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B
lood is one of the most informative
sources for health and disease mon-
itoring in the human body.1,2 For ex-

ample, monitoring levels of biomarkers in
blood is known to be an effective method
for early diagnosis of various diseases such
as cancer, by which better treatment op-
tions and improved survival rates of pa-
tients can be provided.3�7 Furthermore,
therapeutic efficacy monitoring was de-
monstrated by following the levels of cho-
sen biomarkers in blood before and after a
therapy, which facilitates the physicians
ability to determine the best treatment
options.8�11 Frequent monitoring of appro-
priate biomarkers is desirable for such pur-
poses, since it leads to fast and timely
feedback. This approach requires an easily
accessible sensory platform that can monitor
the level of biomarkers in a time-efficient and
noninvasive (or negligibly invasive) manner
with comparatively lowcost andminimal pain
for the patients. However, few existing sys-
tems satisfy all the aforementioned criteria.
Thus, further research efforts are required
toward realization of such a system.
Nanobiosensors have the potential to

meet the aforementioned criteria because
of the capability of performing rapid, label-
free, electrical detection with potentially
low cost. These devices utilize a capture
agent on the sensor surface to bind the
target biomolecules with both selectivity
and specificity. The captured biomolecules
affect the electronic properties of the nano-
wires, resulting in an electronically readable
signal. Multiplexing has also been demon-
strated by selectively functionalizing the
nanowires with receptors for different
biomarkers.12 However, a challenge still re-
mains toward making this technology
more clinically practical. That is, the use of
whole blood as an input is not typically

investigated for biomarker detection, as
such complex environments are known to
cause problems such as false signal and
saturation of receptors. The use of whole
blood will allow evaluation of fragile pro-
teins that experience prompt degradation
after being taken out of the body as well as
providing a simplified sample preparation
protocol to expedite analysis.

* Address correspondence to
chongwuz@usc.edu.

Received for review September 16, 2011
and accepted November 8, 2011.

Published online
10.1021/nn2035796

ABSTRACT

Biomarker detection based on nanowire biosensors has attracted a significant amount of research

effort in recent years. However, only very limited research work has been directed toward biomarker

detection directly from physiological fluids mainly because of challenges caused by the complexity of

media. This limitation significantly reduces the practical impact generated by the aforementioned

nanobiosensors. In this study, we demonstrate an In2O3 nanowire-based biosensing system that is

capable of performing rapid, label-free, electrical detection of cancer biomarkers directly from human

whole blood collected by a finger prick. Passivating the nanowire surface successfully blocked the

signal induced by nonspecific binding when performing active measurement in whole blood.

Passivated devices showed markedly smaller signals induced by nonspecific binding of proteins and

other biomaterials in serum and higher sensitivity to target biomarkers than bare devices. The

detection limit of passivated sensors for biomarkers in whole blood was similar to the detection limit

for the same analyte in purified buffer solutions at the same ionic strength, suggesting minimal

decrease in device performance in the complex media. We then demonstrated detection of multiple

cancer biomarkers with high reliability at clinically meaningful concentrations from whole blood

collected by a finger prick using this sensing system.

KEYWORDS: biosensor . nanowire . whole blood detection . cancer biomarker
detection
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Recently significant progress has been made in
biosensing from whole blood using a capture�release
microfluidic chip13 or from desalted serum;12 however,
more effort is needed for developing accurate and
cost-effective systems that allow direct use of whole
blood samples prepared using simple tools such as
finger pricks. In addition, there is still a lack of under-
standing about biosensing using nanowires or nano-
tubes in complex media such as serum and plasma. In
this report, we demonstrate a whole blood bioassay
system based on nanowire sensors utilizing a custom-
made microfilter and nanowire surface functionaliza-
tion, which enabled rapid cancer biomarker detection
directly from human whole blood collected by a finger
prick, in a matter of minutes. The system developed
here does not require any added reagents or sophis-
ticated fabrication and is quite portable since it does
not require any bulky equipment. The newly devel-
oped system consists of three parts: a sample proces-
sing system based on a custom-made microfilter, a
sample delivery system based on a Teflon mixing cell,
and a detection systembased on the nanosensor array.
By applying nanowire surface passivation, we ob-
served suppression in signal induced by nonspecific
serum proteins and enhancement in signal from the
target analyte. We have applied the nanosensing
system to perform cancer biomarker detection directly
from human whole blood collected by a finger prick.
Two cancer biomarkers associated with epithelial ovar-
ian cancer, cancer antigen 125 (CA-125) and insulin-like
growth factor II (IGF-II),14�16 are successfully detected
in real time. We achieved a 0.1 U/mL detection limit
for CA-125 and an 8 ng/mL detection limit for IGF-II,
which are at least 2 orders of magnitude lower than
the clinically relevant level for diagnosis in both
cases.17�19 We also carried out in-depth analysis of
sensing data from multiple devices to show that the
nanosensor platform is highly reliable, giving consis-
tent readings across several devices within an array
and between arrays. The results indicate that such a
system shows great potential to act as a future multi-
plexed diagnosis platform.

RESULTS AND DISCUSSION

The concept of our system for whole blood detection
consists of three major functional components: (1) a
sample processing system, (2) a sample delivery system,
and (3) a detection system. The processing system is
designed to process/purify human whole blood into a
mediumwithwhich a sensor can retain its full sensitivity.
The sample delivery system is to enable promptdelivery
of the preprocessed samples to the detection system.
The detection system consists of an array of nano-
biosensors to achieve rapid, label-free, and electrical
detection of the targets. In this study, we used a custom-
designed microfilter to remove blood cells for the

processing system and a mixing cell for the sample
delivery system.
The operationof our system is as follows. About 500μL

of blood was collected by a commercially available
finger prick device, allowed to clot, and passed through
themicrofilter to remove blood cells. The output of the
microfilter (filtered whole blood) directly went to the
mixing cell in order to achieve in-line detection. Sche-
matic of the system setup is shown in Figure 1a. We
used polycarbonatemembranes with 400 nmpores for
the filtration. The microscopic images of blood before
and after filtration are shown in Figure 1b, and one can
clearly see that the filtration removed almost all the
blood cells. Insets of Figure 1b are the photo images of
a blood sample before and after filtration. Shown in
Figure 1c is the cell count in a blood sample before and
after filtration, indicating the cell count was reduced by
99.6% after filtration. The result suggests that the
microfilter can effectively remove blood cells and
macroscopic impurities inwhole blood, and the filtered
whole blood is essentially serum.
We then delivered the filtered whole blood to the

nanosensors for electrical measurement and assessed
the sensor performance in the quasi-serum (filtrate of
human whole blood through our filter) to investigate
how the complexity of the medium impacts the
sensor performance. All sensing experiments in this
paper were conducted under an ionic strength of
1.5 mM. During the sensing experiment, a small
source drain voltage (200 mV) is applied to the device,
and the source drain current is measured and
recorded in real time using an Agilent B1500 semicon-
ductor analyzer. The measured device current can be
normalized or calibrated to reduce device-to-device
variation when comparing data from different devices.
Details of this analysis are described in our previous
publication.20

To illustrate the problems caused by nonspecific
binding of the nontarget proteins in serum, we com-
pare the performances of nanosensors in buffer and
quasi-serum of the same ionic concentration side-by-
side using CA-125, an epithelial ovarian cancer biomar-
ker, as model. Both nanosensors used here are pre-
pared in an identical manner, with the In2O3 nanowires
coated with the CA-125 antibody. Details of device
fabrication and functionalization are described in the
Methods section and are similar to previously pub-
lished procedures.21�25 In2O3 nanowires have been
previously studied for chemical sensing, biosensing,
memory, and transistor applications.26�29Wenote that
the metal electrodes are conformally coated with a
silicon nitride layer (SEM image shown in Supporting
Information) to ensure the signal observed is from
nanowires rather than metal electrodes. Device char-
acteristics of three devices are shown in the Supporting
Information, displaying strong gate dependence and
good uniformity of device performance within the
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array. As a control experiment, an In2O3 nanowire
biosensor was first submerged in 1.5 mM phosphate
buffered saline (PBS) using the mixing cell, and then a
drop of CA-125 solution in 1.5 mM PBS was added to
achieve a final concentration of 1 U/mL (5 pM) CA-125.
Figure 2a shows the device configuration and real-time
sensing response for the above-mentioned device. The
source�drain current decreased and re-equilibrated to
a lower level after being introduced to 1 U/mL CA-125
with the change in current about 1%. As a comparison,
shown in Figure 2b is the real-time sensing response
for a device submerged in serum and then exposed
to CA-125 of 1 U/mL concentration, and there is no
noticeable sensing signal. These two aforementioned
experiments were preformed with identical devices,
under similar ionic concentration (hence comparable
Debye length). Nontarget proteins in serum are known
to negatively impact the sensitivity of nanosensors. We
attributed the loss of sensing response in serum to
blocking of binding sites of the target by nonspecific
binding. Further in-depth study suggests that the
complexity of a medium substantially limits the sen-
sing performance of nanosensors due to nonspecific
binding, as shown in Supporting Information Figure S3.
There is clearly a need for development of a strategy to
enhance the sensing performance in complex media
for these devices.
In order to overcome the limitation induced by

nonspecific binding of nontarget proteins, we used
an amphipathic polymer, Tween 20, as the passivating
agent on the nanowire surface to reduce nonspecific
binding. Tween 20 is often used as a blocking agent in
bioanalytical assays. The polymer minimizes nonspe-
cific binding30 due to its low binding affinity to the
abundant proteins present in physiological fluids.

Shown in Figure 2c is the device schematics after
Tween 20 functionalization. To prepare devices with
Tween 20 functionalization, we submerged fabricated
nanowire biosensors in 50 μg/mL Tween 20 in PBS for
1 h after the antibody immobilization step. This Tween
20 functionalization does not adversely affect the
device performance of the biosensor, as the gate
dependence of the device, using a liquid gate, is
the same before and after Tween 20 passivation (see
Supporting Information). The normalized current ver-
sus time plot for a device with Tween 20 passivation is
also displayed in Figure 2c, demonstrating the sensi-
tive detection of CA-125 in the quasi-serum environ-
ment. The passivated device is able to successfully
detect 1 U/mL CA-125 in serum with a sensing
signal magnitude (1% reduction in current) similar
to the device in purified buffer (Figure 2a). Our results
clearly suggest that by applying Tween 20 passivation
to the nanowire surface, we can retain excellent
sensing performance, even in a complex medium such
as serum.
To further study the effect of Tween 20 passivation

on the sensor performance, we compared the signals
caused by nonspecific binding from four types of
devices with distinct surfaces using the well-studied
biotin�streptavidin conjugation as a model. These
four types include bare In2O3 nanowire devices, biotin-
conjugated In2O3 nanowire devices without further
passivation, bare In2O3 nanowire devices passivated by
Tween 20, and biotin-conjugated In2O3 nanowire de-
vices passivated by Tween 20. We measured the
change in the nanowire biosensor current (ΔI) upon
exposure to serum for all four types of devices, and
the calibrated responses (as calculated using ΔI/gm
following ref 20) induced by nonspecific binding are

Figure 1. (a) Schematic of system configuration. (b) Microscopic and photo (inset) image of blood sample before and after
microfiltration. (c) Cell count before and after microfiltration.
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shown in Figure 3a. The responses are 62.2 mV for bare
devices, 36.4 mV for biotin-conjugated devices, 3.3 mV
for bare devices passivated by Tween 20, and 5.1 mV
for biotin-conjugated devices passivated by Tween 20.
The results clearly show that Tween 20 coating can
significantly suppress the amount of nonspecific bind-
ing, which has been considered to be a major issue for
nanowire-based biosensors.
In addition, we carried out further experiments to

show that incorporation of surface functionalization
would not degrade the sensing performance (limit of
detection and magnitude of responses) of nanosen-
sors in complex media, as shown below, where we
compared the calibrated response of devices in various
media and with/without Tween 20 passivation. Two
media including phosphate-buffered saline and serum
were used. All the devices were functionalized with
biotin, and then selected devices were further

passivated with Tween 20. All the devices were ex-
posed to streptavidin of 1, 10, and 100 nM concentra-
tions in each medium under constant ionic strength of
1.5 mM. The result is shown in Figure 3b. For unpassi-
vated devices in PBS, the calibrated responses (green
curve) to streptavidin of 1, 10, and 100 nM are 1.37, 6.2,
and 15.8 mV, respectively. The device showed no
observable response to 100 pM streptavidin. For bare
devices in serum, the sensing response (blue curve)
was significantly lower than those in pure buffer (green
curve), and the detection limit was 10 nM, which was 1
order of magnitude worse than the detection limit in
buffer. We repeated the aforementioned sensing ex-
periment in serum with Tween 20-passivated devices.
The detection limit of those devices was 1 nM, which is
the same as the detection limit in buffer. The calibrated
responses (red curve) are significantly higher than the
response from nonpassivated devices as well, and

Figure 2. Device configuration and real-time sensing response for (a) unpassivated CA-125 nanosensor in buffer,
(b) unpassivated CA-125 nanosensor in serum, and (c) Tween 20-passivated nanosensor in serum (inset: structure of Tween 20).
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reached 1.1, 5.4, and 14.2 mV to 1, 10, and 100 nM
streptavidin, respectively. Those sensing responses for
the Tween 20-passivated device in serum are almost as
high as what we observed in buffer, and the detection
limit is the same. The experimental data suggest that
by suppressing the nonspecific binding, the Tween 20-
passivated biosensors can be as sensitive in serum as
bare biosensors in buffer, which is crucial for biosen-
sing applications.
Now that the important role of Tween 20 surface

functionalization has been fully elucidated, we moved
on to concentration-dependent detection of cancer
antigen 125 (CA-125) and insulin growth factor II (IGF-II),
two biomarkers associated with epithelial ovarian
cancer, in filtered whole blood as a demonstration
toward a multiplexed whole blood cancer diagnosis
system using nanobiosensors. An array of In2O3 nano-
wire sensors were first functionalized with anti-CA125
antibody through a previously developed procedure.31

After antibody immobilization, the device was sub-
merged in 50 μg/mL Tween 20 for 1 h. During the
sensing experiment, the device was first washed in
1.5mMPBS. Control serumwas collected from ahealthy
cancer-free person using the above-mentioned
finger-pricking and filtration technique and then
diluted by a factor of 100 to achieve the same ionic
strength of 1.5 mM. The diluted control serum was
then added to the mixing cell to prepare the biosensor

for detection. Shown in Figure 4a is the plot of the
normalized current versus time while the device was
exposed to an increased concentration of CA-125
consecutively. CA-125 was added to give the sample
final concentrationsof0.01, 0.1, 1 (5pM), 10, and100U/mL
in the medium. The device showed no response to
0.01 U/mL CA-125, but showed a decrease in conduc-
tance when exposed to 0.1 U/mL CA-125. The re-
sponses became more significant when the device
was exposed to CA-125 of higher concentrations. We
note that CA-125 was detected under the presence of
serum proteins of much higher concentration, there-
fore confirming the specificity of the nanobiosensors.
Here the Debye screening effect was reduced by
diluting the serum sample, which reduced the ionic
strength to 1.5 mM (as compared to 150 mM before
dilution) and enabled good performance for CA-125
sensing. The detection limit of 0.1 U/mL CA-125 would
correspond to a concentration of 10 U/mL in the
original serum before dilution, which is much lower
than the clinically relevant level for the diagnosis of
ovarian cancers (100�275 U/mL),16 therefore confirm-
ing the practical value of our sensors.
Three devices were tested in parallel during the CA-

125 sensing experiment, and all the devices showed
quantitatively similar concentration dependence for

Figure 3. In-depth study of nanowire surface passivation.
(a) Calibrated nonspecific binding induced by blood pro-
teins for devices of different surface functionalizations.
(b) Calibrated response versus streptavidin concentration for
both passivated and unpassivated devices in variousmedia.

Figure 4. CA-125 detection in whole blood. (a) Normalized
device current versus time during active CA-125 measure-
ment in whole blood. (b) Normalized response from three
CA-125 biosensors versus concentration of CA-125 (dots).
These plots can be fitted with a Langmuir isotherm model.
(solid line) Inset: 1/response vs 1/concentration showing a
linear fit.
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their responses. Plots of sensor response versus CA-125
concentration for all three devices are shown in
Figure 4b (dots), confirming the reproducibility of the
results. These plots were fitted using the Langmuir
isotherm model32,33 (solid line), and these fits were
used to estimate the dissociation constant of CA-125
antibody and antigen. When applying this model, we
assumed that the response of the sensor is propor-
tional to the number of captured molecules on the
sensor surface, such that ΔI/I0 � CA-125 surface cover-
age. The following equation was used to describe the
concentration dependence of our sensor response
following the Langmuir isotherm model:

ΔI=I0 ¼ A
Rn

1þRn

where A is a coefficient that relates surface coverage
(Rn/(1 þ Rn)) to electrical response (ΔI/I0), R is the

Langmuir adsorption constant, and n is the concentra-
tion of CA-125. The values of A and Rwere determined
using the least-squares method to give the best fit to
the experimental values. The equation above can be
rewritten to predict a linear relation between I0/ΔI and
1/n. Figure 4b inset shows plots of I0/ΔI (1/normalized
response) versus 1/n (1/concentration), and the data
points from all three devices can be very well fitted with
linear curves, thus confirming the Langmuir isotherm
model. The dissociation constant was estimated by
calculating the solution of n in the following equation:

θ ¼ ΔI=I0
1
A

¼ Rn
1þRn

¼ 0:5

where θ is the percentage coverage of the surface,
since the definition of dissociation constant is an
analyte concentration where half of the binding
sites are occupied by the antigen. Application of this

Figure 5. IGF-II detection with integratable gravity desalting column. (a) Real-time IGF-II sensing response with three
nanosensors. (b) Current-gate voltage characteristics for the three devices before (green curves) and after (purple curves)
IGF-II binding. ΔV stands for the shift of I�V curve induced by electrostatic interaction of IGF-II. (c) Normalized response
(ΔI/I0) versus concentration for the three devices tested. (d) Calibrated response (ΔI/gm) versus concentration for the three
devices tested. (e) Inverse of normalized response versus inverse of concentration for the three devices tested (dots) and
their linear fits (solid lines). (f) Inverse of normalized response versus inverse of concentration for the three devices tested
(dots) and their linear fits (lines).
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analytical model yields a dissociation constant of
35.7 ( 2.8 U/mL (178.5 ( 14 pM), and a similar fitting
has been applied to nanobiosensors in our previous
publication.34

The second epithelial ovarian cancer biomarker we
target in this work is IGF-II. The antibody functionaliza-
tion technique is similar to CA-125 nanosenors. Here
the ionic strength was reduced by using a gravity
desalting column (purchased from Thermo Scientific).
As a result, the Debye screening effect was reduced,
which allowed us to achieve good sensitivity without
diluting the sample. We note that the gravity desalting
column is very compact and can be fully integrated
into the sample processing system without any bulky
equipment such as a centrifuge. This is different from
the desalting column in ref 12, which requires a
centrifuge and hence human intervention. The nano-
sensors were first immersed in 1.5 mM PBS, and then
desalted human serum was added to replace the
buffer. IGF-II antigen was then progressively added to
themixing cell to achieve final concentrations of 8 pg/mL,
80 pg/mL, 800 pg/mL, 8 ng/mL, 80 ng/mL, and 200
ng/mL. The normalized current versus time for three
devices is monitored simultaneously with results
plotted in Figure 5a. Once the devices were stabilized
in desalted serum, they showed no response to further
addition of serum (and hence increased serum protein
concentration). In contrast, all three devices showed a
positive sensing response to IGF-II at concentrations of
8 ng/mL and beyond. This limit of detection is 2 orders
ofmagnitude lower than the clinically relevant level for
diagnosis.16 The three devices showed a very similar
trend of response with some difference in magnitude.
This difference resulted from device-to-device varia-
tion in transconductance of nanosenors and can be
calibrated by considering the gating effect induced
by the target analyte, as reported in our previous
publication.20 In order to further study the reproduci-
bility of the electrostatic gating effect caused by the
target analyte, we characterize the gate dependence
using a liquid gate for all three devices before and after
the addition of IGF-II. We then consider the magnitude
of the electrostatic gating effect (ΔV) induced by IGF-II
for all devices tested, and the results are shown in
Figure 5b and insets. The ΔV for device 1, 2, and 3 are
120, 120, and 117mV, respectively. This result indicates
that our devices exhibit uniform electrostatic interac-
tion to target analytes and are able to serve as highly
reliable sensors. Figure 5c and d show a normalized
response (ΔI/I0) and calibrated response (ΔI/gm)

versus concentration for the three devices tested,
respectively, with dots for experimental and fitted
curves using the Langmuir isotherm model. The small
dispersion in curves in Figure 5d confirmed calibration
is more effective in minimizing device-to-device varia-
tion than normalization, as reported in our previous
publication.20 Figure 5e and f show the inverse of
normalized and the inverse of calibrated response
versus the inverse of IGF-II concentration, respectively.
The experimental data (dots) can be fitted well linearly
(solid lines) and, thus, confirmed the conjugation
between IGF-II antibody and antigen fits the Langmuir
isotherm model. Note that with the detection of multi-
ple EOC biomarkers (CA-125 and IGF-II), demonstrated
with a limit of detection much lower than the clinically
relevant level for diagnosis in each case, our nanosen-
sor system shows great potential to act as a stepping
stone toward a multiplexed diagnosing tool for dis-
eases such as cancer.

CONCLUSION

In conclusion, we have demonstrated a nanowire-
based biosensing system that is able to achieve rapid,
label-free, electrical biomolecule detection directly from
whole blood collected by a finger prick. Nanowire
surfaces were passivated with Tween 20 to suppress
nonspecific binding induced by proteins in physiologi-
cal fluid and thus enhance sensing performance in
complex media. An experiment was conducted to
demonstrate that Tween 20-passivated nanosensors
show an improved limit of detection and more signifi-
cant response to the target analyte than that of non-
passivated devices. The nonspecific binding in serum is
also noticeably smaller. We then demonstrated detec-
tion of two epithelial ovarian cancer biomarkers, CA-125
and IGF-II, in whole blood with detection limits signifi-
cantly lower than the clinically relevant levels for diag-
nosis. A study of electrostatic gating effect induced by a
target analyte further confirms the reliability of the
nanosensors. We also emphasize that the whole opera-
tion of ovarian cancer biomarker detection was done in
a simple, rapid, and cost-efficient manner from blood
collection by a finger prick, filtration through the micro-
filter without any bulky equipment, to the detection
with nanobiosensors. The system thus has a high po-
tential toward a fully portable diagnosis system that is
ideal for point-of-care type treatments. This study re-
presents a significant step forward toward the clinical
application of nanobiosensors such as disease diagnosis
and drug efficacy monitoring.

METHODS
Materials. Phosphate buffer saline (pH 7.40, 10 mM phos-

phates, 137mMNaCl, 2mMKCl)was purchased fromMediatech
Inc. CA-125 antigen and antibody were purchased from

Fitzgerald. Tween-20, biotin-PEG-amine, IGF-II antibody, and
antigen were purchased from Sigma-Aldrich. Streptavidin was
purchased from Invitrogen. N-Hydroxysuccinimide (NHS) was
purchased from Thermo Scientific.
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Device Fabrication. In2O3 nanowires were grown via a laser
ablation CVD method. Details of the nanowire growth are
described in literature previously published by us.21�25 The
nanowires so grown were suspended in isopropyl alcohol by
ultrasonication, and this suspension was deposited onto an-
other whole Si/SiO2 wafer with a density of about 1 nanowire
per 100 μm2. The source and drain (S�D) electrodes were
defined by photolithography. The S�D electrodes were de-
signed to have an interdigitated interface at the semiconductor
channel, leading to FETs with channel length and width of 2.5
and 780 μm, respectively. Metal (5 nm of Cr, 50 nm of Au, and
3 nm of Ni) and silicon nitride (about 40 nm) were then
deposited on the prepatterned surface. The nitride was con-
formally coated on the metal by Plasmatherm 790 PECVD to
prevent signal induced by proteins bound to metal electrodes
nonspecifically. Finally, a lift-off process and selective dry etch to
expose electrodes were performed to complete the device
fabrication.

Surface Functionalization. In2O3NW devices fabricated by the
aforementioned method went through a standard cleaning
process before any surface functionalization. The devices were
then dried and placed in an ozone/UV chamber for 2 min.
Immediately after cleaning, the nanowire devices were sub-
merged in a 0.1 mM aqueous solution of 3-phosphonopropio-
nic acid for 16 h at room temperature, resulting in the binding
of the phosphonic acid residue to the surface of the In2O3 NWs.
These devices were baked at 120 �C under nitrogen for 12 h.
These devices were then wired on a custom-made printed
circuit board, and a mixing cell was assembled on the device
chip. This mixing cell was used to deliver and handle all the
chemical reagents necessary for surface modification and the
human whole blood during active measurements. The car-
boxylic acid functional groups on the NW surface were acti-
vated by a NHS/EDC aqueous solution for 45min. This resulted
in a NW surface reactive toward the amine groups present on
antibodies. The NHS/EDC solution was removed from the
mixing cell by progressive dilution with DI water. A solution
containing antibody was allowed to react with the NW surface
overnight at 4 �C. This antibody solution was replaced with
1� PBS by progressive dilutions. Finally the devices were
treated with 50 μg/mL Tween 20 for 1 h before the sensing
experiment.

Integratable Gravity Desalting Column. The gravity desalting
column was purchased from Thermo Scientific. The column
was first equilibrated with buffer following the protocol. The
serum was then passed through the column. The absorption
spectrum of elution was measured to confirm the majority of
proteins are retained. The elution was ready to be delivered to
the nanosensors for the sensing experiment.
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