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This paper describes a microscale in vivo sensor platform device for the simultaneous detection of
multiple biomarkers. We designed the polymer-based biosensors incorporating multiple active
isolated areas, as small as 70 pm x 70 pm, for antigen detection. The fabrication approach involved
conventional micro- and nano-fabrication processes followed by site-specific electrophoretic directed
assembly of antibody-functionalized nanoparticles. To ensure precise and large-scale manufacturing
of these biosensors, we developed a semi-automated system for the attachment of the 250-pum
biosensor to a 300-um catheter probe. Our fabrication and post-processing procedures should enable
large-scale production of such biosensor devices at lower manufacturing cost. The principle of
detection with these biosensors involved a simple fluorescence-based enzyme-linked immunosorbent
assay. These biosensors exhibit high selectivity (ability to selectively detect multiple biomarkers of
different diseases), specificity (ability to target generic to specific disease biomarkers), rapid antigen
uptake, and low detection limits (for carcinoembryonic antigen, 31.25 pg mL™'; for nucleosomes,
62.5 pg mL ™), laying the foundation for potential early detection of various diseases.

Introduction

Biosensor discovery, which dates back to the 1960s, has its
emphasis placed on the detection and monitoring of proteins,
nucleic acids, and other biochemicals in medical applications.!
Such biosensors are very valuable tools for diagnostics and
regular therapeutic screenings of various diseases. They can be
used not only to detect biological entities but also to monitor
various developmental stages of particular diseases or biological
processes. Recent advances in nanotechnology, materials,
biology, and fluorescent spectroscopy have raised the potential
for highly sensitive, multiple-marker detections of various
diseases using a single device.> ® Nevertheless, current devices
adapted for multiplex detection are either bulky or not
biocompatible, making them unsuitable for implantation.
These biosensors would be further improved through the
addition of such features as remote testability, affordability,
high reliability, ease of use, rapid screening, and the capability of
early detection of diagnostic markers. The development of
sensors with high sensitivity for the simultaneous in vivo
detection of multiple biomarkers will be essential for the early
diagnosis and treatment of diseases.
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Although commercially available biosensors based on anti-
body/antigen-based enzyme-linked immunosorbent assays
(ELISAs)” have very high specificity, they lack the sensitivity
necessary for the early detection of diseases, primarily because
the randomness of the orientation and distribution of the
antibodies on the sensor substrate result in a low number of
antibody-antigen binding events.® Several recent efforts aimed at
controlling the orientation and distribution of antibodies have
employed uniformly distributed nanoparticles (NPs) coated with
antibodies on a sensor substrate,””'! resulting in biosensors with
improved sensitivity.

Temporary implant of these biosensors for in vivo disease
monitoring with its large volume, whole blood screening
capability may enhance the possibility of early disease detection.
Recently, much emphasis has been directed towards in vivo
sensors,'? due to their improved reliability and sensitivity. For
biosensors to be suitable for implantation, however, several
issues, notably size and biocompatibility, must be addressed.
In addition, biosensor probes for in vivo analysis must be
sufficiently small for ready insertion into the bloodstream.

The preparation of many current biosensor devices takes full
advantage of the materials and processing tools used for
microfabrication. As a result, devices such as BioMEMS have
been manufactured in large quantities at low unit cost.'* For
these in vivo devices to be effective, however, problems of
biofouling must be overcome. Quantitative studies on biocom-
patibility and biofouling, conducted on device material selections
for medical applications, as well as considerations of the
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interactions of implantable devices within their biological environ-
ments, have suggested that Si-based MEMS, gold, and SU-8
devices are not only biocompatible, there are no cytotoxic
materials when these devices where tested in vivo on mouse
fibroblasts,'* but also display minimized biofouling properties.'>'®

In this study, our investigations into several biocompatible
materials for device fabrication suggested that Si would be a
good candidate because of its well-established micro- and nano-
fabrication processes. For our biosensor design (Fig. 2a),
however, the bulk fabrication of microscale Si devices would
involve expensive and time-consuming processes such as deep
reactive ion etching (DRIE) and laser machining for patterning.
The high cost of these processes led us to choose SU-8 as a
suitable candidate material for low-cost, bulk micro-fabrication
of our devices. Therefore, we developed a process for fabricating
an SU-8-based polymeric biosensor with potential applications
for the in vitro and in vivo detection of multiple biomarkers. Our
design for this microscale device allowed the assembly of arrays
of multiple antibody-coated NPs on a single microchip surface,
potentially enabling early diagnosis of several diseases using a
single test probe. Utilizing a well-established NSF Center for
High-Rate Nanomanufacturing (CHN)-directed assembly tech-
nique,'” we selectively assembled NPs coated with specific
antibodies onto a single microchip surface for the simultaneous
detection of multiple biomarkers (Fig. 1). Antibodies attached as
coatings on polymer nanospheres were selectively assembled into
nanotrenches on the surface of the biosensor microchip. With
well-oriented active antibody molecules acting as targets for
blood-circulating biomarkers, the sensitivity of detection of the
biosensor increased by up to five orders of magnitude'! relative
to that of the standard ELISA kit. Such highly sensitive
biosensor devices should allow the early-stage detection of low
concentrations of biomarkers of several diseases. Because the
active region of our developed biosensor microchip is very small,
attaching them onto the tip of a catheter required a micro-
assembly manipulation system providing high dexterity, precise
motion control, and visual feedback. To facilitate this assembly
process, we employed a custom-built biosensor micro-assembly
platform.'®

In this study, we combined microfabrication and directed
assembly techniques to fabricate a micro biosensor featuring
arrays of NPs coated with specific antibodies directed against
antigens overexpressed biomarkers including carcinoembryonic
antigen (CEA), prostate specific antigen (PSA) and nucleosomes
(NS). To develop the in vivo biosensors, we precisely attached the
fabricated microscale sensors to catheters (see Fig. 1). The
carboxylic functionalized nanoparticles interact with the Fc
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Fig. 1 Schematic representation of an in vivo biosensor featuring four

areas assembled with antibody-coated NPs. The right-hand cartoon
represents a sandwich ELISA platform for the detection of proteins.

portion of the antibody vie both ionic and hydrophobic
interactions leading to the correct orientation of the antibodies
on the surface modified nanoparticles (see Fig. 1).
Immobilization of a monolayer of the antibodies onto NP
surfaces by passive adsorption'® also yields a uniform spatial
distribution with decreased likelihood of non-specific binding in
addition to the optimal antibody orientation.?*! The selective
assembly of the functionalized NPs into nanotrench arrays on
the surface of the microbiosensor enhances the spatial density
distribution of the antibody-coated NPs. In addition, one of the
major advantages of this biosensor is that detection of disease
markers (potentially during routine physicals) could be per-
formed in vivo without sample collection and storage.

Materials and methods
Design and fabrication of biosensor

We designed the biosensors in a circular structure that could be
attached onto cylindrical microscale catheters (Fig. 2a). To do
so, we positioned the biosensors onto a millimeter-scale holder
that could be held by an end effector for precise alignment and
manipulation.

Fabrication of the biosensor microchips was performed on
3-inch Si wafers (Fig. 2b), which served as microchip carriers
during the microfabrication process. These wafers were cleaned
with piranha solution (H,SO4:H>0,) for 5 min, rinsed with
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Fig. 2 (a) Design of the biosensor microchip: Holder with contact pads
(left) and four separated biosensor regions (right) on a 250-pm-diameter
biosensor. (b) Process schematic of the biosensor microchip’s fabrication.
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deionized water, and spun dry. A sacrificial layer of Cr (1 um)
was deposited using magnetron sputtering, ensuring that the
biosensor microchips could be released after completing the
microfabrication process. A 75-um-thick SU-8 2075 negative
tone photoresist was spun-coated onto the Cr/Si wafer. Pre- and
post-exposure bakes were performed for 2 min at 65 °C followed
by 8 min at 95 °C and for 2 min at 65 °C followed by 6 min at
95 °C, respectively. Exposure was performed for 34 s using a
Quintel 4000-6 mask aligner operated at energy of 200 mJ cm ™ 2.
Post-baking, the exposed patterns were developed in MicroChem
SU-8 developer. After development, the exposed Cr was
removed using a wet etch. The patterned SU-8 served as the
substrate on which the biosensor was built.

To facilitate electrophoretic assembly of the NPs on the
microchips, DC magnetron sputtering was used to deposit a
50-nm Au electrode layer on the SU-8 surface. The electrodes
that were necessary to direct the various functionalized particles
to their respective regions on the SU-8 were fabricated using the
following procedure. A positive tone photoresist (PR) 1805 was
spun on top of the Au layer and baked at 115 °C for 60 s.
Exposure was performed for 4 s in the Quintel 4000-6 mask
aligner, again at an energy of 200 mJ cm™ 2. Development of
the 1805 was performed for 45 s using Microchem MF 319
developer. The exposed Au was dry-etched in a Vecco Microetch
Ton Mill for 4 min at an incident angle of 20°. The remaining
1805 mask was stripped in remover 1165 (1-methyl-2-pyrrolidi-
none) at 100 °C for 5 min.

To create the required nanotrenches that can hold and lock-in
the nanoparticles on each of the four regions of the microscale
Au patterns,?? a 300-nm-thick Nano 950 PMMA layer was spun-
coated, followed by baking at 100 °C for 120 s. E-beam
lithography was then used to generate 500-nm-wide, 10-pm-long
trench arrays with a pitch of 2.5-5 um. The samples were then
developed sequentially in a MIBK : IPA (1 : 3) mixture for
100 s, in IPA for 30 s, and in DI water for 5 min. The sacrificial
layer of Cr was removed by placing the whole wafer in a Cr
etchant for 1-2 h. After wet etching, the residual Cr etchant was
removed by rinsing with DI water for 5 min. The design of a
single biosensor microchip is displayed in Fig. 2(a); a schematic
representation of the fabrication process is provided in Fig. 2(b).

Materials

Shipley 1805, SU-8 2075, and PMMA polymeric photoresist
solutions and MIF 317 and MIBK developers were purchased
from MicroChem (Newton, MA). Carboxyl-functionalized poly-
styrene beads (PSL-COOH, 5% w/v) were purchased from
Sperotech (Lake Forest, IL). Nucleosome calf thymus antigen was
purchased from Worthington Biochemical (Lakewood, NIJ).
Antinucleosome mAb 2C5 was obtained from Harlan
Bioproducts (Indianapolis, IL), derived from a hybridoma cell line
from our laboratory.”® IgG-2a (Kappa) UPC 10 secondary
antibody was purchased from MP Biochemicals (Solon, OH).
Poly-L-lysine and bovine serum albumin were purchased from
Sigma-Aldrich (St. Louis, MO). Oregon Green® 488 carboxylic
acid succinimidyl ester-5-isomer was provided by Molecular Probes
(Eugene, OR). BCA protein assay kits were purchased from Pierce
Biotechnology (Rockford, IL). Mouse monoclonal antibody [1C7]
to CEA, CEA protein, and secondary fluorescein-labeled goat

polyclonal antibody to mouse IgG-H&L were obtained from
Abcam (Cambridge, MA). All other chemicals and reagents were
purchased in analytical grade from Sigma—Aldrich (St. Louis, MO).

Biosensor macro- and micro-assembly platform

Fig. 3(a) displays the platform configuration for biosensor
macro- and micro-assembly. In this platform, the precision and
accuracy of the assembly task relied on control performance and
visual feedback. A central computer controlled the system
components by using an object-oriented program. The developed
software allowed all of the components of this platform to be
controlled through a single modular program. For semi-
automated macro-assembly tasks, a vision system was critical
in providing reference for motion, depending on the extracted
positional information from the encoders. Micro-assembly tasks
were controlled by proper actuation of an active area of interest
on the biosensor microchip surface.

Macro-assembly (attachment) of biosensor to catheter

The biosensor microchips (diameter: 250 pm) were aligned and
attached to the tip of a 300-um-diameter solid core nylon
catheter using a high-precision control platform (shown in
Fig. 3b). Assembly of the biosensor was conducted using a
custom-built biosensor microassembly platform'® featuring high-
precision linear-encoded long travel stages (resolution: 100 nm)
and charge-coupled device (CCD) cameras attached to objectives
to provide visual feedback to a central computer. The schematic
diagram, design metrics, and the operating procedure for this
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Fig. 3 (a) Biosensor macro- and micro-assembly platform picture. (b)
Schematic representation of the NP micro-assembly tasks.
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biosensor microassembly platform are discussed in detail else-
where.'® Assembly of an individual biosensor involved the
following steps: (1) initialization of the system to the home
position; (2) a fine 30G needle carrying a drop of highly viscous
biocompatible glue was deposited at the end of the smoothly cut
catheter; (3) a biosensor chip was placed onto the glue drop at
the catheter tip; (4) after curing of the glue, antibody-coated NPs
were selectively assembled into each of the isolated microscale
regions containing the nano-scale trenches; (5) the biosensor
microchip was separated from the holder through the action of a
high-intensity laser beam. The assembled biosensors were stored
in DI water prior to testing. Fig. 4 presents a schematic
representation of the attachment process and the separation of
the micro-biosensor active region from the holder.

Antibody functionalization of NPs

To improve the sensitivity of the biosensor, the biomarker
receptors attached to the support required suitable orientations
to ensure binding activity. A monolayer of antibody on the PSL
NPs was deposited through passive adsorption. In this case, an
excess amount of monoclonal antibody (mAb, 1.2 mg) required
to saturate the nanoparticle surface was added to carboxyl
polystyrene particles (1% w/v, 10 mg) in phosphate-buffered
saline (PBS, pH 7.4, 1 mL). This mixture was incubated
overnight at room temperature with constant stirring; it was
then centrifuged (1.5 x 10° rpm, 10 min). The precipitate was re-
suspended in DI water for further characterization and the
supernatant analyzed for its protein content using a bicincho-
ninic acid (BCA) protein assay kit to determine the yield of
antibody coated on the polystyrene particles. Further character-
ization of the assembled NPs included determination of their size
and zeta potential. The activity of the immobilized antibody was
determined using an ELISA kit; the NPs remained stable, in
terms of their size, zeta potential, and activity, for over a month.

Assembly of antibody-coated NPs onto biosensor

The mAb-coated PSL NPs were diluted in DI water and then
NH4OH was added to increase the pH (to 10.8) and conductivity
of the NP suspension. In the nanoparticle suspension used for
directed assembly, the high pH used in our suspension does not
lead to nanoparticle agglomeration on the microchip surface

Nanotrenches

Electrophoresis assembly &
attachment to the catheter

-

In-vivo Biosensor
After particle assembly after breaking

2mm

Fabrication of
the Biosensors

210 biochips on a 3in wafer

Fig. 4 Attachment of the biosensor to the catheter and separation of the
biosensor microchip from the holder.

while low pH of suspension could result in agglomeration and
insufficient assembly coverage in the trenches. Therefore, the
suspension’s pH and ionic conductivity were maintained at 10.8
and 450 pS, respectively, throughout the electrophoresis process.
Because PSL NPs feature a stable negative zeta potential over a
wide range of values of pH in aqueous solution,>* the suspended
NPs remained negatively charged.

A DC power supply was used to conduct the electrophoretic
assembly onto the patterned PMMA/Au sensor as the anode and
an Au counter electrode substrate as the cathode. A drop (20—
30 uL) of the particle solution was placed onto the biosensor chip
surface and then electrophoretic assembly of the NPs toward the
nanotrenches was initiated. A picoammeter was used to monitor
the current between the electrodes throughout the experiment.
The electrostatic force acting on negatively charged colloidal
NPs is directly proportional to the strength of the applied field
and the charge on the NPs. The mAb-coated NPs were
successfully assembled into the trenches when a voltage of
2.5 V was applied between the electrodes for 1-2 min. To keep
the assembled NPs intact, the applied voltage was maintained
while a washing buffer was used to remove the suspended
solution from the microchip surface. This assembly process was
repeated three times with other solutions containing different
types of antibody-coated NPs. Finally, IgG-coated NPs (used as
a control for detection) were assembled. The biosensor chips
were stored in DI water to preserve the activity of their mAb-
coated NPs until required for further testing. Before antigen
detection, the biosensor microchips were blocked overnight with
2% bovine serum albumin (BSA) to reduce antigen non-specific
binding on the PMMA surface.

Antigen assay and detection

The biosensor microchips were assembled with several types of
antibody-coated NPs to detect different antigens under various
environmental conditions. For the ex vivo trials, solutions
(100 pL) with known concentrations of antigens in HEPES-
buffered saline (HBS, pH 7.4) were injected into female mice via
the tail vein. Blood was collected and assayed for CEA antigen
using ELISA techniques. The antigen concentration in the mice
was calculated by considering the total blood volume (ca. 2 mL)
of mice as 8% of body weight. All experiments that involved the
use of live animals were performed in compliance with the
relevant laws and institutional guidelines. These experiments
were approved by the Northeastern University Institutional
Animal Care and Use Committee (IACUC). The biosensor
microchips assembled with antibody-coated NPs were incubated
with CEA antigen (in buffer or obtained from the blood of an
animal previously spiked with a known concentration of CEA)
for 2 h at 37 °C. For detection, the microchips were washed and
then incubated with secondary FITC-labeled antibody for 2 h at
room temperature. After washing, the chips were stored in PBS
(pH 7.4) until they were required for fluorescence imaging using
an optical fluorescence microscope. For NS detection, micro-
chips assembled with mAb 2C5 coated nanoparticles were
incubated with different concentrations of NS-labeled with an
Oregon Green dye in fetal bovine serum (FBS). For control, the
same antigen concentrations were simultaneously incubated on
microchips assembled with IgG coated nanoparticles.
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Results and discussion
Detection of antigens in blood, serum and buffer samples

We used blood ex vivo and a standard sandwich ELISA
technique to investigate the activity of CEA on the biosensor
and the efficacy of these biological devices. We imaged several
biosensors presenting mAb CEA, mAb 2C5, mAb PSA and IgG
antibodies and used Image J software to process and analyze
their images. Fig. 5a reveals the strong fluorescence indicating
the binding of secondary FITC-antibody to the CEA antigen at a
concentration as low as 31.25 pg mL ™" in blood. Thus, the CEA
antibodies on the NPs retained their activity and could identify
CEA antigen in buffer and in blood. Our early results suggested
sensitivity to concentrations of much less than 1 ng mL™!
(Fig. Sb)—a large increase in sensitivity relative to that of the
commercially available ELISA detection kit.?

The microchips were also tested for NS using 2C5 antibody
coated nanoparticles. In this case, tagged NS of concentration as
low as 62.5 pg mL~" in serum was detected (shown in Fig. 6).
Also, Fig. 6a shows a comparison of the fluorescent signal after
ELISA when mAb 2C5 and IgG functionalized nanoparticles
were incubated with two different antigen concentrations of
500 pg ml~ " and 62.5 pg ml~' of NS. Note that the fluorescence
intensities of the mAb 2C5 were greater than that of the control
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animal testing
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(b) Fluorescence sandwich ELISA against CEA antigen
254 in spiked mice
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0 50 100 150 200 250
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Fig. 5 (a) CEA detection in 50% murine blood after spiking with known
concentrations in female Balb/C mice. (b) Fluorescence intensity
obtained from image analysis of biosensor microchips treated with
different concentrations of spiked antigens in 50% murine blood. The
control for this test was the signal detected from the sample in the
absence of antigens.

(b) .
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@

62.5 pg/mINS

0ng/mL PSA
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Fig. 6 (a) Fluorescence images revealing the presence of NS on 2C5-
biosensor microchips. Images of mAb 2C5-NP assembled on the
biosensors and incubated with different concentrations of Oregon
Green®-labeled NS in serum, compared with those obtained at the
same antigen concentrations on IgG-chips. (b) Images obtained after
incubation with 200 ng mL ™! of PSA, and in its absence, in buffer.

IgG confirming the specificity of the mAb 2C5 detection toward
NS (Fig. 6a). For PSA biomarker, microchips assembled with
mAB PSA coated nanoparticles were incubated with different
amounts of PSA in PBS buffer. The detection results in Fig. 6b
exhibits different fluorescent signal levels for 200 ng ml~' and
0 ng ml~! of PSA after sandwich ELISA.

Selective assembly of nanoparticles on multiple-area microchip

The SU-8-based polymeric microscale biosensor was fabricated
with multiple active and separate areas (each 70 pm x 70 pm).
The electrically isolated areas enabled us to perform electrophor-
esis separately on each region of the microchip and, therefore,
selective assembly of NPs coated with specific antibodies in well-
defined nanotrenches for simultaneous multiplex detection. Prior
to assembly of the antibody (2C5, CEA, and IgG)-coated NPs, the
microchips exhibited good assembly coverage characteristics after
assembling red fluorescent NPs on selected isolated areas of the
biosensor (Fig. 7a); we then performed concentration dependent
test experiments with varying amounts of CEA incubated with the
microchips. Fig. 7b reveals the assembly of 320-nm CEA
antibody-coated PSL and 100- and 60-nm red fluorescent PSL
particles on three of the four regions of a microbiosensor; the
fourth region, where electrophoresis was not performed, featured
no assembled particles. Fig. 7c shows the detection of NS and
cardiac myosin both at 500 ng ml~ ! using mAb 2C5 and mAb 2G4
with mAb IgG as control; no cross-reaction between NS and
cardiac myosin was observed.

This developed biosensor is very small (0.25 mm in diameter)
and is attached to a catheter (0.3 mm in diameter) such that it
can be temporary implanted into a vein for 5-10 min for large
volume, whole blood screening without biofouling. Our experi-
ments show that the biosensor has small traces of biofouling
after 30 min and significant biofouling after incubation for more
than 2 h in whole blood. This biosensor has potential advantages
compared to traditional in vitro techniques because it enables
disease markers detection with less false positives with a very low
detection limit. This capability will be very useful for detecting
very small changes in biomarker concentration in disease
monitoring.
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Fig. 7 (a) Bright field image (left) and dark field image (right) for red
fluorescent PSL NPs assembled on two selected area of the biosensor. (b)
Optical and SEM images of a biosensor with four electrically separated
regions in which electrophoretic assembly was performed individually to
assemble various NPs. (c) Detection of NS and myosin at 500 ng mL ™!
using 2C5 and mAb 2G4 with mAb IgG as control.

Challenges

The biosensor fabrication process described here is relatively
simple compared to currently used multi-level masks semicon-
ductor techniques. One of the challenges when generating
multiple regions on a single microchip active area is aligning
the multi-level masks (if optical lithography is used). As shown in
Fig. 7, the biosensor device neck (length: 100 um) incorporated
conducting line features placed 10 pm apart, a distance close to
optical lithographic limitations. Therefore, we performed several
experiments, varying the thickness of the second-level photo-
resist mask alignment parameters to ensure optimal isolated
electrode structures (when using optical lithography).

Also, the electrophoretic assembly of the NPs was governed by
several parameters, including the applied voltage, assembly time,
particle concentration, and surface charge. Among these para-
meters, the particle charge would vary from particle to particle,
depending on their types and dimensions. In addition, depending
on their functionalization, NPs can present different surface
charges, which are greatly influenced by the solution properties
(e.g., ionic strength, pH).?® Therefore, the particle charge would
not be exactly the same for each type of antibody-coated NP,
potentially varying the nature of the NP assembly process. In
such a case, optimizing the assembly parameters for each type of
NP would be advisable to achieve complete NP coverage in the
trenches.

Future considerations

Similar to the ELISA based measurements, standards must be
developed to quantify unknown concentrations of experimental
and clinical sarnples.27 Therefore, additional experiments must
be conducted on this multiple-marker biosensor platform to
develop the standard curve that can be used for absolute
quantification to determine the values of unknown antigen
concentrations. Alternatively, to realize a biosensor device
having the ability to simultaneously detect multiple antigens
(more than two antigens simultaneously) at very low concentra-
tions, a relative quantification method can also be used. To do
this, an additional biochip specifically developed for testing
control standards could be used as reference in parallel with
multiple biomarker detection. These approaches would provide
the ability to quantify the values of up to four biomarkers in
tested samples.

Conclusions

We have developed a microscale in vivo biosensor device
platform having the potential to simultaneously detect multiple
biomarkers. We used standard fabrication techniques to develop
in vivo biosensor microchips featuring four separate areas for the
assembly of four different types of biomarker-coated NPs. We
prepared biocompatible polymer-based microchips using an SU-
8 template, not only to minimize the fabrication cost but also to
simplify the attachment of the sensors to catheter probes and
their separation from the holder following NP assembly. A wide
range of antigens could potentially be analyzed using such a
platform. Herein, we report a microscale sensing device with
increased sensitivity for the detection of CEA relative to that of
commercial ELISA detection assay Kkits.

In this study, we limited our coatings for the NPs to readily
available specific biomarkers, as a test of our ability to develop a
multiple-biomarker sensing device. Such a device’s use could be
extended to investigate a wide range of biomarkers applied to
different nanoelements (e.g., nanowires, assembled nanotubes),
monitoring not only through fluorescence-based ELISAs on
coated NPs but also through conductance measurements on
biomarker-coated nanowires and nanotubes.

Integrating the developed biosensor with miniaturized fluor-
escence spectrophotometer and readouts?®*°can lead to portable
Lab on a Chip (LOC) systems for simultaneous multiple disease
diagnostic and screening applications in remote areas drastically
reducing health care cost and saving lives. Moreover the possibility

This journal is © The Royal Society of Chemistry 2012
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of having electrical output signal rather than an optical signal
would result in reduction of LOC system footprint leading to a
portable LOC system for detection of biomarkers.
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