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ABSTRACT: Detection of biological species is of great importance to numerous areas of medical and life sciences from the
diagnosis of diseases to the discovery of new drugs. Essential to the detection mechanism is the transduction of a signal associated
with the specific recognition of biomolecules of interest. Nanowire-based electrical devices have been demonstrated as a powerful
sensing platform for the highly sensitive detection of a wide-range of biological and chemical species. Yet, detecting biomolecules
in complex biosamples of high ionic strength (>100 mM) is severely hampered by ionic screening effects. As a consequence,
most of existing nanowire sensors operate under low ionic strength conditions, requiring ex situ biosample manipulation steps,
that is, desalting processes. Here, we demonstrate an effective approach for the direct detection of biomolecules in untreated
serum, based on the fragmentation of antibody-capturing units. Size-reduced antibody fragments permit the biorecognition event
to occur in closer proximity to the nanowire surface, falling within the charge-sensitive Debye screening length. Furthermore, we
explored the effect of antibody surface coverage on the resulting detection sensitivity limit under the high ionic strength
conditions tested and found that lower antibody surface densities, in contrary to high antibody surface coverage, leads to devices
of greater sensitivities. Thus, the direct and sensitive detection of proteins in untreated serum and blood samples was effectively
performed down to the sub-pM concentration range without the requirement of biosamples manipulation.
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Detection and quantification of biological species is of
critical importance to numerous areas of medical and life

sciences from the diagnosis of diseases to the discovery of new
drugs. Essential to the detection mechanism is the transduction
of a signal associated with the specific recognition of
biomolecules of interest. The application of nanotechnology
in life sciences, nanobiotechnology, has already shown a great
impact on sensing, diagnostics, and drug delivery applica-
tions.1−4 Furthermore, due to their comparable sizes to
biomolecules, nanomaterials-based biosensors (e.g., nano-
wires,5,6 nanotubes,7 and nanoparticles8) have shown a great
potential for the sensitive detection of biomolecules.
Specifically, semiconducting nanowires (and nanotubes)

have emerged as remarkably powerful building blocks in
nanoscience.9−13 Nowadays, semiconductor nanowires can be
synthesized with a fine control over all key parameters,
including diameter, length, chemical composition, and dop-
ing/electrical properties and shape14−24 with the ability to
create large-scale arrays of discrete nanowire elements.25,26

Furthermore, over the past decade nanowire-based electronic
devices have been demonstrated as a powerful and universal
sensing platform, demonstrating key advantages such as rapid,
direct, highly sensitive multiplexed detection, for a wide-range
of biological and chemical species.27−29 These devices over-
come the handicapping limitations of planar FET devices by
virtue of their one-dimensional (1D) nanoscale morphology.30

The extremely high surface-to-volume ratios associated with
these nanostructures make their electrical properties extremely
sensitive to species adsorbed on their surfaces, down to the
detection of single molecules.6 NW-based FETs are configured
as sensing devices for biological and chemical molecules by
linking receptor groups to the surface of the NWs, rendering
them capable of recognizing and binding to the target
molecules.31 Upon biomolecules binding, charges on the
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captured molecules modulate the nanowire’s surface potential.
This change in the electrical field alters the carrier density
within the nanowire structure, through electrostatic gating and/
or charge transfer caused by target molecules, resulting in
changes in the device measured current.32,33 In comparison to
devices made of bulk materials, the enhanced sensitivity of
nanodevices is directly related to the larger surface/volume
ratio. Thus, the highest sensitivity is expected to be achieved
when the entire volume of the nanodevices is effectively gated
by modulation of surface charges caused by the binding of
biomolecules. This molecularly gated sensing mechanism has
numerous advantages, such as label-free detection,34 femtomo-
lar sensitivity,35 and real-time multiplexed electronic read out
capabilities.32

Yet, the detection of charges in high ionic strength solutions,
as in most biosamples, is severely hampered by ionic screening
effects.36 In ionic solutions, a charged surface attracts
counterions forming an electrical double layer (EDL) that
effectively screens off the surface charges within the range of
the Debye length (∼3 nm in 10 mM ionic solution). The
columbic potential attributed to the surface decays exponen-
tially with distance. This effect, known as Debye screening, has
an exponential behavior with a characteristic distance parameter
known as the Debye screening length λD, defined by

λ
ε

=
k T
q cD

B
2

where ε is the dielectric permittivity of the media, kB is
Boltzmann’s constant, T is the temperature, q is the electron
charge, and c represents the ionic strength of the electrolyte.
For typical biosample solutions (i.e., blood, serum, and urine),
λD is approximately 0.7−2.2 nm, and the surface potential will
be completely screened at a distance of a few nanometers.
Experimental studies have demonstrated that these short
distances do not significantly affect the detection of small
molecules such as DNA oligonucelotides (ca. 2 nm).34 Yet, for
larger biomolecule receptor such as antibodies, dimensions
directly imply that the FET-based detection of antigens will be
seriously handicapped by the Debye screening effect.37,38 As a
consequence, most of existing nanowire-based sensors operate
under low ionic strength conditions5,32,38,39 (ca. 1 μM to 1
mM), requiring time-consuming and often uncontrollable
biosample manipulation steps such as ex situ desalting
processes. Recently, a new strategy for the direct detection of
protein biomarkers, using dense vertical SiNW-based forests
employed as capturing and desalting filtering units, directly
from blood samples was reported.40 Given that the
physiologically ionic strength of most relevant biosamples is
≥100 mM, finding ways to overcome the limiting ionic
screening effects is of critical importance to proteomics studies
and point-of-care sensing devices, where the analysis of
ultrasmall biosample volumes, and extremely low concen-
trations of target proteins, is often strictly required.
Here, we demonstrate a simple and effective approach for the

direct detection of biomolecules in untreated serum and blood
samples, based on the fragmentation of antibody-capturing
units through common molecular bioengineering methods.
Size-reduced antibody capturing fragments permit the specific
biorecognition event to occur in closer proximity to the
nanowire surface, falling within the charge-sensitive Debye
screening length. Furthermore, we explored the effect of
antibody fragments surface coverage on the resulting detection

sensitivity limit under the high ionic strength conditions tested
and found that lower antibody surface densities, in contrary to
high antibody surface coverage, lead to devices of higher
sensitivities. Thus, the direct and sensitive detection of proteins
in physiological solutions of high ionic strength, and in
untreated serum and blood samples as well, was rapidly and
effectively performed down to the pM concentration limit
without the need for biosample manipulation and desalting.

Results and Discussion. Antibodies, also referred as
immunoglobulins (IgGs), are immune-system protein com-
plexes displaying a molecular weight of ca. 150 kDa. IgGs
consist of four polypeptide chains, two identical heavy chains
connected to two identical light chains, arranged in a Y-shape
complex, typical of IgG monomers. Each IgG displays two
antigen binding pockets. For BioFETs, using an intact antibody
(∼12 nm) as a receptor, the distance between the FET sensing
surface and charges on analyte bound to the receptor elements
poses a fundamental limitation (∼13−14 nm). Thus, whole
antibody molecules are impractical for use in FET-based
biosensors, where detection is required to be performed in
biosamples under physiological conditions. Instead, only the
antigen-binding part of the antibody may be used, that is, the
F(ab′)2 and Fab fragments, by that substantially reducing the
receptor’s size and the distance of the biorecognition event,
Figure 1. Enzymatic digestion can remove the Fc portion of the

antibody, as it is not required for biosensing applications, and
the F(ab)2/Fab fragments generated can be used in the same
way as whole antibody molecules.41 For example, the enzyme
Pepsin degrades the H chains below the interchain disulfide
bridges, leaving two Fab portions still connected via the hinge
region [F(ab′)2], Figure 1. Alternatively, the enzyme Papain
cuts above the disulfide bonds resulting in two separate Fab
fragments and the unwanted Fc fragment. Other methods
include the use of dithiothreitol (DTT), which is an unusually
strong reducing agent, or alternatively, 2-mercaptoethylamine
(2-MEA) which is a mild reducing agent, both used to reduce
the interchain disulfide bonds, Figure 1. Further genetic
methods have enabled the generation of other “small” receptor
molecules such as a single chain Fv (scFv), which contain only
the variable regions,42 each of the variable domain (Fd) of the
heavy chain43 and the light chain44 used alone, and even a
single CDR (complementarity determining region)45 as antigen
binding component, all showing a great promise in generating
novel antibody species for the use in biosensors. In addition, it
is possible to alter the orientation of the functional binding
domains relative to the bio-FET sensing surface. Genetic
manipulations such as the addition of a cysteine residue at a

Figure 1. Schematic for the generation of F(ab′)2/Fab fragments from
a whole antibody molecule. The enzyme Pepsin degrades the heavy
chains below the interchain disulfide bridges, leaving two Fab portions
still connected via the hinge region [F(ab′)2]. Next, 2-mercaptoethy-
lamine·HCl (2-MEA) is further used for selectively cleaving the hinge-
region disulfide bonds between the heavy chains of the F(ab′)2
fragment leaving two Fab molecules.
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relative distant position from the binding site, or alternatively,
the use of Fab fragments with free thiol groups facilitates
immobilization of the antibody, forcing it to “lie down” parallel
to the surface, further increasing the efficiency of surface charge
modulation.
Thus, we were challenged to investigate the use of smaller

Fab and F(ab′)2 antibody fragments, instead of whole
antibodies, in an attempt to improve the efficiency of the
electronic signal transduction between the bound analyte to the
transducing NW, and at the same time enhance the detection
capability. For this purpose, we chose to examine proteins of
clinical relevance with SiNW FET sensor arrays. Cardiovascular
diseases are the most lethal diseases in the Western world. The
Troponin complex protein plays an important role in the
regulation of cardiac muscle contraction, and its subunits,

cardiac Troponin T (cTnT) and cardiac Troponin I (cTnI), are
broadly applied in the diagnosis of acute myocardial infarction
(AMI) and are both regarded as the most cardiac-specific of
currently catalogued biochemical markers.46 These markers can
be detected in a patient’s blood 3−6 h after onset of chest pain
with elevated concentration in blood samples detected even 4−
10 days after onset of the symptoms. Detection of human cTnT
by using top-down fabricated SiNWs FET devices, function-
alized with intact antibody units, has recently been reported.47

Protein sensing capability was demonstrated down to 1 fg/mL
concentration from 0.01× PB solutions with Debye length
calculated to be ∼7.3 nm however not from solutions of 1×
PBS or from “undesalted” serum samples.
In our work, specific commercial whole antibodies, and

antibody-fragments, against the cTnT and cTnI antigens were

Figure 2. General schematic for the chemical pathway used to anchor the different antibody- capture units to the SiO2 surface as receptor layers. To
bioactivate the surface for antibody immobilization, the Si/SiO2 sensor surface is first exposed to APTES (1). Next, the amine-modified surface is
reacted with glutaraldehyde through reductive amination to secondary amine using sodium cyanoborohydride to provide an aldehyde-terminated
surface (2). Lastly, a full IgG, F(ab′)2 and Fab antibody-fragments which contain free amine groups are covalently immobilized to these aldehyde
terminal groups using sodium cyanoborohydride (3), (4), and (5).
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linked to the surface of the SiNW FETs and tested for their
sensitivity limit achieved under diluted PBS solutions and under
physiological high ionic strength solutions as well as serum and
blood samples. Diluted solutions provide means to overcome

the deceptive screening caused by high ionic strength, thus
increasing the Debye length, and generating a much greater
sensitivity. However, a goal of critical importance would be the
ability to detect these markers from the physiological solutions

Figure 3. Topographic AFM images of the sequential modification steps involved in the binding of the different antibody fragments. (A) Plain wafer
after cleaning with piranha (10 × 10 μm2). (B) After chemical modification with APTES (300 × 300 nm2). (C) After reaction with glutaraldehyde (2
× 2 μm2). Steps B and C are prior to the arbitrary binding of the full antibody and its fragments. (D−F) Immobilization of full IgG (10 ×10 μm2)
(D), F(ab′)2 fragment (10 × 10 μm2) (E), and Fab fragment (2 × 2 μm2) (F) antihuman cardiac Troponin T (cTnT) through free amine group.
Square areas are zoomed-into sizes of (2 × 2 μm2) and (0.5 × 0.5 μm2), respectively. These AFM images were taken under moderate surface density
of IgG molecules.
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taken directly from patients without the need for any desalting
steps, that is, detection with a Debye length limited to ca. 1 nm
(at ∼100 mM solutions). The detection ability of the whole
antibody compared to that of the antibody fragments, F(ab′)2
and Fab, of the same antibody was measured both with cTnI
and cTnT markers, in order to examine our basic assumption
that reducing the receptor size will lead to greater sensitivity
due to the biorecognition event taking place closer to the
transducing SiNW channel.
For detection of cardiac biomarkers, Si-NW biosensors were

prepared by immobilizing specific whole antibodies, and their
F(ab′)2 and Fab fragments, onto the Si-NW surface. Whole
antibodies and F(ab′)2 fragments were commercially purchased
and the F(ab′)2 fragments was selectively cleaved to provide the
respective Fab fragment, as fully detailed in the Experimental
Section in Supporting Information. The native oxide coating of
the SiNWs was functionalized with the different antibody
capturing molecules by conventional silane chemistry, Figure 2
(as described in the Experimental Section in Supporting
Information). First, the oxide was used to generate an amine-
modified SiNW surface. Then, the whole antibody, the F(ab′)2,
and Fab fragments were attached through their lysine residues,
or free amine groups, by a glutaric dialdehyde cross-linking
step. Unreacted aldehyde terminal surface groups were
immediately passivated before sensing experiments.
The chemical modification steps and immobilization of

antibodies were characterized by atomic force microscopy
(AFM) and X-ray photoelectron spectroscopy (XPS) analysis,
Figures 3 and 4 and Supporting Information Figure S1. AFM
imaging, using tapping mode, was performed after each
functionalization step. Figure 3 presents the AFM images of
the modification steps involved in the immobilization of the
antibody capturing elements according to Figure 2. Addition-
ally, AFM measurements allowed for the quantitative
examination of antibody species surface density in later steps.
The measured average dimensions for the different antibody
species was ca. 9−10, ca. 4−5, and ca. 2−3 nm for the whole

IgG, F(ab′)2, and Fab fragments, respectively. These results
clearly show the success of the antibody modification steps, and
the size dependence of the different antibody species.
Additionally, a full characterization by XPS analysis was

conducted after each functionalization step, as shown in detail
in Figures 4 and Supporting Information Figure S1. These
measurements revealed that the modification process has
managed to induce the desirable changes in the sample
elemental composition, providing clear evidence that the
surfaces have indeed been chemically modified.
Current techniques of protein detection, such as the enzyme-

linked immunosorbent assay (ELISA), do not allow label-free
and highly sensitive detection of sub-10 pg/mL concentrations
of troponin,48 therefore are inefficient for early detection of
diseases and subsequent treatment. Nevertheless, prior to
engaging in comprehensive sensing experiments, we examined
the different antibodies species by using the traditional ELISA
assay in order to measure their binding characteristics to the
cTnT and cTnI antigens, including cross reactivity between the
two (data not shown). It was found that the sensitivity limit
obtained by ELISA was at ∼40pM for both markers (about 1
ng/mL) with a minor cross-reactivity at concentrations above
100 ng/mL (about 4 nM). Next, we compared a basic SiNW
FET sensing experiment performed with whole antibody anti-
cTnI (at low ionic strengths of 0.1 mM) to the ELISA results,
using the same antibody. Figure 5A shows a comparison
between the electrical sensing using the SiNW FET devices and
the ELISA experiment against the cTnI antigen. It is clearly
noticed that the NW-based electrical sensing managed to reach
a much greater sensitivity level, 6 orders of magnitude lower
concentrations, than the ELISA assay using the same antibody.
Similar ELISA measurements were performed on the F(ab)2
and Fab antibody fragments showing their immunoreactivity
remains intact after the corresponding enzymatic cleavage
reactions.
Next, we performed a series of sensing experiments under

low ionic strength conditions, 0.1 mM PBS (λD= ca. 23 nm) in

Figure 4. High-resolution XPS spectra of a complete cycle of functionalization and immobilization of full IgG and F(ab′)2 antibody fragment on Si/
SiO2 wafers. C1s (A) and N1s (B) peaks clearly allow following all stages of the surface modifications. (A) C1s peaks, starting with a reference
sample of Si/SiO2 wafer (black), following the modification with APTES monolayer which shows an increase in carbon due to the propyl group
present in the APTES molecule (red). Next, a gluteraldehyde is coupled with the APTES monolayer resulting in an increase in carbon as expected
due to the addition of a pentyl group, as well as a small shoulder at 288.3 eV resulting from CHO bond (blue). Finally, Full IgG (green) and
F(ab′)2 (pink) antihuman Troponin T are bound via lysine residue or free amine group resulting in an addition peak shoulder at 288.3 eV due to the
formation of peptide bond (NHCO). (B) N1s peaks, starting with the modification of APTES monolayer on the SiO2 surface (red) resulting in
the appearance of nitrogen due to the binding of the ethoxy group of the silane molecule to the SiO2 surface, positioning the reactive amine end away
from the surface. The broad peak is attributed to two components, one at 399.6 eV due to the free amine (−NH2) of the aminosiloxane and the
second at 401.7 eV due to protonated nitrogen state (−NH3

+). Next, a glutaraldehyde is coupled with the APTES monolayer (blue) in a form of a
dominate peak assigned from C−N and CN bonds with a shoulder from CHO bond. Finally, full IgG (green) and F(ab′)2 (pink) antihuman
Troponin T are bound via lysine residue or free amine group in a form of a dominate peak at 400 eV assigned from HNCO peptide bonds.
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order to compare the sensitivity obtained from the different
antibody species (whole IgG, F(ab′)2 fragment and Fab
fragments) against cardiac Troponin T (cTnT). Using low
ionic strength solutions abates the screening effect of ions with
a Debye length of ∼20 nm so that the length of the binding
receptor will have less influence on the measured sensitivity in
the different cases. Solutions of cTnT antigen with decreasing
concentrations were prepared by dissolving and serially diluting
pure human cTnT in sensing buffer (PBS diluted × 1000 = 0.1
mM). SiNW chips were functionalized with anti−cTnT whole
antibodies or antibody-fragments as previously described and
used for sensing experiments to simultaneously detect the
various cTnT concentrations under identical experimental
conditions. Figure 5B demonstrates the concentration-depend-
ent interaction of the different antibody binding elements
against the cTnT antigen at low ionic strength conditions.
Increasing concentrations of cTnT were sequentially delivered
in each of the experiments, starting with the lowest

concentration in the range of attomolar and terminating up
in the micromolar range. The limit of detection was set where a
defined clear change in conductance was observed in all, or
most, devices on the chip. The conductance changes associated
with the response amplitudes of each NW-device depend on
the device transconductance, which represents the sensitivity of
the device. Thus, it was necessary to measure explicit device
sensitivity prior to the delivery of the antigens in order to
interpret corresponding signals. A calibrated conductance
response was then calculated for each of the devices by
computing the absolute conductance change, that is, ΔG =
G0(before antigen injection) − G1(after injection and curve
stabilization), and dividing it by the device transconductance
value (dIds/dVg), in order to normalize device-to-device
variation.49 As noticed, the whole antibody gave rise to the
largest change in conductance at the high concentration range
(nM and μM range). However, as clearly seen, the highest
sensitivity was achieved with the F(ab′)2 and Fab fragment,

Figure 5. Concentration-dependent plots for the interaction of different antibody binding elements to human cardiac Troponin antigens. (A)
Comparison between sensing of human cardiac Troponin I with SiNW FET devices and ELISA. The electrical sensing curve (black) shows the
averaged calibrated response of P type SiNW-FET devices modified with monoclonal full IgG anti-cTnI at a low ionic strength of 0.1 mM (with limit
of detection of 40aM), versus the ELISA curve (red) that shows the response of the same antibody as a function of cTnI concentrations (with limit
of detection of 40 pM). (B) Interaction of whole IgG, F(ab′)2 and Fab fragment against cTnT antigen at low ionic strength conditions. Each curve
shows the averaged calibrated response as a function of cTnT concentration of P type SiNW-FET devices modified with monoclonal full IgG (red)
versus F(ab′)2 fragment (black) and Fab (green) of the same full IgG. (Inset) A close up on the calibrated response in the low concentration range
of cTnT at values of 135 pM down to 1.35 fM. (C) Real-time detection curves at the low sensitivity range of human cTnT exhibiting the limit of
detection at the femto molar domain. Top curve shows the conductance change of a representative p type-Si-NW-FET device modified with full IgG
antihuman cTnT in response to 135 fM cTnT. Bottom curve shows the conductance change of a representative p type-Si-NW-FET device modified
with F(ab′)2 fragment of the same full IgG in response to 1.35 fM cTnT (at a low ionic strength of 0.1 mM). (D) The interaction of different cardiac
markers controls with F(ab′)2 fragment antihuman cTnT. Each curve shows the averaged calibrated response of P-type SiNW-FET devices in
response to the sequential delivery of the cardiac markers human cardiac Troponin I (red), Myoglobin (blue) and human cardiac Troponin T
(black). All error bars represent the STD (standard deviation) values (panel A N = 9, panel B N = 8, and panel D N = 8).
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reaching a sensitivity limit of 1.35 fM (50 fg/mL cTnT). Figure
5C shows representative real-time detection curves of the
whole antibody and the F(ab′)2 fragment, top and down
respectively, against human cTnT at their limit of detection.
The arrows along the curves indicate points in time where the
cTnT antigen and washing solution were delivered, respec-
tively. As noticed, a clear distinct change in conductance was
obtained for both the whole antibody and its F(ab′)2 fragments
at this ultralow antigen concentrations.
As a control to the detection of cTnT, the cardiac markers

cTnI and myoglobin were chosen. Both markers are widely
used for the detection of AMI and therefore can be used to
quantify background interaction, caused by nonspecific
interaction or insufficient specificity, caused by “closely related”
cardiac proteins. Figure 5D shows the calibrated response of
SiNW-FET devices functionalized with F(ab′)2 anti-cTnT in
response to the sequential delivery of the cardiac markers cTnI
(red), myoglobin (blue), and cTnT (black). It is clearly evident
that interaction with cTnT resulted in much higher
conductance changes than for the other markers at relatively
higher concentrations. Although some relative cross-reaction is
shown between F(ab′)2 anti-cTnT and cTnI antigen, no cross-
reaction was observed in the relevant clinical concentrations for
the diagnosis of myocardial infarction. In addition, the delivery
of myoglobin, even at concentration as high as 600 nM, caused
only negligible changes in conductance, indicating the creation
of a superior passivation layer with minor adsorption of
unspecific proteins to the surface. Lastly, BSA protein, which is
fairly abundant in serum, was delivered to the devices at
concentrations greater than 10 μM without causing any
observable change in the NWs conductance.
As noted before, the final aspiration of SiNWs biosensors

would be the ability to sense biological entities from
physiological solutions with ionic strength of ca. 150 mM,
without the need for dilution or desalting, that is, detection
with a Debye length limited to ca. 1 nm. Phosphate buffer
solution (PBS) is extensively used as an ideal physiological
solution with electrolyte concentration equivalent to body
fluids. Table 1 indicates the ionic strengths and the Debye

lengths of serially diluted PB solutions. As evident, the Debye
length decreases with the increasing ionic strength, and in
accordance, the sensitivity of the FET decreases. Therefore, the
probe receptors should be ideally attached as close as possible
to the surface, while retaining their functionality. In order to
investigate the influence of different buffer ionic strengths on
device sensitivity, SiNW-device chips were functionalized with
whole IgG and antibody fragments anti-cTnT, and examined
against a fixed concentration of cTnT in serially diluted PBS. A
concentration of 40 nM cTnT (1 μg/mL) was chosen for these
sensing experiments, since it has high-enough conductance
change that easily permits distinguishing between the different

buffer responses. PB solutions with cTnT were delivered
sequentially starting with PBS diluted ×1000 up to PBS ×1,
followed by a washing step after each delivery. Figure 6A

presents the responses of the different antibody fragments
antihuman cTnT to the antigen cTnT, 40 nM, at various
selected ionic strengths (0.001× PBS, 0.01× PBS and 1× PBS).
As clearly seen, the conductance change for the whole IgG
antibody sharply decreases as the solution ionic strength
increases with a negligibly change observed in PBS ×1.
However, the F(ab′)2 and Fab fragment-modified FETs show
evident conductance changes at the highest measure ionic
strength conditions. Notably, the whole IgG antibody and

Table 1. Calculated Debye Screening Lengths (λD) for
Varying Concentrations of PBS

PBS pH 7.4 λD (nm) ionic strength (mM)

×1 0.7 150
×0.1 2.3 15
×0.05 3.3 7.5
×0.01 7.3 1.5
×0.001 23.2 0.15
×0.0001 75 0.015

Figure 6. The dependence of sensitivity of whole IgG and antibody-
fragments antihuman cardiac Troponin T under different ionic
strengths. (A) Each curve shows the averaged calibrated response of
P type SiNW-FET devices modified with full IgG (red), F(ab′)2
(black), and Fab (blue) fragment of the same IgG as a function of
solution ionic strength (0.001× PBS, 0.01× PBS, and 1× PBS) in
response to 40 nM cTnT. (Inset) Real-time detection curves of three
representative P-type SiNW FET devices modified with F(ab′)2 anti-
cTnT in response to 40 nM cTnT in 1× PBS. (B) Real-time detection
curves of three representative P-type SiNW FET devices modified with
F(ab′)2 fragment anti-cTnT in response to 1 nM cTnT in 1× PBS.
(Inset) The calibrated response of six devices with an average value of
32 mV. All error bars represent the STD (standard deviation) values
(panel A N = 10).
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F(ab′)2/Fab fragments were immobilized under identical
experimental conditions and therefore differ only by their
intrinsic dimensions. As reasonably expected, in 0.001× PBS,
where the Debye length set no limit, the conductance changes
observed in all three cases are relatively similar. As the ionic
strength increases to physiological conditions, only F(ab′)2/Fab
fragments are capable of performing clear detection of the
antigen. These results show that the use of receptor units of
reduced dimensionality allow for sensitive detection under
increased ionic strength conditions.
Theoretical studies recently reported50,51 demonstrated that

the nanowire sensitivity factor, Γl, represents the extent of
induced change upon biomolecules binding to the receptor
layer to Debye length screening is

λ
Γ ≈

+
+

+

−⎡
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⎛
⎝⎜

⎞
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R l
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where R is the nanowire diameter, l is the distance from
nanowire surface to the added surface charge density, and λD is
the Debye length. This equation clearly demonstrates that the
sensitivity of a nanowire device, at a constant Debye length, can
be significantly affected and controlled by the size of the on-
surface receptor molecules. Figure 6A inset shows real-time
detection curves of three representative devices modified with
F(ab′)2 in 1× PBS, demonstrating clear conductance changes
upon injection of 40 nM cTnT antigen, and a return to baseline
by washing with 1× PBS. After successfully detecting 40 nM
cTnT with F(ab′)2 fragment under physiological conditions, we
examined the detection ability of F(ab)2 and Fab fragments-
modified SiNW FETs against lower concentrations of the cTnT
antigen. Figure 6B shows real-time detection curves of three
representative devices modified with F(ab′)2 in 1× PBS, against
1 nM cTnT, demonstrating clear conductance changes. The
calibrated responses of six representative devices, Figure 6B
inset, show an average value of 32 mV, suggesting further
detection ability to lower cTnT concentrations, down to ca. 1
pM. These results clearly demonstrate the ability to detect
target proteins with high sensitivity from simulated physio-
logical solutions of high ionic strength using SiNW FET devices
modified with antibody fragments of controlled reduced
dimensionality.
As numerously emphasized before, one of the greatest

challenges of paramount significance is the ability to detect
biological markers directly from serum samples without any
further manipulation requirements. Biosamples are primarily
complex mixtures, such as blood serum, cell extracts, or urine,
comprising various biomolecules and additional chemical
species that regularly bring about high background noise for
any analytical technique being applied. Typical blood samples
can contain more than 10 000 different protein species with
concentrations in a range varying over 10 orders of magnitude
and a total protein content of 60−85 mg/mL. This diversity of
highly concentrated protein species poses an immense
challenge for sample analysis in proteomics and biosensing
systems. This viscous “soup”, besides its high ionic strength,
contains charged protein species at concentrations reaching
more than 10−11 orders of magnitude higher than the target
protein of interest, thus representing an especially challenging
task for the detection of low abundance proteins. Furthermore,
in many applications it is required to perform detection in situ
without the possibility to manipulate the biosample under
examination. The detection of protein markers and chemical

species detected directly from cell cultures and even single cells
represent one of such cases, where detection of low-abundance
proteins must be performed in real-time under these
challenging physiological conditions. Thus, we attempted the
application of antibody-fragments modified SiNW FETs in the
detection of cTnT serum-spiked samples. Figure 7 shows the

interaction of F(ab′)2 fragment-modified FET devices with
various concentrations of cTnT from undiluted desalted serum
samples. Commercially available “calibrator serum set” was
used for this set of experiments as a reference and control
sample. As noted, a sensitivity limit of <0.1pM was achieved.
Figure 7, inset, shows real-time detection curves of a
representative FET device in response to the sequential
delivery of various serum samples containing cTnT, starting
with the reference sample, and continuing with increasing
cTnT concentrations. Clearly, successful sensitive detection of
the target antigen can be achieved directly from highly complex
serum samples. Also, attempts to detect the cTnT antigen in
“untreated undesalted” serum samples showed the capability to
perform detection at concentrations higher than 0.2 nM.
Still, direct detection of proteins directly from “untreated”

serum samples with high sensitivities is of pivotal importance.
Thus, we explored the effect of the surface density of the
antibody fragment capturing units on the resulting sensitivity
for the detection of cTnT directly from untreated undesalted
serum samples. We hypothesized that at high surface densities
of IgG elements (and of the underlying glutaraldehyde cross-
linker), capturing units are unable to exploit the flexible nature
of the surface connecting linker chains and thus, unable to
adopt conformations closer to the nanowire sensing surface,
Figure 8A. At lower surface densities, Fab′ units are well
separated from each other and thus can easily adopt under the
flow conditions, “lying down” conformations closer to the
sensing surface. Modification of IgG fragments at different

Figure 7. Concentration-dependent plot for the interaction of F(ab′)2
fragment antihuman cTnT with undiluted desalted human serum
samples containing cTnT. The curve shows the averaged calibrated
response (after reduction of the serum reference response) of P-type
SiNW-FET devices with discerned response to concentrations as low
as 27pM. (Inset) Real time conductance changes of a representative
single device in response to the sequential delivery of 3 pM (black), 27
pM (red), 270 pM (blue), 2.7 nM (dark -cyan), 27 nM (magenta),
135 nM (dark-yellow), and 270 nM (navy) cTnT in desalted
undiluted human serum samples. Stars denote the time where washing
cycle was manually activated. All error bars represent the STD
(standard deviation) values (N = 7).
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controlled surface densities was achieved by modulating the
time the glutaraldehyde cross-linker was allowed to react with
the surface-confined amine functional groups. Control over the
density of aldehyde functional groups will allow controlling the
surface coverage of antibody units. The average surface density
of IgG molecules was experimentally extracted from AFM
measurements and indirectly by QCM experiments (data not
shown). Three surface densities were tested and compared for
their capabilities to perform detection of the cTnT antigen in
physiologically simulated cTnT-spiked PBS (1X PBS) solutions
and directly from cTnT-spiked serum samples. High surface
density of 7.3 × 1011 IgG molecules/cm2, moderate surface
density of 1.8 × 1011 IgG molecules/cm2, and low surface
density of 4 × 1010 IgG molecules/cm2 are shown in Table 2.
Figure 8B (and Supporting Information Figure S3) shows the
sensing results of SiNW FET devices modified with a moderate
surface coverage of IgG F(ab′)2 fragments against cTnT
antigen in untreated serum samples. The measured detection

limit in this surface coverage regime is well discerned under 20
pM cTnT with a sensitivity limit of <2 pM. Clearly, by
controlling the surface coverage of the IgG capturing fragments,
as well as of the underlying linker layer, it is possible to perform
highly sensitive detection of protein antigens directly from
untreated serum and blood samples. These results demonstrate
the critical dependence of NW device sensitivity on receptor
dimensions, further highlighting the importance of the
functionalization chemistry. This represents an important leap
forward in the application of SiNW-based electrical biosensors
to the areas of proteomics and medical diagnosis.
Importantly, and in order to probe the generality of this

approach, we have performed all the shown experiments using
additional whole IgG antibodies and their respective fragments
(i.e., anti-cTnI IgG) and received very similar experimental
trends. Specifically, whole IgG anti-cTnI, and its F(ab′)2/Fab
fragments, were immobilized to SiNW-FET devices by the
exact same manner as with cTnT (see Supporting Information
Figures S2 and S3).
In conclusion, we have demonstrated that fragmentation and

size reduction of the bioreceptor antibody molecules can be
effectively implemented in overcoming the handicapping
screening effects associated with the sensing of biomolecules
under physiological high ionic strength conditions. The use of
antibody fragments of decreased dimensionality, that is, F(ab′)2
and Fab, allows for the sensitive and direct detection of protein
species under physiological conditions without the strict
desalting requirements associated with the use of large whole
IgG capturing species down to the pM concentration range.
Furthermore and importantly, the control over the density of
antibody capturing units, along with the use of flexible and long
chemical linkers, allows for the direct detection of proteins in
untreated serum samples down to the subpicomolar concen-
tration range.
Thus, engineering of the antibody recognition elements

through fragmentation and size reduction, along with the
chemical engineering of the linker’s flexibility and density, were
shown to effectively overcome the handicapping limitations
associated with the direct detection of biomolecules in
untreated biological samples of high complexity.
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Figure 8. Direct sensing of cardiac Troponin T from untreated serum
samples. (A) General schematic for the effect of surface density-
coverage of antibody fragment-capturing units on the resulting
sensitivity of SiNW FET devices. Lower surface densities (2) allow
more flexibility of the surface bounded elements, therefore able to
adopt conformations closer to the sensing NW-surface. (B) The
calibrated response of a representative SiNW-device modified with
F(ab′)2 fragment anti-cTnT against 20 pM (black), 40 pM (red), 2.1
nM (pink), and 4.7 nM (green) of cTnT in untreated serum samples.

Table 2. Surface Density of Antibody Fragments, Number of
IgG Fragment Units Per Nanowire Device, and Sensitivity
Limit Achieved in Each Case

surface
densityQCM/AFM extracted (IgG

molecules per cm2)
IgG molecules per SiNW device
(2 μm length, 30 nm diameter)

detection
limit

high =7.3 × 1011 ca. 1380 >200 pM
moderate =1.8 × 1011 ca. 342 ≤2 pM
low =4 × 1010 ca. 70 >1 nM
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