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Abstract

Transistor-based nanoelectronic sensors are capable of label-free real-time chemical and biological
detection with high sensitivity and spatial resolution, although the short Debye screening length in
high ionic strength solutions has made difficult applications relevant to physiological conditions.
Here, we describe a new and general strategy to overcome this challenge for field-effect transistor
(FET) sensors that involves incorporating a porous and biomolecule permeable polymer layer on
the FET sensor. This polymer layer increases the effective screening length in the region
immediately adjacent to the device surface, and thereby enables detection of biomolecules in high
ionic strength solutions in real-time. Studies of silicon nanowire (SiINW) field-effect transistors
(FETSs) with additional polyethylene glycol (PEG) modification show that prostate specific antigen
(PSA) can be readily detected in solutions with phosphate buffer (PB) concentrations as high as
150 mM, while similar devices without PEG madification only exhibit detectable signals for
concentrations < 10 mM. Concentration-dependent measurements exhibited real-time detection of
PSA with a sensitivity of at least 10 nM in ~130 mM ionic strength PB with linear response up to
the highest (1000 nM) PSA concentrations tested. The current work represents an important step
toward general application of nanoelectronic detectors for biochemical sensing in physiological
environments, and is expected to open up exciting opportunities for in-vitro and in-vivo biological
sensing relevant to basic biology research through medicine.
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Since the first demonstration of biosensors based on nanoelectronic FETs in 2001,1 SINW
FET biosensors2 4 have been used for ultrasensitive, multiplexed real-time detection of a
variety of biological species including protein disease biomarkers at a femtomolar level > 6
DNA and DNA mismatch identification at the tens of femtomolar level” and even single
viruses.8 Furthermore, SiNW FETs have demonstrated the capability to be used as a label-
free sensing platform for investigating small molecule-protein interactions for drug
screening® 9 and for determining the kinetics of basic biomolecular association/dissociation
processes and the rate and inhibition of enzymatic synthesis.> 10 The robustness of these
concepts introduced first with SINW devices have been confirmed in subsequent studies of
nanoscale FET biosensor devices configured from a variety of semiconductor nanomaterials,
including other NW systems!! —14 which have been used to detect proteins and DNA,
carbon nanotubel® and subsequently graphenel® 16 FET devices were used for sensing
proteins,1” - 19 glucose,?0 DNA,2! and bacteria.?2 Recently, similar results have also been
repeated with layered MoS, FET devices in pH and proteins sensing.23

The above results testify to the robustness and potential of nanoelectronic FET biosensors,
although these sensors also have been limited to measurements in relatively low ionic
strength solutions by the Debye-screening length.24 Specifically, in physiological solution
environments, which are relevant to many important biological, medical and diagnostic
applications, the short screening length, <1 nm, reduces the field produced by charged
biomolecules at FET surface and thus makes real-time label-free detection difficult.

Several indirect and direct methods have been reported to overcome this intrinsic limitation
of nanoelectronic FET biosensors. First, indirect methods have been reported® 25 for
detection of blood serum disease marker proteins that involve an initial ‘desalting’ step
followed by detection in low ionic strength buffers. While effective, these indirect methods
are not real-time and cannot be generally applied to many types of in-vitro and in-vivo
detection. More recently, several groups have reported a direct approach based on smaller
receptors28: 27 to reduce the distance between the FET surface and biomolecule analyte
being detected. These studies are promising, although further studies are still needed to
determine how general detection is under the limit of physiological conditions (Debye
length < 1 nm) since the sizes of the aptamer2® and antibody fragment?” receptors are
similar to or greater than this critical length scale. Last, Zhong and coworkers28 have also
reported a direct high-frequency measurement strategy that can be applied to standard
biological receptors, although the more complex device geometry required for these
measurements may limit applicability, especially for cellular and in-vivo sensing
applications.

Here we report a new direct strategy for real-time detection of biomolecules in physiological
environment using nanoscale FET device and applicable to both in-vitro and in-vivo sensing.
Our method (Figure 1a) involves linking a porous and biomolecule permeable polymer to
the surface of the FET such that the effective Debye screening length is increased, making it
possible to detect proteins and other biological analytes directly in real-time in physiology-
relevant high ionic strength solutions. This approach is motivated by previous studies
reporting that polymers, including PEG, can change substantially the dielectric properties in
aqueous solutions,2? and thus serve to increase the effective Debye screening length for a
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given solution ionic strength. In the studies described below, we demonstrate this general
approach for SINW FET devices modified with PEG,3: 31 although we note that the basic
concept will be general to FET biosensors configured from other materials.

SiNWs (p-type, 30 nm diameter) synthesized by the nanocluster catalyzed vapor-liquid-solid
method were used to fabricate FET sensor chip (Figure 1b) as described previously.32: 33,34
The SiNW S-D contacts and metal interconnects were passivated with SizN4.34 The SINW
device chips were modified with either a 4:1 mixture of (3-aminopropyl)triethoxysilane
(APTES) and silane-PEG (10 kD) or pure APTES in manner similar to previous

reports.33: 35 Following modification of the SINW device chip, a PDMS microfluidic
channel was mounted on the chip (Figure 1b) for delivery of buffer and protein/buffer
solutions.33: 36 SINW FET signals were recorded simultaneously from three devices, and
signals were converted to absolute millivolt (mV) values using the device transconductance
sensitivities determined from water gate measurements.36 Conductance versus liquid-gate
voltage for typical APTES-modified and APTES/PEG-modified Si nanowire FET devices as
well as a summary of transconductance values for modified devices (Figure S2) show that
the transconductance is reduced by PEG modification as expected.. PSA3” was used as a
protein model with all experiments carried out below the PSA isoelectric point3® at pH 6 PB.

Initial measurements made as a function PB concentration on APTES modified SINW
devices (Figure 2a) show that the PSA signal response is significantly diminished with
increasing PB buffer ionic strength. First, as the PB concentration was increased from 1, 2, 5
to 10 mM, the signal response for 100 nM PSA dramatically decreased from ca. 112, 56, 23
to 8 mV, respectively. Second, when the PB concentration was further increased to 50 mM,
no obvious response was observed. These results are consistent with previous

studies?”: 28. 39 showing a decrease in FET signal amplitudes with increasing solution ionic
strength, and indicate that the APTES modification has little influence on the local ionic
environment at the FET surface.

Significantly, measurements made with polymer-modified SINW FET devices (Figures 2a-
d, Figure S3) exhibited well-defined PSA signal response for PB concentrations up to 150
mM and highlight several key points. First, measurements showed a weak PB concentration
dependence with response of ca. 44, 37, 40 and 28 mV for 10, 50, 100 and 150 mM PB. We
note that no obvious signals were detected for >10 mM PB under same experimental
conditions using only APTES-modified devices. Second, the data recorded for each PB
concentration is reproducible as evidenced by similar responses recorded simultaneously
from three different modified SINW devices on the sensor chip. Third, the ionic strengths of
the higher concentration solutions are similar to physiological conditions, and thus show the
potential for direct real-time sensing in this regime. Moreover, the binding/unbinding
process on the APTES-modified devices was 2-4 times slower than that on the APTES/PEG-
modified devices (Figure S4). This difference might reflect different interactions on the
APTES versus APTES/PEG modified device, although future studies will be needed to
determine unambiguously the origin of these interesting results.

We investigated further the reproducibility of PSA sensing at different PB concentrations
with polymer-modified sensors by comparing results obtained from independent SINW
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sensor chips. Notably, the signals recorded from three independent devices on each of two
different sensor chips (Figure 3a) exhibit good consistency at all PB concentrations (i.e., 10,
50, 100 and 150 mM). These results indicate that the APTES/silane-PEG surface
modification is relatively uniform, although there is a ca. 14 % variation of the PSA signal
between the two different sensor chips. We believe that this chip-to-chip variation, which
may reflect variations in the PEG density/porosity obtain using our modification approach,
could be reduced in the future through optimization of the post-fabrication cleaning and
modification strategies.

Comparison of these PB concentration-dependent experimental sensing data and the
calculated Debye length as a function of PB concentration (Figure 3b) brings out several key
points. For APTES-modified devices, the PSA (100 nM) response in 1 mM PB with a Debye
length of ~7 nm was 112 mV, and decreased rapidly to ca. 8 mV in 10 mM PB where the
Debye length is ~ 2.2 nm. Moreover, no obvious response was observed in 50 mM PB
where the Debye length is ~1 nm. This rapid decrease and ultimate loss of signal response is
consistent with the thickness of the APTES monolayer, 0.8 nm,4 and the diameter of PSA,
ca. 2 nm,*! since charge screening at the FET surface will become increasingly effective as
the Debye length becomes smaller than the sum of the APTES layer thickness and protein
diameter. In contrast, for the APTES/PEG-modified devices, the PSA (100 nM) response in
10 mM PB was 44 mV (vs. 8 mV for APTES alone), and moreover, decreased only slowly
to ca. 40 mV for 100 mM PB (Debye length ~ 0.67 nm) and 28 mV for 150 mM PB where
the Debye length is ~ 0.54 nm. The significant difference between the APTES and
APTES/PEG modified devices reveals that the polymer plays an important role in
modulating the local ionic environment at the SINW FET surfaces, and thus overcoming the
Debye screening issue for FET biosensors under physiologically-relevant conditions.

In addition, the PSA concentration dependent sensor response was investigated under high
ionic strength physiological conditions. Conductance versus time data recorded in 100 mM
PB (Figure 4a), which has a Debye length ~ 0.67 nm comparable with physiological
solution, showed clear sensor response for PSA concentrations from 10 — 1000 nM. A
standard plot of this data versus log[PSA] (Figure 4b) yields a relatively linear detection
regime for PSA concentrations = 50 nM. Last, we investigated the PSA concentration-
dependent sensor response in terms of a Langmuir adsorption.#2 We find that the data can be
well-fit by the expression for Langmuir adsorption isotherm (equation 1)42 :

k
S—g x C

mar X T~
1+k x C @

where Sand Syax represent the signal and saturation signal, respectively, in response to PSA
concentration C, and k is a constant. Significantly, the value of k determined from our fit, 6.4
x 108 M1, agrees well with the reported results for protein adsorption.43: 44

In conclusion, we describe a new and general strategy to overcome the limitation of Debye
screening for FET biomolecule sensors. FET devices functionalized with a porous and
biomolecule permeable polymer increase the effective screening length in the region
immediately adjacent to the device surface, thus enabling detection of biomolecules in high

Nano Lett. Author manuscript; available in PMC 2016 March 11.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al.

Page 5

ionic strength solutions in real-time. Measurements made with SINW FETs with additional
PEG maodification show that PSA can be readily detected in solutions with PB
concentrations as high as 150 mM, while similar devices without PEG modification only
exhibit detectable signals for concentrations < 10 mM. Concentration-dependent
measurements exhibited real-time detection of PSA to at least 10 nM in ~130 mM ionic
strength PB with linear response up to the highest (1000 nM) PSA concentrations tested.
The current work is general and could also be applied to other nanowires, carbon nanotube,
graphene and 2D semiconductors,123 which have shown similar results as previous SINW
FET biosensor studies.1-19 While additional work will be needed, for example, to
incorporate specific receptors such as antibodies within the polymer modification layer to
allow for selective protein detection, we believe this work represents an critical step toward
general application of nanoelectronic detectors in many areas, including (i) real-time point-
of-care diagnostics, (ii) intracellular and subcellular real-time monitoring of proteins and
nucleic acids using 3D kinked SINW FET devices previously used for real-time intracellular
recording of action potential from single cells,*> 46 and (3) in-vitro/in-vivo monitoring of
important biomolecules in engineered and natural tissues using our 3D free-standing
nanoelectronic scaffolds/networks.*’

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SiNW devices were initially characterized using a probe station, and then wire-bonded to the
output pads of the chip carrier. A PDMS microfluidic channel was mounted on the sensor chip,
with the channel aligned and overlapped to the central region of the device chip where the SINW
FETSs are located. Polyethylene tubing was attached to the inlet and the outlet holes on the PDMS
microfluidic channel, and PB or PSA/PB solution was drawn through the channel using a syringe
pump at 0.2 ml/h. Measurements were carried out using up to 3 independent lock-in amplifiers
with 30 mV modulation amplitudes and modulation frequencies of 79, 97 and 103 Hz to record
in parallel 3 different SINW FET elements selected from 188 elements on the chip. A Ag/AgCl
reference electrode was used to fix the solution potential at a constant value of 0 V in all
recording experiments. The conductance versus time data were digitized and recorded on
computer using custom software. The watergate responses of devices were characterized before
PSA detection experiments. Device transconductance values were determined from watergate
measurements, and used to convert recorded conductance - time data to mV values.

Preservative free PSA (MBS537240, Mybiosource, Inc., San Diego, CA) was used without
further purification and directly diluted in different ionic strength pH 6 PB prior to sensing
measurements.
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without polymer

Si Nanowire

Figure 1. Polymer surface modification to increase the effective Debye length for FET biosensing
(a) Schematic illustration of a NW FET device (top) without and (bottom) with a porous and

biomolecule permeable polymer (green) surface modification. The magenta features on both
NW surfaces represent APTES in these studies, or more generally, specific receptors. (b)
Optical image of device chip (central light purple square, ca. 2 x 2 cm?) mounted on a PCB
interface board that is plugged into the input/output interface connected (left side of image)
to a computer controlled data acquisition system32 (not shown). The copper squares
surrounding the device chip are connected to the chip by wire-bonding (not visible). A
poly(dimethylsiloxane) (PDMS)-based microfluidic channel is mounted over the central
SiNW device region of the chip with solution input/output via tubing (translucent, center to
upper left/right of image) during real-time biosensing experiments. The inset shows a bright-
field microscopy image of a portion of device chip containing 18 of 188 total FET devices
on the chip; scale bar is 40 pm. Metal lines are visible in the image with common source (S)
and one addressable drain (D) electrode labeled; the other addressable D electrodes are
visible as the thin gold colored lines oriented upwards and downwards to right. The blue
arrow highlights one SINW FET as shown schematically in (a).
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Figure 2. Real-time PSA detection using SINW FETs sensorswith and without PEG surface
modifications

(a) Signal amplitude vs time data recorded from an APTES modified SINW FET following
addition of 100 nM PSA (black arrow) and pure buffer (initial and following green arrow)
for different pH 6 PB concentrations. (b) — (d) Comparison of signal response traces
recorded simultaneously from three SINW FET devices following addition of 100 nM PSA
in different concentration pH 6 PBs; the devices were modified with 4 : 1 APTES/silane-
PEG. The PB concentrations of the pure and PSA/PB solutions in (b), (c) and (d) were 50,
100 and 150 mM, respectively. Black and green arrows in figure correspond to the points
where the solution flow was switched from pure buffers to protein solutions and from
protein solutions to pure buffers; the delay from solution switch to signal change
corresponds to the time for solution to flow from the entry point to the devices in our set-up.
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Figure 3. Reproducible PSA detection by FET sensorsin high ionic strength solutions
(a) Comparison of PSA response signals from independent sensor chips as labeled in the

figure, where APTES/PEG corresponds to modification with 4 ; 1 APTES/silane-PEG as

described in the text. The error bars for each experiment correspond to * 1 standard
deviation from data acquired simultaneously from three independent devices. (b) The
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dependence of PSA signal amplitudes and Debye length on the PB concentrations. The

SINW FET functionalization is the same as in (a).

Nano Lett. Author manuscript; available in PMC 2016 March 11.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gao etal.

Page 11

a
)
=
(]
()]
: o
©
" o
&)
@
Q
{ =
©
©
s |
el
v
8 —1000 nM
-100 1 1 1 1 1
0 500 1000 1500 2000 2500
Time (s)
b 60
o -
2
8 a5t
L -
s 60 -
5 2 45
 30f % .
c £ 30 =
3 o -
2 15 "
5 15F -
5 0730 15 20 25 30
O log C (nM)
0 i L i 1 i L i 1 i 1
0 200 400 600 800 1000

PSA concentration (nM)

Figure 4. Concentration-depended PSA detection in high ionic strength solutions
(a) Time-dependent signal response traces at different PSA concentrations for a PEG-

modified SINW FET sensor in pH6 100 mM PB. (b) Plot of the sensor response vs PSA
concentration. The red line is fit of the data with Langmuir adsorption isotherm with k = 6.4
%108 M1, The inset shows sensor response (conductance change) versus logarithm of the
PSA concentration.
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