate of response may be accounted for by distinct kinetics of the polymer chain hydration free from the cooperative polymer chain diffusion, a rate-determining process for the gel-combined systems.
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Figure 4. Time-course change in the surface potential of gold electrodes modified with PNIP-B-20 (red line) and PNIP (blue line) on addition of 10 g/L glucose at 27.5 °C. 
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4. Conclusions


Our results demonstrates that a stimuli-responsive polymer brushed surface exhibiting target-specific change in hydration can provide a rationale for the “Debye length-free” signal-transduction for Bio-FETs. In comparison to previously studied cross-linked (or gel-based) interfaces, a markedly enhanced rate of response was achievable, owing to its kinetics that is free from the process of the network diffusion. Noteworthy is that many other stimuli-responsive polymers are available that are responsive to other (than glucose) biologically important targets including proteins and biomarkers [32,33]. The strategy described in this paper may also be effective to those targets. Thus, this finding offers additional prospects for its use as a universal platform of Bio-FETs applicable to large molecules and even those electrically neutral such as glucose.
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