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ABSTRACT: Influenza epidemics worldwide result in substantial Rapid Flu Diagnosiz Usinig SNW Sensor Devices
economic and human costs annually. However, rapid and reliable flu | f§ . ocalssinulbie: eaiiny
diagnosis methods are significantly lacking. Here we have demonstrated
the selective detection of influenza A viruses down to 29 viruses/uL in
clinical exhaled breath condensate (EBC) samples (diluted by 100-fold)
within minutes using silicon nanowire (SINW) sensor devices. For 90%
of the cases, we have observed that EBC samples tested positive or
negative by gold standard method RT-qPCR generated corresponding
positive or negative SINW sensor responses. High selectivity of SINW
sensing was also demonstrated using HIN1 viruses, 8 iso PGF 2a, and
inert nanoparticles. Finally, magnetic beads were shown capable of
enhancing SINW sensing directly for low level viruses and 8 iso PGF 2a.
When calibrated by virus standards and EBC controls, our work suggests
that the SINW sensor device can be reliably applied to the diagnosis of flu in a clinical setting with 2 orders of magnitude less
time compared to the gold standard method RT-qPCR.
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T
Subject with flu SiNW sensor device

ccording to World Health Organization, annual influenza visits and the patient’s limited wait time, especially during an
(mostly H3N2 and HINI1) epidemics worldwide are influenza outbreak.
responsible for three to five million cases of severe illness, Nanotechnology-based approaches such as gold nano-
. 1 . .
even'tuallly leafilng to 250 000 to 500 900 deaths.‘ Eor diagnosis particles,"> carbon nanotubes,"® quartz crystal microbalance
of viral infections, the health professionals empirically rely on (QCM) immunosensor,™* and silicon nanowire (SINW)' 52

the white blood cell (WBC) levels from a routine blood test
and accompanying clinical symptoms such as headache, cough,
and arthralgia.1 However, this practice lacks the scientific
evidence. In certain cases, RT-qPCR, regarded as the gold

emerge as general platforms for label-free and ultrasensitive
virus detection. Among the technologies, the SINW field effect
transistor, when chemically modified using an antibody, was

standard method, was employed for viral detection in nasal shown to be able to selectively detect single influenza viruses in

swabs and bronchoalveolar lavages, exhibiting higher detection IiC{llidS-16 Integrated with an air sampling device and a

rates than culturing and immuno-detection methods.>? microfluidic channel, the SiNW sensor device was also
On another front, use of exhaled breath condensate (EBC) is demonstrated to be able to detect airborne influenza A

attracting great attention for diagnosis of diseases owing to its H3N?2 viruses within minutes.?® In addition to virus detection,

completely noninvasive feature and ease of collection. Among the SINW device has also been employed in detecting cancer

many other compounds,4_6 influenza and papilloma viruses biomarkers?"*?> and human cardiac troponin-T (cTnT),23 in

were also detected in EBC samples by RT-qPCR and ELISA some cases coupled with a built-in sample purification step.**

methods.”1° However, in addition to the false-negatives for Yet, no studies were carried out to apply the SINW device to

low level influenza viruses,'' the RT-qPCR method, which

involves RNA extraction and amplification, takes a longer time Received: April 23, 2012

of up to several hours for detection. Accordingly, it is not Revised:  June 18, 2012

practical in a clinical setting given the large number of hospital Published: June 25, 2012
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Figure 1. (A) Experimental procedure of virus and 8 iso PGF 2a detection in EBC samples using the SINW sensor device with and without the
magnetic concentrating; EBC samples collected were diluted 100-fold and transported to the sensor device at a flow rate of 170 yL/min. (B) SINW
sensor device used for the sensing experiments: (1) Optical image of the chip device, (2) SEM image of single SiNW sensor device, (3) AFM image
of H3N?2 virus antibody modified SINW device together with viruses, (4) SEM images of magnetic beads. (C) Bacteria present in EBC samples
collected from the human subjects with and without flu and in the indoor air: (1) bacteria in EBC samples after culturing, (2) SEM images of
bacteria present in EBC samples after culturing using liquid-broth, (3) bacteria present in indoor air samples after culturing, (4) higher resolution of
SEM images of bacteria present in EBC samples shown in (2). (D) Detection of bacteria in EBC samples collected from the flu subjects and nonflu

subjects using qPCR.

detecting viruses in exhaled breath sample despite of the appeal
of both technologies as discussed.

Here, we have successfully demonstrated the direct and
selective detection of influenza viruses (H3N2) using the SINW
sensor within minutes in diluted exhaled breath condensate
samples collected from the flu patients. Our data were further
confirmed with the RT-qPCR tests, showing stronger PCR
signals of EBC samples corresponded to higher SiNW sensor
responses. Use of magnetic beads was further shown to
enhance SINW sensing for low level viruses and biomarkers.
Our work has demonstrated the promise of the SINW sensor
device, when calibrated with standards and controls, for rapid
diagnosis of respiratory viral infections in a clinical setting.

Materials and Methods. Experimental Procedure and
Exhaled Breath Condensate (EBC) Collection. In this study,
SiNW sensor devices were fabricated using chemical vapor
deposition (CVD) method and applied to detecting influenza
viruses including H3N2, HINI subtypes, and 8 iso PGF 2a
biomarker in exhaled breath condensates (EBC). As shown in
Figure 1A, EBC samples were first collected from human
subjects with and without flu symptoms (their clinical
conditions are listed in Supporting Information Table S1).
The collected EBC samples were further diluted for different
experiments. For some sensing experiments, diluted (100-fold)
EBC samples were directly delivered to the SINW device via a
microfluidic channel at a flow rate of 170 uL/min. For other
experiments, diluted EBC sample spiked with viruses or 8 iso
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PGF 2a was first treated by a sample concentration and
purification process using antibody modified magnetic beads,
then followed by the same sensing experiments. The synthesis
of SINW device, sensor array, and polydimethylsiloxane
(PDMS) were described in Supporting Information. The
procedure for collecting exhaled breath condensates from
human subjects is described in details in Supporting
Information.

Virus Samples, 8 iso PGF 2a and Magnetic Beads. The
influenza A H3N2 (1.7 X 10* viruses/uL; 4.6 X 10* viruses/uL)
and HIN1 virus (1.05 X 10° viruses/uL) standards were
obtained from Jiangsu Center for Diseases Prevention and
Control (Jiangsu, China). The standards were serially diluted.
Superparamagnetic silica magnetic beads (450 nm, 185 nm, ~1
um) with a concentration level of up to 6.5 X 10'” mol Fe/ml
were purchased from Allrun Nano Science and Technology
Co., Ltd.,, Shanghai, China. The 8 iso PGF 2a standards were
obtained from a kit (Groundwork Biotechnology Diagnosticate,
Ltd,, San Diego, California), and the standards (125 pg/mL)
were also serially diluted.

Silicon Nanowire (SiNW) Device Surface Modification and
Characterization. In this study, the SINW field effect transistor
sensor device shown in Figure 1B was configured following the
procedure as described in Supporting Information. The
electrical properties of a representative SINW were analyzed
using a semiconductor property analyzer (4156C, Agilent). The
SiNW sensing devices were further functionalized using
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influenza A H3N2 or HIN1 subtype antibodies (Jiangsu Center
for Diseases Prevention and Control, Jiangsu, China) and 8 iso
PGF 2a antibodies using the procedures detailed in our
previous study.* First, the nanowire devices were treated with
5% glutaraldehyde at pH = 8 at room temperature for 1 h and
then washed with phosphate buffer (10 mM, pH = 8) for S min.
Second, the aldehyde-terminated SINW surfaces were cova-
lently linked with the influenza A H3N2 subtype antibody (0.1
mg/mL antibody in 10 mM phosphate buffer solution, pH = 8,
containing 4 mM sodium cyanoborohydride), 8 iso PGF 2 or
HINI antibody at 4 °C overnight (about 14 h). Before use, the
SiNW devices were washed by phosphate buffer (10 mM, pH =
8) for S min. Unreacted aldehyde surface groups were
subsequently passivated by reaction with trin-propylamine
(100 mM trin-propylamine in 10 mM phosphate buffer, pH =
8) in the presence of 4 mM cyanoborohydride for 2 h.. Lastly,
the SINW devices were washed using phosphate buffer (10
mM, pH 8) for another S min before virus sensing
experiments. Atomic force microscope (AFM) and scanning
electron microscope (SEM) were used to characterize the
SINW sensor devices before and after the antibody
modifications.

Virus and 8 iso PGF 2a Concentrating Using Magnetic
Beads. First, the superparamagnetic silica magnetic particles of
different sizes (180 nm, 450 nm, and 1 um) were treated with
77.6 mM 3-aminopropyl-triethoxysilane containing absolute
methanol, acetic acid, and deionized water, then the super-
natant was removed after a magnetic separation step. Second,
the amino-terminated silica beads reacted with 5% glutaralde-
hyde at pH = 8 under room temperature for 1 h, then the
supernatant was removed again after a second magnetic
separation step. Third, the aldehyde-terminated silica beads
were covalently linked with influenza A HIN1/H3N2 subtype
antibody(0.01 mg/mL antibody in 10 mM phosphate buffer
solution, pH = 8, containing 4 mM sodium cyanoborohydride)
or 8 iso PGF 2a at 4 °C overnight (about 14 h), then the
supernatant was taken out after another magnetic separation
step. Before use, the silica magnetic beads also reacted with
trin-propylamine(100 mM trin-propylamine in 10 mM
phosphate buffer) to passivate the unreacted aldehyde surface
groups in the presence of 4 mM cyanoborohydride for 2 h.
Finally, the functionalized silica beads were employed for
concentrating viruses and biomarker for the subsequent SINW
sensing in this study.

H3N2 Virus and 8 iso PGF 2a Detection Experiments.
Before the experiments, virus samples were serially diluted and
used as the standards. To investigate the influences of EBC
compositions on the virus sensing experiments, viruses with
different concentration levels were spiked into diluted (100-
fold) EBC samples that were collected from the subjects
without flu symptoms or indoor air samples taken using a
BioStage impactor (SKC) (849 L air into 22.5 mL DI water).
The spiked virus samples were subjected to the detection by the
SINW sensor. Following these experiments, EBC samples
collected from different human subjects with and without flu
symptoms (total 19) were diluted 100-fold and transported to
the virus antibody modified SINW sensor device directly via an
inlet and an outlet in the polydimethylsiloxane (PDMS)
channel shown in Figure 1A. The PDMS channel was placed on
the sensor chip covering the entire nanowire sensor area (~4
um wide). The SINW device conductance data versus time
were recorded using a preamplifier (LI-76, NF Corporation)
and a lock-in amplifier (LI 5640, NF Corporation), and further
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displayed in a real-time manner using a LabView computer
program. The lock-in amplifier was operated with a modulation
frequency of 79 Hz, and the preamplifier had a current/voltage
gain factor of 10*. The SINW sensor device was operated with a
source—drain voltage of SO mv (OSC out (AC) as provided by
the lock-in amplifier) with a reference frequency of 79 Hz.
Before the sample detection, the SINW devices were also
calibrated using virus standards and EBC controls. To
investigate the specific binding, 8 iso PGF 2a antibody modified
SiNW device was employed to detect 8 iso PGF 2a against
influenza H3N2 viruses with different concentrations following
the same procedure.

In addition to the direct detection experiments using EBC
samples, magnetic beads were also used to concentrate and
purify viruses and 8 iso PGF 2a that were spiked into the EBC
samples. The concentrating efficiencies of the magnetic beads
for viruses and 8 iso PGF 2a were studied using RT-qPCR and
SiNW sensor device, respectively. Following the same
experimental procedure, magnetic beads with captured viruses
or 8 iso PGF 2a were transported to the SINW devices via the
microfluidic channel at a flow rate of 170 uL/min for relevant
detection. Before the experiments, the SINW devices were also
calibrated by influenza viruses, 8 iso PGF 2a standards, and the
bare magnetic beads. The conductance levels of the SiNW
devices by different EBC samples were recorded using the
preamplifier and the lock-in amplifier. To investigate the effects
of physical touching of nanoparticles on the SiNW con-
ductance, inert TiO, nanoparticles and magnetic beads with
different concentration levels were also flown through the
nanowire sensor device and the conductance levels were
compared with those observed for corresponding virus and 8
iso PGF 2a standards.

RT-qPCR and Colloidal Gold Experiments. In addition to
the SiNW sensing, the EBC samples collected were also
analyzed using RT-qPCR. A S uL EBC sample after 10-fold
dilution without the RNA extraction step was used for RT-
qPCR experiments. For comparison, the same EBC sample
after the RNA extraction was also amplified using RT-qPCR.
The RT-qPCR experiments for influenza A H3N2 virus
samples were performed using the influenza H3N2/HINI1
detection kit (BioPerfectus Technologies, Shanghai) under the
conditions described by the manufacturer: S0 °C (30 min, RT-
PCR), 95 °C (5 min, hold), and [95 °C (10 s), 55 °C (40s)].
The reaction mixture (25 uL) included RT-PCR reaction buffer
(12.5 uL), enzyme mix (1 pL), 4 uL of primers (400 nM) and
probe (200 nM), Rnase free H,O (3.5 yL), and sample RNA (S
uL). For each EBC sample, at least two RT-qPCR reactions
were performed. The virus concentrations in EBC samples were
quantified when compared to the amplification curves of the
corresponding virus standards. As a comparison, a colloidal
gold kit (Guangzhou Wondfo Biotech Ltd., Guangzhou, China)
was used to detect viruses in nasal swabs samples collected
from some selected patients.

Results and Discussion. Detection of H3N2 Viruses That
Were Spiked into Air Samples and Human Exhaled Breath
Condensates Using the SiNW Sensor Device. The exper-
imental procedure, the characterization of SINW sensor device
and magnetic beads (SEM images) in this study are shown in
Figure 1A,B, respectively. A representative relationship between
the gate voltage and the drain current of a p-type SINW device
is shown in Supporting Information Figure S1. During the EBC
collection, airborne particulates including bacteria and fungi as
shown in Figure 1C,D might be also collected into the EBC as
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Figure 2. (A) Detection of H3N2 viruses spiked into air samples using H3N2 antibody modified SINW device; air samples were collected from
indoor environment at a flow rate of 28.3 L/min for 30 min into 22.5 mL DI water using a BioStage impactor (SKC); the H3N2 virus concentration
levels were the same as those of standards except in different suspensions: air sample and DI-water. (B) Detection of H3N2 viruses in EBC samples
diluted (different dilution factors: 107% 1073, 107*) collected from one flu subject 10H and one nonflu subject. (C) Detection of H3N2 viruses with
different concentration levels spiked into EBC samples (diluted 100-fold) collected from three subjects (1C—3C) without flu; virus concentrations in
EBC samples were the same as those standards; nos. 1—3 refer to three different human subjects. (D) Detection of H3N2 viruses spiked into various
volumes of EBC from nonflu subjects using the SINW sensor device after the magnetic capture with a particle size of ~1 pm.

humans are continuously inhaling and exhaling air at an average
rate of 12 L/min. This would to some extent, as observed in
Figure 2A, impact virus sensing in EBC. However, as shown in
Figure 2B, the influences of EBC contents such as chemicals®*
and microorganisms> rather than viruses decreased with
increasing dilution factors (1072, 107%, 107*). When EBC
samples both from the flu and nonflu subjects were diluted
1000-fold, their sensor responses were found comparable to
that of DI water. Also, a 100-fold dilution for the nonflu EBC
sample led to a sensor response that was lower than that of 29
viruses/uL. In contrast, for the EBC sample from a selected flu-
subject H3N2 viruses as much as 285 viruses/uL were detected
in reference to the standards after a 100-fold dilution. While
minimizing the impurity influence, the 100-fold dilution of EBC
was shown not to prevent the detection of low quantity of
H3N?2 viruses by the SINW device due to its high sensitivity.
Similar to air sample spiking in Figure 2A, for H3N2 viruses
spiked into EBC samples (diluted by 100-fold), the responses
of the SINW devices were observed to discretely increase with
increasing virus concentrations (1.7 x 104, 1.7 x 107, 1.7 X 107,
1.7 X 10* viruses/uL). The H3N2 virus concentration levels
shown in the figures were the same for both the EBC samples
and the corresponding virus standards. In general, we have
found that both for EBC and air samples that were spiked with
H3N?2 viruses of higher concentrations the increases in sensor
response were bigger per unit fold increase in viral load as
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observed in Figure 2. For EBC and air samples spiked with
various levels of H3N2 viruses as low as 1.7 X 10*/uL, their
sensor responses were all observed to be greater than those
EBC samples without spiking viruses. For EBC samples from
the subjects without flu symptoms, comparable sensor
responses were observed between the virus standards and
those (the same amount) spiked into EBC samples. These
results conclusively demonstrated that EBC impurities when
diluted by 100-fold have minor impacts on the SINW sensing.

Nonetheless, a concentrating step is warranted when the
virus level is very low in certain cases. Here, we have
demonstrated that use of H3N2 antibody-modified magnetic
beads can efficiently capture and separate viruses from different
volumes of EBC as observed in Figure 2D. The capture
efficiency was shown to decrease with increasing volume of
EBC that was spiked with the same amount (2.85 X 10°
viruses) of H3N2 viruses. In addition, we have also shown that
use of different loads of bare magnetic beads resulted in
comparable sensor responses in contrast to discrete changes
caused by the corresponding standards as shown in Figure 2D.
This suggests that physical touching by magnetic beads did not
cause specific sensor responses. Using an optical microscope
and the SiNW sensor device, a previous study observed that
physical touching only caused transient SINW device
conductance change.16 As observed in Figure 3A, our RT-
qPCR tests also showed that the antibody modified magnetic

dx.doi.org/10.1021/n1301516z | Nano Lett. 2012, 12, 3722—-3730
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Figure 3. (A) H3N2 virus concentrating efficiencies of magnetic beads that were surface modified with H3N2 virus antibody in both air and EBC
samples; EBC samples collected from subjects without flu were diluted 100-fold; “M” stands for the magnetic separation applied to air and EBC
samples spiked with H3N2 viruses with concentration levels of O1, 02, and O3 as shown in the figure. (B) Effects of physical touching by inert TiO,
nanoparticles (15 nm) with different concentration levels on the SINW sensor response for detecting H3N2 viruses with concentration levels of 4.6
x 10° to 4.6 X 10° viruses/uL. (C) RT-qPCR amplification curves of HIN1 virus concentrating by magnetic beads with different sizes (180 nm, 450
nm, and 1 ym) that were surface modified with HIN1 virus antibody from samples spiked with different concentration levels of HIN1 viruses;
“MNP” stands for the magnetic beads. (D) RT-qPCR amplification curves of HIN1 virus concentrating efficiencies of magnetic beads with different
sizes (180 nm, 450 nm, and 1 ym) surface modified with HIN1 virus antibody from samples spiked with different concentration levels of HIN1

viruses.

beads had a concentrating efficiency of more than 90% for
H3N2 viruses spiked into EBC samples (1 mL). Similar to
magnetic beads, use of inert TiO, nanoparticles of different
loads, as observed in Figure 3B, was also shown not to cause
specific sensor responses. Likewise, using RT-qPCR we have
also observed high-concentration rate of magnetic beads for
HINI viruses, and the efficiency was observed to increase with
increasing magnetic bead size as shown in Figure 3C,D. The
results from Figures 2 and 3 laid down the fundamental frame
for direct virus sensing in unpurified EBC samples using the
SiNW sensor device.

Detection of H3N2 Viruses in EBC Samples Collected from
the Human Subjects with Flu Symptoms Using the SiNW
Sensor Device. Here, the EBC samples collected from 11
human subjects (1IH—11H) recruited with onset flu symptoms
(listed in Supporting Information Table S1) in a respiratory
clinic and 8 nonflu subjects (1C—8C) were first diluted 100-
fold and then flown through the SiNW sensor device. As
observed in Figure 4A,C, the EBC samples from the human
subjects (C1—C8) without flu induced different sensor
responses (they were close to those caused by DI water or
those of low viral load of below 46 viruses/uL), and this
suggests that the physiological attributes of EBC might vary
with human subjects. On the other hand, the data also suggest
that nonspecific sensor responses by the EBC buffer could be
higher than those caused by low level viruses in the EBC
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samples. Therefore, to minimize the impact of such variations,
we used 6—8 control subjects (1C—8C listed in Supporting
Information Table S1) to calibrate the SINW sensor device for
all sensing experiments. For those EBC samples collected from
different human subjects with onset flu symptoms, different
sensor responses were also observed. Among the flu subjects,
4H and SH samples resulted in highest H3N2 sensor responses
than other four EBC samples (1H, 2H, 3H, and 6H) and
nonflu subjects (1C—6C). AFM images in Figure 1B showed
that there were antibodies together with viruses present on the
SINW sensor device, supporting that the conductance changes
were indeed caused by the viruses. Such evidence was also
obtained in a previous study using simultaneous optical and
electrical observations.'®

Using RT-qPCR, we have found that the EBC samples with
higher SINW sensor responses (Figure 4A) also had higher viral
RNA copies as observed in Figure 4B. Here, for RT-qPCR
amplification EBC samples were diluted 10-fold to minimize
impurity influence. As shown in Figure 4B, 4H and SH samples
were tested H3N2 virus positive by RT-qPCR, while the
control subjects (1C and 2C) were H3N2 virus negative. In
reference to the H3N2 virus standards, 4H and SH EBC
samples (100-fold dilution) had H3N2 virus concentration
levels of close to 4.6 X 102//4L. For 4H and SH EBC samples,
H3N2 virus spiking (1 X 10* viruses/uL) also resulted in
positive RT-qPCR signals, which were stronger than that of the

dx.doi.org/10.1021/n1301516z | Nano Lett. 2012, 12, 3722—-3730
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Figure 4. (A) Detection of H3N2 viruses in EBC samples (1H—6H, 1C—6C) collected from subjects with and without flu symptoms using the
SiNW sensor device; EBC samples were diluted 100-fold; 1H—6H refer to subjects recruited from a hospital who had flu symptoms and their routine
blood tests were listed in Table S1 (Supporting Information). (B) Detection of H3N2 viruses in EBC samples (diluted 100-fold) used in panel A
using RT-qPCR: 1C—2C refer to the subjects without flu symptoms; 4H—SH refer to the subjects with flu symptoms; 4H-spiked and SH-spiked
refer to EBC samples 4H and SH spiked with H3N?2 viruses with a concentration level of 1 X 10* viruses/uL. (C) Detection of H3N2 viruses in EBC
samples collected from the subjects (7H—11H, 1C, 2C, 3C, SC, 7C, and 8C) with and without flu symptoms using the SINW sensor device: a
second set of experiments. (D) Detection of H3N2 viruses in EBC samples (diluted 10-fold) used in panel C using RT-qPCR; S1—SS are serially

diluted H3N2 virus standards.

spiked concentration (1 X 10* viruses/uL) itself. This implies
that diluted EBC samples did not inhibit RT-qPCR
amplification. Routine blood tests listed in Supporting
Information Table S1 indicated that the human subjects
corresponding to 4H and SH EBC samples had normal white
blood cell concentrations and high body temperature, which are
empirically suggestive of nonbacterial infections. The corre-
sponding sensor responses from 2H and 6H EBC samples with
flu shown in Figure 4A were found in comparable levels with
the control subjects (3C and 4C) without flu. RT-qPCR tests
indicated that 2H and 6H were H3N2 negative (6H not shown
in Figure 4B for clarity). In addition, 1H—3H,6H were tested
HIN1 negative by RT-qPCR as shown in Supporting
Information Figure S2. Routine blood tests listed in Supporting
Information Table S1 indicated that 2H subject had much
higher white blood cell level, which is empirically suggestive of
a possible bacterial infection. For subjects 1H and 3H, routine
blood tests empirically suggested possible viral infections,
however in our experiments their EBC samples caused lower
sensor responses. There might be two possible reasons for the
discrepancy: low H3N2 virus concentrations in the EBC
samples from these two subjects, or other possible virus types
present, which however were not tested by the SINW device in
our study (the sensor device was modified using H3N2 virus
antibody). Our RT-qPCR tests (Figure 4B) also indicated that
1H and 3H were H3N2 negative (1H not shown for clarity).
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To further confirm the application of the SINW device for
rapid flu diagnosis, we have performed a second set of similar
experiments and the results are shown in Figure 4C,D. As
observed in Figure 4C, EBC samples (diluted by 100-fold)
from the nonflu subjects (1C—3C, SC, 7C, and 8C) caused
sensor responses that were close to that of DI water (equivalent
to that by 3 viruses/uL). However, for flu subjects 7H, 9H, and
10H, their H3N2 sensor responses were observed to be much
higher than other flu subjects and the virus standard of 29
viruses/puL. Our RT-qPCR tests showed that 10H was also
H3N2 positive while 7H were H3N2 and HINI negative as
observed in Figure 4D and Supporting Information Figure S3,
respectively. However, 9H sample was shown to exhibit
stronger HIN1 RT-qPCR signal than other EBC samples as
observed in Supporting Information Figure S3. Thus, it is
possible that the antibody could cross-react with HIN1 and
H3N2, and this possibility was also shown by a recent study.*®
Accordingly, the discrepancy for 7H and 9H between these two
technologies might be attributed to RT-qPCR amplification
limitations, for example, possible inhibition and/or low
quantity,"’ or the nonspecific binding for SINW sensor, for
example, with 9H. Routine blood test shown in Supporting
Information Table S1 indicated that 7H was possibly infected
with viruses. Using colloidal gold method all subjects (7H—
11H) were tested influenza A negative. From these two sets of
independent experiments, it was found that 90% of EBC
samples tested H3N2 positive or negative by RT-qPCR also
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Figure 5. (A) Selective detection of 8 iso PGF 2a against H3N2 viruses with different concentration levels; EBC samples from the subjects without
flu symptoms were diluted 100-fold and spiked with H3N2 viruses and 8 iso PGF 2a biomarker, respectively. (B) AFM images of 8 iso PGF 2a
antibody modified SINW device: (1), (2) and (3) refer to AFM images of the antibody modified SINW device; circle and arrow point to the 8 iso
PGF 2a antibody chemically linked to the SINW device surface; (4) the vertical height of the antibody lined to the SINW surface. (C) The 8 iso PGF
2a concentrating efficiencies of magnetic beads with a size of 1 ym surface modified with 8 iso PGF 2a antibody from EBC spiked with different
concentration levels of 8 iso PGF 2a (0—125 pg/mL); 8 iso PGF 2a in the supernatant after the magnetic separation was detected with the same
SiNW devices. (D) Detection of 8 iso PGF 2a biomarker with different concentration levels (2.5—40 pg/mL) spiked into EBC samples from subjects
without flu using SiNW sensing device after the magnetic capture with a particle size of ~1 pm.

generated corresponding positive or negative SINW sensor
responses specific for H3N2. In general, the flu viruses include
three major types: Influenza virus A, Influenza virus B, and
Influenza virus C. For influenza A viruses, they also include
subtypes of HIN1 (caused Spanish Flu in 1918, and Swine Flu
in 2009), H2N2 (caused Asian Flu in 1957), H3N2 (caused
Hong Kong Flu in 1968), HSN1 (caused Bird Flu in 2004),
H7N7, HIN2, HON2, H7N2, H7N3, and H10N7. Influenza
viruses A, B and C are very similar in overall structures. These
viruses are made of a viral envelope containing two main types
of glycoproteins, wrapped around a central core. Hemagglutinin
(HA) and neuraminidase (NA) are the two large glycoproteins
on the outside of the viral particles. However, these viruses have
different H(A) and N(A) compositions, and antibody cross
reactions do exist among certain viruses. However, extensive
tests with all these subtypes including HIN1 viruses were
beyond the scope of this study.

In addition to other impurities, EBC sam 2};les could also
contain other biomarkers such as 8 iso PGF 2a.”” To investigate
the effects of nonspecific antibody binding, we tested the SINW
device modified using 8 iso PGF 2a antibody when detecting
different loads of 8 iso PGF 2a (10, 20, 40, and 80 pg/mL)
against H3N2 viruses (1.7 X 10", 1.7 X 10%, 1.7 X 10%, 1.7 X 10*
viruses/uL). As observed in Figure SA, different 8 iso PGF 2a
loads generated discrete changes in sensor responses, while
those H3N2 viruses resulted in similar sensor responses
regardless of concentrations (4 orders of magnitude difference).
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AFM images shown in Figure 5B indicated that there were 8 iso
PGF 2a antibodies present on the surfaceof the SINW device.
The data from Figure SA,B suggest that there were no specific
binding between H3N2 viruses and 8 iso PGF 2a antibody. The
presence of various types of bacteria shown in Figure 1C in
EBC samples from human subjects was also shown not to cause
specific sensor response for virus or 8 iso PGF 2a antibodies as
no changes in conductance levels of the SINW device were
detected. Likewise, the presences of such high levels of bacteria
(~500 CFU/m®) in air samples shown in Figure SD also had
minor impacts on the SINW sensing experiments with H3N2
viruses. In other studies, selective detection of multiple cancer
biomarkers in serum samples and viruses in liquids were
successfully demonstrated using the SiNW sensor array that
was modified using different antibodies. 1621 The data from the
SiNW sensing experiments, RT-qPCR and routine blood tests
here conclusively suggest that the SINW sensor device can be
immediately applied to detecting influenza virus in clinical EBC
samples after diluted 100-fold, and the SINW device had similar
detection rates with the gold standard RT-qPCR. However, the
detection time from the EBC collection to the virus sensing
using the SINW sensor device was observed around 2 min. This
time scale is substantially smaller than that of the RT-PCR
method and other commercmlly available rapid flu diagnosis
methods (limited sensitivity). 28

Selective Detection of H3N2, HINT Viruses As Well as 8 iso
PGF 2a Biomarker Captured by Magnetic Beads. To enhance
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SiNW sensor response for low level virus or biomarker, more
efficient EBC collection device should be developed or a
concentrating step should be adopted before the SINW
detection. As discussed above, magnetic beads had higher
concentrating efficiencies. In this work, we have flown the
magnetic beads with captured viruses or 8 iso PGF 2a directly
to the SINW sensor device without the bioextraction step. For
quality control, the SINW sensor devices were calibrated using
8 iso PGF 2a biomarker, H3N2 viruses and the bare magnetic
beads itself. Similar to H3N2 and HIN1 viruses, we observed
that after the magnetic separation of 8 iso PGF 2a the
supernatant had substantially lower SINW sensor responses
than those without the separation as shown in Figure 5 C. The
lower sensor response was due to the decrease of 8 iso PGF 2a
biomarker concentration in the same EBC buffer after the
separation experiment. This, on the other hand, also supports
that the changes in conductance levels of the antibody-modified
SiNW sensor device were indeed caused by the specific binding
of the antibody to 8 iso PGF 2a biomarker.

Previously, a microfluidic purification chip was integrated
into silicon nanoribbon sensor for detecting cancer biomarker
in whole blood.*! Here, our data shown in Figures 2D, 3C,D
and 5C,D suggest that for those EBC samples with lower virus
or biomarker concentrations magnetic beads can be used to
concentrate them for direct detection. This is especially useful
when viruses or biomarkers are in low quantities in human
samples. As shown in Figure SD, the SINW sensor device can
detect a difference of at least 6 pg/mL 8 iso PGF 2a. As also
observed in the figure, regardless of their concentration levels
the bare magnetic beads (~1 um) resulted in similar sensor
responses, which were comparable to those caused by DI water.
Similar to H3N2 virus sensing, as shown in Supporting
Information Figure S3 TiO, nanoparticles with different loads
were shown to generate similar responses from the SiNW
device that was surface-modified using 8 iso PGF 2a antibodies.
Interestingly, those magnetic beads with captured 8 iso PGF 2a
biomarker from the same EBC suspensions were shown to
result in similar sensor responses compared to the correspond-
ing standards used for the spiking as observed in Figure 5D.
These data unambiguously indicated that physical touching by
the nanoparticles did not cause specific sensor responses and
those magnetic beads after the separation and purification
experiments with EBC samples can be used directly for the
SiNW sensing. Use of magnetic beads can allow the SINW
device to directly detect low level viruses or biomarkers in a
complex physiological sample.

Conclusions. For the first time, our work has demonstrated
the capability of SINW sensor devices in selectively detecting
influenza viruses within minutes in clinical EBC samples
collected from human subjects with onset flu symptoms. For
90% of the cases, we have observed that EBC samples tested
positive or negative by the RT-qQPCR method generated
corresponding positive or negative SINW sensor responses with
an unparalleled speed. While for those EBC samples with very
low quantity of viruses, antibody modified magnetic beads were
shown capable of efficiently concentrating the viruses for direct
detection by the SiNW sensor device. Variations in sensor
devices were found among SINW devices, however when
calibrated by the standards and different EBC controls from
nonflu subjects the relevant impacts can be minimized. Another
limiting factor with the technology is the cross-reaction
between antibodies and nontarget antigens which is a common
problem to immuno-based detection methods. Future improve-
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ment of the specific binding of antibody would greatly improve
the sensing technology by SiNW devices. Although H3N2/
HINI viruses and 8 iso PGF 2a biomarker were primarily used
here, our SiINW sensor system can be certainly extended to
other types of viruses or biomarkers present in EBC samples.
Integration of different virus antibody modified SINW sensor
devices in a single chip using a micropipet technology would
offer the opportunity to simultaneously detect different viruses
in a single EBC sample. Such kind of integration has already
been demonstrated in detecting multiple cancer markers in
serum samples.”’ Over the years, the SINW device has been
extensively investigated as a biosensor in various applications,
and our study further moves this technology from the bench
closer to the clinical bed. Commercialization of the technology
described in this work as a hand-held device opens up
outstanding opportunities of revolutionizing the flu diagnosis in
the clinical setting.
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