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Abstract

:

We present a biosensor chip with integrated large area silicon nanowire-based field effect transistors (FET) for human α-thrombin detection and propose to implement the hysteresis width of the FET transfer curve as a reliable parameter to quantify the concentration of biomolecules in the solution. We further compare our results to conventional surface potential based measurements and demonstrate that both parameters distinctly respond at a different analyte concentration range. A combination of the two approaches would provide broader possibilities for detecting biomolecules that are present in a sample with highly variable concentrations, or distinct biomolecules that can be found at very different levels. Finally, we qualitatively discuss the physical and chemical origin of the hysteresis signal and associate it with the polarization of thrombin molecules upon binding to the receptor at the nanowire surface.






Keywords:


silicon nanowires; field effect transistor; nanosensors; sub-threshold regime; transfer characteristics; hysteresis; aptamers; human α-thrombin












1. Introduction


The latest advances in microfluidics and nanotechnology has made possible the transfer of medical diagnostics and health monitoring equipment from the laboratory to the patient’s home [1,2]. Naturally, these developments have triggered the fast evolution of personalized medicine that currently more and more relies on so-called point-of-care (POC) devices. The latter ones can be adapted for prevention, diagnosis and the treatment of diseases, and are especially useful in the context of population ageing [3] or, for example, in developing countries, offering a cheap, simple and rapid molecular detection of pathogens [4], blood protein analysis [5], concentration of blood electrolytes [6], amongst others. The current trend in POC devices for medical applications is to continue the enhancement of the internal technical complexity and high sensitivity on one hand, while keeping a simple user interface [7]. On the other hand they continuously become more cost and energy efficient [8,9,10].



To bring state-of-the-art diagnostic devices to the hands of the people in need, a crucial task is to reduce the price of the devices and increase their high-volume delivery at the same time. In these regards, printable silicon nanowire field-effect transistor (SiNW FET) sensors represent a great potential for POC biosensors, because they offer the possibility of a cost-efficient wafer-scale production, CMOS compatibility [11], miniaturized integration on a chip, and detection process in real-time [12]. Since the key component of such devices are 1D nanoscale sized elements, the advantages of ultrahigh sensitivity of the measurements down to the fM level [13,14] given by the channel full depletion capability, in combination with the remarkably high signal-to-noise ratio, are achievable. Biodetection is typically realized within the distance of approximately one Debye length in the liquid, which is comparable to the nanowires’ radial dimensions [15,16,17,18]. Charged molecular species approaching the surface influence the spatial distribution of charges around the wires and alter the surface potential in the semiconductor. The surface potential change will lead to a strong change in current when integrating the semiconductor nanowire into a field effect transistor device, because the channel can be depleted more efficiently compared to a bulk semiconductor [19]. Since the conventional receptors; i.e., antibodies—are relatively large and Debye length is strongly dependent on the ionic strength of the environment [20], an efficient sensing requires altering at least one of these parameters. Therefore, either a significant buffer dilution to increase the Debye layer thickness or the use of small receptors and short linker molecules during functionalization, is necessary for this sensor type [18,20,21]. As low buffer concentrations can destabilize the formation of three-dimensional biomolecular structures, buffers should only be diluted moderately. To overcome this issue, artificial antibodies; i.e., highly specific aptamers (short oligonucleotides)—synthesized in vitro [22] can be used as a functional receptor element. They offer many advantages compared to antibodies including higher stability under various conditions or the potential for facile labeling with functional groups and dyes [23,24]. The benefits of the combination of aptamers with FETs for biosensing has been reported by a number of groups, where the FETs are adapted for the detection of various analytes including thrombin [25,26], potassium [27], dopamine [28], and vascular endothelial growth factor [29], among others. Specifically, the detection of human alpha-thrombin has a high clinical relevance as there are diseases correlated with coagulation irregularities with pathological levels in the upper pM and healthy levels in the nM-μM range [30]. Thus, it is important to cover such wide dynamic range with a biosensor able to offer a stable signal readout in both regions [31].



Here we present a thrombin detection platform using large area Schottky barrier silicon NW FET devices, which consist of multiple nanowires connected in parallel, and integrated into a microfluidic channel for sensing purposes. The Schottky barrier silicon NW transducers do not require doping, strongly simplifying the technological complexity compared to other ion-sensitive FET approaches. We have recently proven that the Schottky junctions do not impair the sensitivity of the devices, since near Nernstian sensitivity can be reached [32]. As demonstrated recently [8,32,33,34,35], such multi-wire devices, assembled using a thin-film-transistor (TFT) format, reveal remarkably high output currents (up to ~mA) preserving the high on-to-off current ratio (in average up to ~106), which greatly outperform the single wire FET, mostly employed for biosensor measurements [33]. Thus, devices connected by NW arrays are able to deliver a broader dynamic range for the measurements and lower device-to-device variation in current and sensitivity due to the averaging of the different signals coming from the individual wires [36,37]. These aspects are critically important for ISFET devices in general and are considered to be typical drawbacks of sensors encompassing individual nanowire channels, in particular.



Human α-thrombin is further detected in a wide dynamic range and down to 200 pM, at real time analyzing the FET transfer curves upon the gradual increase of the molecules’ concentration. Here we explore the continuous gate sweeping mode (change of the voltage from negative to positive values and back) to monitor the entire transfer characteristic shift in a time domain (Figure 1a). Furthermore, we follow the evolution and shrinkage of the hysteresis in the transfer curves (Figure 1b) of the NW FET [38], which is observed frequently for the nanoscaled devices in the gate sweeping regime. For the first time we implement the hysteresis width as a reliable parameter to control and calibrate the concentration of biomolecules in solution. Interestingly, these observations partially resemble the appearance of a voltage hysteresis in output curves when sweeping source-to-drain voltage VSD upon functionalization with antibodies in silicon nanowire devices that were modelled by a memristor equation, and related to the capacitive effects [39,40]. Finally, we compare the sensing results obtained via quantitative analysis of hysteresis, with the results obtained from the voltage shift dVT in the subthreshold region [41], and demonstrate the qualitative agreement for both methods.




2. Materials and Methods


In order to fabricate such devices, a previously reported process was followed [32,33,42]. Nominally intrinsic, undoped silicon nanowires were grown by bottom-up means employing the vapor-liquid-solid (VLS) mechanism. SiO2 coated Si wafers were plasma activated and functionalized with poly(diallyldimethylammonium chloride) (PDDA) followed by deposition of gold nanoparticles of an average 19 nm in diameter to be used as seeds for the nanowire growth. PDDA ensures a high gold nanoparticle density with no aggregation. An additional plasma cleaning was applied to remove organic residues, preventing contamination of the nanowires. The substrates were heated to 450 °C in a chemical vapor deposition reactor in hydrogen atmosphere at 65 mbar. A SiH4/H2 (10/1 p/p) gas mixture was injected at 200 sccm for 15 min, which resulted in the growth of nanowires with 5–10 µm length and 22 nm diameter.



Using the nanowire growth substrate as donor, parallel arrangements of silicon nanowires were contact-printed onto a receiver Si wafer coated with a SiO2 layer for further chip fabrication. Source and drain electrodes in meander shaped patterns were formed by UV photo-lithography, sputter-deposition of nickel and lift-off in order to integrate a plurality of nanowire channels in parallel. The native oxide shell was removed from the nanowires prior to the nickel deposition by etching in buffered HF. This step is necessary since the oxide shell could block the diffusion of nickel in to the wire during the next silicidation step. The contact resistance at the silicon-nickel interfaces was dramatically reduced via thermal annealing at 500 °C in N2/H2 gas (10/1 p/p) and resulted in a NiSi2 intrusion into the Si nanowires (see Figure 1c).



A 15 nm-thick film of Al2O3 was deposited using atomic layer deposition (ALD) as a gate dielectric and as an ion-sensitive interface. Devices with close to ideal Nernstian sensitivity were obtained using this oxide material [32,43]. Each FET had up to 103 parallel nanowire channels. The sensing capabilities of similar devices in a liquid environment have been demonstrated recently by Zörgiebel et al. [32] for pH detection. Microchips of approximately 2 × 2 cm2 were mounted onto a microfluidic device consisting of a PMMA (polymethylmethacrylate) capillary tubing holder and an embedded PDMS (polydimethylsiloxane) channel with width of about 800 µm (see Figure 1d,e). After placing the PDMS channel above the sensitive NW region, the microchip was mechanically clamped to prevent leakage of the fluids. Ag/AgCl reference electrode (Microelectrodes Inc., USA) installed at the inlet tube assures it measures against a stable liquid potential. The transfer and output characteristics of the fabricated SiNW FET, exposed to a deionized (DI) water environment are represented in Figure 2a,b. The multi-silicon nanowire FET reveals p-type characteristics with a slight shift of the minimum current region towards positive gate voltages, which can be attributed to positive fixed charges arising by the stacking of Al2O3 on top of SiO2 [44]. Integration of devices into a portable fluidic system and the electrode isolation strategy described above permits long time robust sensing measurements in liquid environment. Up to 20 different multi-silicon nanowire FET devices are formed in a single chip, using the developed electrode design. This assures the presence of the suitable high performance ISFETs on a chip and would enable the integration in a multiplexing system to verify the reproducibility of the detection events, by measuring simultaneously different devices [45].



The design of the microfluidic assembly enables it to perform all the functionalization steps and detection events directly in the channel. All experiments were performed in-flow (Figure 1d,e), where the sample solution is injected at a constant flow rate of 100 μL/min with a syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA, USA). The pump was stopped for 200 s after injection of samples for incubation. To realize the specific detection of thrombin, the surface of the sensor surface was prepared as follows. Glycidoxypropyltrimethoxysilane (GOPMS) with a reactive epoxy end group is used to attach amine-terminated strands of the thrombin-binding aptamer TBA (3′-GGTTGGTGTGGTTGG-T6-(CH2)6-NH2 -5′) via stable amino-alcohol bond formation, as sketched in Figure 2c. GOPMS covalently links to the Al2O3 layer via gas phase adsorption at elevated temperatures as described elsewhere [46]. We confirmed the binding using contact angle measurement (Contact Angle System OCA, DataPhysics, Filderstadt, Germany), dripping a water droplet on the Si-wafer as a control, indicating a homogeneously covered sample with a mean contact angle of 64 degrees compared to 36 degrees for the bare oxide. Further, surface characterization using gold nanoparticle labeling of functional groups and dripping the fluorescently labeled aptamers on the GOPMS surface using a nanoplotter confirmed the individual functionalization steps. The details of this confirmation can be found in the Supporting Information, Figure S1).




3. Results and Discussion


In the following we perform the detection of the thrombin concentrations in the range from 200 pM to 200 nM on a NW sensor surface, decorated with TBA. Further, we calibrate the concentrations values with the measured transfer curves of the FET in a sweeping gate mode; i.e., analyzing the thrombin dependent occurrence of the hysteresis in the device characteristics. Our developed measurement technique enables us to successfully implement and discuss such a concept for the first time. On the other hand, the thrombin-induced subthreshold voltage shifts dVT caused by increasing concentrations of biomolecules is presented as well. The latter represents a conventional approach used for calibration of the NW FET based sensors. Finally, we compare both analysis techniques in terms of their sensitivity and dynamic range.



3.1. Detection of Thrombin: Optimizing the Conditions


To achieve the measurable signal changes upon thrombin attachment, the experiments were performed in slightly acidic conditions with pH of about 5.7, based on the isoelectric point (pI) of thrombin (pI = 7.0–7.6, Haematologic Technologies, Inc., Essex Junction, VT, USA). The acidity of the solution thus ensures the positively charged state of the protein molecules are able to influence the surface potential of the NW FETs [25,26,47].



For the specific attachment of thrombin via the aptamers (Figure 2c), functionalization of the GOPMS modified sensor area was further performed by injecting the solution containing the TBA into the microfluidic channel, and left incubating for 20 min. A randomized control sequence (RDM, 3′-CATCCAACTGTCTCACAC-(CH2)6-NH2-5′) was immobilized on another NW FET as a nonspecific control test. After the removal of loosely attached strands, covalently bound DNA was incubated with 10 mM Tris buffer (pH 7.4) containing K+ ions to promote the proper folding of the aptamer structure [48,49,50]. Further, 1 mM pure sodium phosphate buffer (SPB) buffer at pH 5.7 was injected into the channel prior to detection experiments to establish the reference baseline for further experiments.



Finally, we inject the SPB buffer solutions with the different concentrations of thrombin into the channel step by step with the flow rate 100 μL/min. The infusion of each concentration was accompanied with a pumping pause during 200 s for the incubation purpose. Subsequent pumping of pure buffer removes loosely bound thrombin, while at the same time delivering the signal level (after rinse level). A concentration range from 200 pM to 200 nM of thrombin was tested in the following experiments.




3.2. Measurements Concept


A source meter (Keithley 2602, Tektronix, Köln, Germany) was used for voltage supply and current measurement of FET arrays. Source and drain electrodes were contacted via probe station needles. The gate was connected to the reference electrode and to the back-gate. The conventionally applied method for measuring the bioanalytes in NW FET is realized either with a fixed gate voltage VG or at fixed source drain current ISD using a feedback loop. In contrast, we monitored the signal changes in the FET by sweeping VG and recording source drain current ISD continuously at a sampling rate of around 50 data points per sweep [32]. The gate voltage resembles a triangular shaped signal with a frequency of about 1 Hz. The VG range was chosen such that the complete switching characteristic of the FET device was recorded in each sweep. The measurements were controlled by a Matlab-based program (The Mathworks Inc., Natick, MA, USA) for continuous monitoring of ISD and VG. This approach allows us to extract the threshold voltage shift dVT at a fixed ISD from the recorded data and to analyze its shift in real time. Compared to a feedback loop regulating a fixed ISD it delivers additional information on any possible change in shape of the I-V characteristics. This feature is specifically helpful in our proposed method since the separated analysis of the “positive” (from “+” to “−”) and “negative” (from “−” to “+”) branches of the sweep allows us to monitor evolution of the hysteresis in the transfer characteristics upon thrombin molecules loading. For the analysis purposes, we define the hysteresis width Vhyst via subtraction of positive and negative VG scans during live measuring of the transfer characteristics of the NW FET.




3.3. Hysteresis of the Transfer Curve Versus Subthreshold Shift dVT for Thrombin Detection


Figure 3a summarizes the thrombin sensing experiments upon the step by step addition of the thrombin molecules into the solution. It demonstrates the concurrent measurements of threshold voltage shift dVT (blue curve) and hysteresis evolution Vhyst (black curve) for the color-coded concentrations of thrombin (200 pM–200 nM) in a gate sweep measurement as a function of VG and time. The analyzed data allow us to make a number of conclusions discussed in detail below: (i) the fluid flow rate (on/off) influences the measurements dramatically; (ii) an irreversible dVT upon increase of thrombin concentration was observed; (iii) the (reversible) increase of hysteresis Vhyst was found to be dependent on thrombin concentration (Figure 3b,c). This is especially the case in the range of high analyte concentrations (nM range). The first aspect, related to the dependence of the sensor signal on the pumping rate, is eventually caused by the perturbation of the formed Debye layer; i.e., the removal of the diffusive outer layer in the electric double layer induced by the on/off operation of the fluidic pump injecting the analyte solutions (100 µL/min during buffer or thrombin injection followed by incubation in static state). Such effects were previously described for ion-sensitive field effect transistors (ISFETs) [51].



Subthreshold shift dVT for thrombin detection: Furthermore we analyze dVT upon addition of the thrombin into the solution. Magnified details of the corresponding ISD-VG curves are displayed in Figure 3d. It demonstrates the accumulation of the thrombin-induced voltage shifts upon increasing concentrations from 0 (lowest concentration tested: 200 pM) to 200 nM, from the right (buffer curve) to the left (maximal concentration 200 nM). Note the progressively smaller voltage shifts at higher concentrations of the injected thrombin, which is potentially attributed to a gradual saturation of binding sites on the sensor surface. To analyze dVTi induced by thrombin attachment, the corresponding VG at a fixed ISD at different times ti (with t = ti after thrombin attachment and rinsing for each concentration Ci) are determined at a level where the subthreshold slope is steepest in the semilogarithmic plot. Although this point is in the subthreshold regime and therefore below the conventional threshold of field effect transistors, we deliberately define this point of measurement as our sensor threshold voltage VT since there is only a constant offset to the point where the transistor actually turns on. The VT value is calculated as the mean value of both branches of the FET gating hysteresis at each time step. Apart from the instantaneous change of VT, we plot the fragments of the transfer characteristics, depicting the negative shift of the curve upon increase of the thrombin concentration from 0 (200 pM lowest concentration) to 200 nM (Figure 3d). For each dVT value at different thrombin concentrations, the running mean of 15 neighboring VT values is taken after the signal saturation and is averaged to flatten the curve, resulting in a small error bar of dVT of less than 1 mV. Figure 3e summarizes the dVT measurements and displays the calibration curve where the mean dVT is represented as a function of the thrombin concentration trapped by the specific TBA at the sensor surface (red line). Note that dVT is found to be significantly higher for the aptamer decorated surface compared to the negative control surface with RDM (red and black curves, respectively), indicating a primary specific interaction of TBA with thrombin, whereas the signal increase for the RDM functionalized surface is caused mainly by unspecific protein adsorption. In summary, the presented method enables the detection of the thrombin concentrations as low as 200 pM, which is within the range presented by other aptamer based FET sensors for thrombin detection [25,47]. The achieved sensitivity reaches approximately 10 mV/dec, which is also comparable to recently published SiNW-based FET biosensing using antibodies [52].



Hysteresis of the transfer curve: In contrast to the saturating threshold voltage, the measured hysteresis shows a distinct response on the thrombin concentration that is only slightly impeded by the fluid flow and, most importantly, is reversibly changing with thrombin concentration (see Figure 3a, black line). Instabilities in the real time signal might be explained by a reference potential drift. A stable Ag/AgCl reference electrode should be immersed in a solution with constant chloride concentration, while here it is in direct contact with buffer and sample solutions [53]. The estimated magnitude of the Vhyst shift is by a factor of five lower than that of the threshold voltage shift dVT. We analyzed the magnitude of the hysteresis shift and plotted the result as a function of thrombin concentration in Figure 3c. We fit the hysteresis and thrombin concentration data with a model describing the change of hysteresis with the square root of thrombin concentration. Fit inputs were the averaged data for constant thrombin concentration and the respective standard deviation. The fitted sensitivity was 2.15 nM/mV2, with a hysteresis offset for a zero thrombin concentration of −32.1 mV. Below 2 nM thrombin concentration the hysteresis is almost constant, while above that point the square root dependence is very clear.



We can explain the experimental evidence of a square root dependence of hysteresis and thrombin concentration with the dipole moment of thrombin molecules that is potentially changing with thrombin concentration in a square root dependence. We derive an explanation of this hypothesis starting on the description of hysteresis itself. Generally the initial hysteresis in the transfer cure is attributed to charge traps along the Si NW/SiO2 interface, with a trap filling and emptying process that requires time for equilibrium [54,55]. However, it can also be a result of time-dependent capacitive gating, producing variations in the effective VT and therefore in the hysteresis if the capacitance is changed at the dielectric layer and the ambient [56,57]. Altogether, measurable differences will be found for increasing and decreasing VG. While the Si NW/SiO2 traps are constant in our system, the explanation to hysteresis variations must be found on the thrombin itself in relation to capacitance changes. Since thrombin is positively charged in the hereby tested conditions, the binding due to the biorecognition process leaves a positively charged biomolecular layer on the FET surface, with the subsequent layer of attracted negative ions from the buffer solution. This results in a specific double-layer capacitance value. On the other hand, it is known that thrombin is a molecule that tends to be highly polarizable. [58]. An increasing dipole moment density at the surface leads to a diminishing double-layer and surface capacitance, as well as a modification of the hysteresis width. The dipole moment of surface bound molecules is therefore expected to have an influence on the hysteresis.



Certainly, the hysteresis is changed with the capacitance, which in turn can be changed by the dipole moment of molecules that bind to the surface. In addition, the dipole moment of the molecules can be changed by chemical means, thereby leading to a non-linear relation of molecular concentration and hysteresis change that is reversibly changing the hysteresis even when the surface is fully decorated with analyte molecules. We want to stress, that intrinsic FET hysteresis measured at a sweeping frequency of 1 Hz is completely independent of hysteresis with origins in the biorecognition process, which is measured over time scales of minutes up to hours. Our data shows no evidence of such sensor hysteresis drift that would render our sensing signal unusable. This makes measurements of the gate voltage hysteresis in BioFETs interesting for biological investigations in general.



Reference measurements: It has to be stressed that we performed a number of reference experiments with SiNW FETs and using complementary techniques to confirm and improve the efficiency of the biochemical approach, including the use of RDM instead of TBA at the sensor surface, as well as introducing the control protein TGF-β1 instead of thrombin [31]. In particular, the previous fluorescence based bioanalytic assays have confirmed the binding of thrombin on TBA surfaces, prepared with identical functionalization approach [31]. Furthermore, the additional surface-regeneration step for this aptamer-target system aimed to separate the two biorecognition partners in an efficient manner [49,59] was implemented using NaOH in quartz crystal microbalance technique (QCM, Figure S2), and obtaining saturation levels after 270 nM thrombin, in agreement with previous findings [31] and other publications [60,61].This important step could be further integrated into the SiNW FET concept to increase the lifetime of the microchips by recycling.





4. Conclusions


In conclusion, we present a thrombin detection platform using large area multiwire FET devices, relying on the live monitoring of the transfer curves in the gate sweeping regime. Remarkably, these dynamic sweeping measurements allowed us to observe the occurrence and the further evolution of the transfer curve hysteresis once the thrombin molecules bind to the sensor surface. While attributing the hysteresis appearance to the dipolar moment of thrombin, we for the first time implement the hysteresis width as a reliable parameter to control and calibrate the concentration of biomolecules forming dipoles in solution.



While the traditional detection by threshold voltage shift is capable of performing the biosensing starting in the picomolar range, the new method based on the hysteresis could be useful for the quantification of polarizable molecules that are found in nanomolar concentrations as well as for the analysis of the polarization behavior. We demonstrate that the hysteresis-based analysis allows us to detect thrombin in the nanomolar range, and can be a sensitive measure for molecules with a dipole moment, but with little net charge. The quantification of the subthreshold voltage shift decreases the detectable range by almost one order of magnitude (smallest detected concentration is 200 pM), allowing us to increase the sensitivity if needed.



While the traditional detection by threshold voltage shift in ISFETs is capable of performing biosensing starting in the picomolar range (smallest detected concentration in our work is 200 pM), the new method based on the hysteresis could be useful for the quantification down to nanomolar concentrations. No saturation was observed with the gate hysteresis technique in the measured range, meaning that even higher concentrations might be possible to be detected. We further demonstrate that the hysteresis-based analysis can be a sensitive measure for molecules with a dipole moment, but little net charge, broadening the range of biomolecular species that can be detected, beyond the traditional electrically charged ones using the voltage shift technique. The analysis of the polarization behavior is also enabled.



Further application of the hysteresis technique in real time samples remains to be tested with a surface modification involving polyethylene glycol that allows increasing the effective Debye length [62,63,64]. The indication of certain diseases can also be further improved by using several bioreceptors and neural networks for fingerprinting of the samples [65,66].
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Figure 1. (a) Schematic representation of expected shift of the transfer curve upon thrombin binding on the surface. (b) Expected shrinkage of the hysteresis in presence of thrombin in solution. (c) Details of the biosensor including microelectrodes and nanowires. Bottom panel shows the formed nickel silicide after the annealing process. (d) Concept depiction of the fluidic channel on the sensing area, and (e) fluidic assembly including mechanical clamping system, tubings, and electrical connections. 
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Figure 2. (a) Semi logarithmic transfer characteristics and (b) output characteristics of the Si NW FETs. (c) Biochemical functionalization of the aluminum oxide surface. Glycidoxypropyltrimethoxysilane (GOPMS) was used as a linker molecule to covalently attach the aptamer via amino-alcohol bond formation. The further thrombin recognition by the aptamer leads to semiconducting channel modulation (dashed yellow arrows). 
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Figure 3. Thrombin detection experiment with the bio-functionalized FET. (a) Real-time results upon step by step addition of thrombin, resulting in threshold voltage hysteresis (black line) and threshold voltage shift (blue line). (b) Example hysteretic transfer curves before thrombin addition, after thrombin injection and after rinsing. (c) Calibration of the hysteresis in the logarithmic scale of thrombin concentration. (d) Magnification of the transfer curves after different thrombin concentrations demonstrating an accumulative negative shift. (e) Calibration curve of the threshold voltage shift for thrombin detection using the TBA (red line) and the RDM (black line). 
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