Highly sensitive biomarker biosensor for early
detection of cancer biomarkers
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Abstract
Biomarkers are emerging as potentially important diagnostic tools for cancer and many other diseases.
However, many current detection systems for suffer from insufficient sensitivity. To address this concern,
we developed a highly sensitive biosensor, featuring monoclonal antibody-coated polystyrene nanobeads
assembled in the trenches of a microchip, for the detection of cancer biomarkers. These biosensors
detected nucleosomes and carcinoembryonic antigen in serum at concentrations of 62.5 and 15.6
pg/mL, respectively. Very low detection limits that suggest such devices might be beneficial for the early
detection of tumors and for monitoring of patients in remission.

Introduction
The idea for implementing biosensors was born in the 1960s with the pioneering work of Clark and Lyons
1.

In general, a biosensor is a device featuring a biological sensing element that transforms a biological

event into a signal that can then be interpreted. The recognition of a biomolecule or biomarker should be
highly selective, with the sensing element being immobilized through physical adsorption, entrapment, or
covalent attachment 2-4. Biomarkers are important diagnostic and monitoring tools for cancer and many
other diseases. Capturing minute concentration levels of biomarkers in serum or blood is extremely
crucial for the early detection, monitoring, treatment and management of a disease and should be easy
to detect and measurable across populations 5. Biomarkers assist not only in the early cancer detection
and the development of preventive treatments but also in the identification of new targets for therapy 6. It
also assists in the making of suitable clinical decisions, and helping to detect the reoccurrence of cancer
following treatment 7,8. Among the many available biomarkers, NS and CEA are particularly useful for the
detection of various cancers and for monitoring the effectiveness of cancer treatment 9 10,11.
Recently, various new approaches have been developed for sensitive biomarker detections, including
nanowire sensor arrays, rolling circle amplification DNA, nanocantilevers, and nanoparticle-based biobarcodes 12-15. However, these biosensors could be further improved through the addition of features
such as remote testability, high reliability, ease of use, rapid screening and early detection that contribute
to the cost of manufacturing 16.The enzyme-linked immunosorbent assays (ELISA) kits are the most
commonly used techniques for the detection of biomarkers. Although these assays combine easy sample
handling with flexible and simple analyses, they are expensive, laborious, and time-consuming, and often
lack sufficiently high sensitivity and specificity 16,17.
Many of the conventional antibody/antigen-based ELISA-based assays are highly specific, however, they
lack the level of sensitivity needed for detection of disease at an early stage. One of the main reasons is
poor or insufficient alignment and distribution of the antibodies on the sensor substrate that limits the
number of antibody–antigen binding events18. To address this challenge nanoparticles (NPs) have been
used to effectively in regulate the alignment and distribution of antibodies on its surface to enhance
sensitivity and improve interaction with the substrate.15,19,20. A particularly interesting recent advance in
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biomarker detection is the use of antibody arrays with the capacity to detect biomarkers at
concentrations below current detection limits without modifying the simplicity of the ELISA technique
itself 21.
The detection of very low concentrations of cancer biomarkers can be performed using immunosensors
as good alternatives to traditional immunoassays. Taking full advantage of the materials and processing
tools used for microfabrication, we have developed an ELISA-based highly sensitive SU-8 epoxy-based
negative photoresist biosensor assembled with monoclonal antibody (mAb) 2C5- or CEA-coated PSL
nanoparticles assembled into trenches on a microchip for detection of NS and CEA respectively.

Results
Immobilization and characterization of antibody coated nanobeads
mAb 2C5, mAb CEA, or the control, nonspecific IgG were adsorbed onto the PSL nanobeads (Fig.1a) to
form a monolayer of protein on the surfaces of nanobeads 22,23. Regardless of the type of antibody, the
adsorption yield was greater than 50% in all cases, as estimated using the bicinchoninic acid (BCA)
assay. The size and zeta potential of the nanobeads were crucial parameters affecting the assembly of
the mAb-coated beads into the trenches on the microchip. The antibody-coated nanobeads were
somewhat larger than the commercially obtained PSL beads (ca. 320 nm); the mAb 2C5-, mAb CEA-, and
IgG-coated nanobeads had diameters of 360 ± 3.3, 324 ± 8.3, and 375 ± 4.5 nm, respectively (Fig.1b). The
zeta potential of the uncoated beads was approximately –70 mV. After adsorption of mAb 2C5, mAb CEA,
and IgG, the zeta potentials were –44.6 ± 2.5, –59.5 ± 0.5, and –38 ± 2 mV, respectively (Fig.1c). The
nanobeads did not aggregate (Fig.1d) and remained stable in terms of their sizes and zeta potentials.
Prior to assembly, we used indirect ELISA to evaluate the activity of the adsorbed antibody (Fig.1e, using
mAb 2C5 as an example). When compared with free mAb 2C5, the mAb 2C5 moieties adsorbed on the
PSL nanobeads retained their anti-NS activity. The IgG-coated PSL nanobeads exhibited no specificity
toward NS and the unmodified PSL nanobeads displayed no cross-reactivity to NS, confirming the
specificity of the mAb 2C5–coated PSL nanobeads toward the cancer-related NS antigen. Similar
retention of activity of immobilized mAb 2C5 on the surfaces of liposomes and polymeric micelles has
been reported earlier 24,25.

Biosensor Fabrication and Selective assembly of nanobeads on biochips
We designed the biosensors such that it was small enough to fit on a cylindrical microscale catheter (Fig.
2a). The biosensors were placed onto a millimeter-scale holder such that an end effector could hold it for
precise configuration and maneuvering. Trenches were formed using electron beam lithography 26. The
antibody-PSL nanobeads were assembled on each chip electrophoretically, as presented schematically in
Fig.2b, using the instrument setup displayed in Fig.2c. We fabricated the biosensor with multiple active
and separate trench areas of each 70 µm ´ 70 µm each. Because these trench areas were isolated from
each other, with the help of electrophoresis we could selectively assemble different NPs coated with
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specific antibodies in a specific trench that could aid in simultaneous multiple detection of different
biomarkers. For instance, we have previously described the assembly of 100- and 60-nm red fluorescent
PSL NPs, on to three out of four regions of the biosensor 27. However, for this study we assembled 320nm CEA antibody–coated PSL NPs. The nanobeads were assembled on each microchip to cover greater
than 90% of the trench area, with no aggregation (Fig.2d).

In vitro and in vivo testing
Following assembly, the mAb 2C5 biochips were tested for their ability to interact with fluorescently
labeled NS using a direct “ELISA-like” assay. The fluorescence intensities of the mAb 2C5 biochips were
greater than that of the control IgG biochip in a concentration-dependent manner (Fig.3a), confirming the
specificity of the mAb 2C5 biochips toward NS, in agreement with the indirect ELISA data in the plate
format. Here, the fluorescence intensity of the IgG biochips was considered to represent the background
signal. Image J analysis revealed that the mAb 2C5 nanobeads assembled on the chips were able to
detect NS specifically at low concentrations in FBS (Fig.3b). Clinically, high levels of NS are detected in
individuals suffering from diverse forms of cancer 28. Normal NS levels of 16 ± 8.8 ng/mL (range 8–52
ng/mL) have been reported using the traditional ELISA method 29. With the microchips, we could detect
NS antigen at concentrations down to 62.5 pg/mL in FBS, suggesting that this biosensor is much more
sensitive than a conventional 96-well plate assay.
We confirmed the applicability of our device for the detection of CEA biomarkers using a classic
sandwich ELISA technique (Fig.4a). Initial tests with CEA were carried out in vitro, to study the detection
of the antigen in PBS, FBS, and 50% murine blood. Although the CEA biochips demonstrated a very high
sensitivity in PBS and FBS, with the ability to detect antigen at concentrations down to 31.3 pg/mL (data
not shown), the sensitivity toward the antigen in 50% murine blood was even higher, with detection at as
low as 15.6 pg/mL [Fig.4b (upper panel) and Fig.4c]. Notably, we could use the microchip system to
detect CEA, at a detection limit of 31.3 pg/mL, in blood samples obtained from antigen-spiked mice
[Fig.4B (lower panel) and Fig.4d]. These levels of detection are much lower than those provided by
commercially available CEA ELISA kits 30 or by a quantum dot–based nano-bio-chip system31, confirming
the high sensitivity of our system.
We further evaluated the sensitivity of our microchip by simulating in vivo pathology conditions. Tests
run on CEA biochips with blood samples from tumor-bearing mice revealed increased fluorescence from
day 1 to day 7 relative to the background (Fig.5a). Following quantification, a significant increase in the
intensities occurred at day 7 (Fig.5b), suggesting that higher levels of CEA were present in the circulation,
indicating tumor growth. The mice exhibited no visible signs of tumor at days 1 and 3, but clear
detectable vascularized tumors were observed by day 7. Nude mice with colonic-tumor xenografts and
tumor weights from 160 mg to 2.16 g have been reported to possess serum CEA levels of less than 11.4
ng/mL 32. Thus, this biochip was sensitive to detect CEA in tumor-bearing mice at much lower
concentrations—notably, concentrations corresponding to much earlier stages of tumor growth. Under
such conditions, the commercial CEA ELISA kit could not detect CEA (Fig.5c).
Page 4/19

PSL nanobeads presenting adsorbed antibodies can be assembled onto a biochip to provide a
convenient biosensor for the detection of various biomarkers. These biosensors can detect very low
concentrations of cancer biomarkers, such as NS and CEA, in various media, including blood from tumorbearing animals. The main advantages of such a system are simplicity of preparation and high
sensitivity; such chips might be useful for the simultaneous detection of several distinct biomarkers in
biological fluids and for the early detection of cancer (or other diseases) and control of its progression
and treatment. It would also be possible to modify the manufacturing process to control the number of
trenches and to assemble nanobeads with different adsorbed antibodies in different trenches to allow the
simultaneous detection of more than one biomarker in a very small biological sample. Using this system,
any biomarker for an existing ELISA setup could be detected with high sensitivity and relatively low cost.

Discussion
Nanobead-antibody immobilization
The adsorption of Ab on the PSL nanobeads is a result of the capacity of the IgG molecule to bind to the
PSL nanobeads and the density and surface area of the PSL nanobeads itself. Unlike covalent
conjugation 33-35, adsorption is simple, does not require additional chemical reagents, and does not result
in aggregation. For adsorption of a monolayer of antibody on the surface of the nanobeads with correct
spatial orientation and decreased likelihood of nonspecific binding, the amount of antibody needed was
calculated based on the following formula provided by Bangs Laboratory (Fishers, IN, USA) and also
suggested by 22,23:
S=(6/ρD)(C)……………………………………………..(1)
Where
S = amount of representative protein needed to achieve surface saturation (mg protein/g of
microspheres),C = capacity of microsphere surface for a given protein, which will vary depending on the
size and molecular weight of the protein to be coupled (mg protein/m2of polymer surface). For IgG type
antibodies C=2.5 mg/m2,6 / ρD = surface area/mass (m2/g) for microspheres of a given diameter (ρ =
density of microspheres, which for polystyrene is 1.05 g/cm3), and D = diameter of microspheres, in
microns.
Based on equation (1), a monolayer antibody molecule was adsorbed on the PSL nanobeads. Other
methods of conjugation chemistry are described 33-35 using agents such as EDC. However, adsorption
techniques require no additional reagents and are a simple technique resulting in no aggregation. In
addition, the nanobeads were stable in terms of their size and zeta potential, which is a critical factor in
the assembly of antibody-coated nanobeads into the nano-trenches (Figure).
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Biosensor Fabrication
We fabricated these biosensors on polished 3-inch silicon wafers using optical lithography and E-Beam
lithography with desired nano features or trenches (10 micron apart) on Poly(methyl methacrylate)
(PMMA) that is spun on the gold substrates with a film thickness of 150 nm. Compared to the current
multi-level masking semiconductor techniques, our approach is relatively simple. To have a successful
assembly of the antibody coated NPs, we had to ensure that the PMMA was secured to the gold layer
underneath. During our lithography process, after spinning the PMMA layer we baked the wafer at 180 o C
for 30 minutes. However, due to the glass transition temperature for PMMA being 105 oC, we altered our
baking process by covering the substrate and baked it at 100 oC for 30 minutes. As a result, the PMMA
adhered better to the gold layer.
As an alternate option SU-8 based biosensors can also be used which is more cost effective and pliable
as compared to silicon wafers, however, fabrication of a smooth and flat template was a challenge. The
non-flat surface (even with a variation of one micron over a several millimeters) does affect the e-beam
lithography used to make the trenches as well as images the florescent sandwiched tags after antigen
detection because of the variation of the depth of focus. At this point the biosensors were ready for
assembly of the antibody-coated NPs.

Assembly of antibody-coated nanobeads
Assembly of NPs has gained attention due to potential applications in various emerging fields such as
nanophotonic crystals, nanosensors and nanoelectronics. Herein, we developed a sequential template
assisted electrophoretic assembly technique that can be utilized to assemble nanoparticles arrays over a
large area and in short time. The electric force acting on the negatively charged colloidal nanoparticles
depends on different variables including voltage and the distance between the electrodes. The time it
takes for attaining full assembly coverage is dependent to the pH and the electric conductance of the
nanoparticle solution and for our experimental conditions is between 2 and 3 minutes. Several
parameters affect the electrophoretic assembly of NPs, such as time, voltage, zeta potential of the NPs
and the concentration of NPs. Occasionally we would observe particle agglomeration during the
optimization of the assembly process. The is a coulomb repulsion exerted on negatively charged NPs
while in suspension; however, when the electrostatic force acting on the particles is large, suspended
nanoparticles have enough energy to get close to the assembled particles and therefore the van der
Waals forces can overcome the electrostatic repulsion which causes the agglomeration. This
agglomeration was only observed with CH2Cl functionalized particles on top of the assembled patterns.
Hence, we had to optimize the assembly parameters which control the electrostatic force during the
assembly process to overcome particle agglomeration. Also adjusting the size and spacing of patterns is
an important factor in preventing agglomeration by changing the electric field lines near the patterns.
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Uniform antibody coated-nanobeads together with its precise assembly is a contributing factor to
increased sensitivity of out biosensor device.

Testing of mAb2C5 and mAbCEA biochips
Due to the specific activity of mAb against NS, we were able to detect and observe this binding in a
concentration dependant fashion. High levels of NS are detected in individuals suffering from diverse
forms of cancer, particularly lung cancer, breast cancer, renal and prostate cancer and lymphomas as a
consequence of elimination systems that are overloaded or impaired in such disease states 28. As a
result, NS is a critical biomarker for additional detection and management of cancer. Normal levels of 16
+/- 8.8 ng/ml, range 8-52 ng/ml were reported using the traditional ELISA method 29, in comparison to
which we were able to detect down to 62.5 pg/ml in FBS, suggesting that our bio-sensor was much more
sensitive than the conventional 96-well plate assay format.
Similarly, the CEA biomarker was also tested using sandwich ELISA. Low levels of CEA antigen were
detected in PBS pH 7.4 and FBS at 37°C. The limit of detection using the biochip was 31.25 pg/ml (data
not shown). This is of great advantage considering the baseline levels of CEA are 2.5 ng/ml to 5 ng/ml.
Detecting low amounts of CEA in very early stages of cancer can help in better prognosis and effective
treatment. Similar results were reported when CEA was detected in saliva using quantum dots based on
the nano-bio-chip system 31. In comparison, 15.6 pg/ml of CEA in spiked 50% murine blood was detected

in vitro, suggesting our system was highly sensitive.
Additionally, the detection of CEA was studied ex vivo from antigen injected mice in a dose-dependent
manner with a limit of detection down to 31.25 pg/ml. These values were less than baseline levels and
can be an advantage to detect minute changes in the biomarker levels during cancer development.
Further, the sensitivity of the nanochip was evaluated by simulating in vivo pathology conditions. Tests
run with blood samples from tumor-bearing mice on CEA-biochips showed increased fluorescence from
day 1 to day 7 compared to the background. Previous studies in nude mice with colonic-tumor xenografts
and tumor weights from 160 mg to 2.16 g reported serum CEA levels of less than 11.4 ng/ml 32. The
biochip was sensitive to detect the CEA antigen in tumor-bearing mice in much lower quantities, i.e. at
much earlier stages of tumor growth even before a vascularized form of tumor was established. This is
essentially important in early identification of tumor biomarkers in cases were biomarkers are undetected
due to high cut-off values36 or in aggressive form of disease such as cancer37. We believe our highly
sensitive biosensor will prove beneficial in identifying the biomarkers above mentioned conditions.

Materials And Methods
Materials
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Carboxy-functionalized polystyrene nanobeads (PSL, 5% w/v) were purchased from Sperotech (Lake
Forest, IL). Nucleosomal antigen (calf thymus) was purchased from Worthington Biochemical
(Lakewood, NJ). mAb 2C5 was produced by Harlan Bioproducts (Indianapolis, IL) using a hybridoma cell
line from our laboratory3837575655555555. Clarified mouse myeloma ascites IgG-2a (kappa) UPC10
antibody was purchased from MP Biochemicals (Solon, OH). Poly-l-lysine and fetal bovine serum (FBS)
were obtained from Sigma–Aldrich (St. Louis, MO). Goat anti-mouse IgG peroxidase-conjugate was
obtained from ICN Biochemicals (Aurora, OH). K-blue TMB peroxidase substrate was purchased from
Neogen Corporation (Lexington, KY). Oregon Green® 488 carboxylic acid succinimidyl ester-5-isomer was
purchased from Molecular Probes (Eugene, OR). The BCA protein assay kit was purchased from Pierce
Biotechnology (Rockford, IL). All other chemicals and reagents were analytical-grade preparations from
Sigma–Aldrich. Mouse monoclonal anti-CEA antibody [1C7], CEA protein, and secondary fluoresceinlabeled goat polyclonal antibody to mouse IgG-H&L were obtained from Abcam (Cambridge, MA). Female
Balc/C mice, ages 8–10 weeks, were purchased from Charles River Laboratory (Wilmington, MA).

Antibody immobilization on PSL nanobeads and protein determination
PSL nanobeads were coated with IgG, mAb 2C5, or anti-CEA mAb by adding 1.56 mg of an antibody to 10
mg of a 1% (w/v) suspension of the nanobeads in a total volume of 1 mL of PBS (pH 7.4). After
incubation overnight at room temperature with gentle shaking, the suspension was centrifuged (1.5 ´
1000 rpm, 15 min). The supernatant was removed and the concentration of the free antibody in it was
determined using the BCA assay (according to the provider’s instructions). The pellet was re-suspended in
deionized (DI) water or PBS (pH 7.4) and stored at 4 °C.

Particle-size and zeta potential
The sizes and zeta potentials of all of the nanobead preparations were determined through dynamic light
scattering and zeta phase light scattering, respectively, using a ZetaPlus particle size analyzer
(Brookhaven Instrument, Holtsville, NY). The antibody–nanobead suspension was diluted with DI water
for size measurements and with 1 mM KCl for zeta potential measurements. All analyses were repeated
in triplicate.

Immunological activity of mAb 2C5 PSL nanobeads determined through indirect ELISA
96-well plates were incubated with poly-l-lysine (40 mg/mL, 50 mL) overnight at 4 °C. Following
incubation, the poly-l-lysine solution was discarded and the wells were blocked with Tris-buffered saline
(200 mL) containing Tween 20 (TBST; 0.05%, w/v) and casein (TBST-casein; 2 mg/mL) for 1 h at room
temperature (RT). After blocking, the wells were washed three times with TBST and incubated with NS in
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TBST-casein (40 mg/mL, 50 mL) for 1 h at RT. The wells were washed three times with TBST and
incubated (1 h, RT) with different concentrations of mAb 2C5 as a standard, clarified mouse myeloma
ascites IgG-2a (kappa) UPC10 antibody as a control, and mAb 2C5–coated PSL nanobeads and IgG-2a
(kappa)–coated PSL nanobeads in TBST-casein. After incubation, the wells were washed three times with
TBST and incubated (1 h, RT) with 50 mL/well of a 1:5000 dilution of a goat anti-mouse IgG peroxidase
conjugate in TBST-casein. The wells were washed three times again and incubated (for 15 min or until a
blue color developed) with enhanced K-blue TMB peroxidase substrate (100 mL). The 96-well plate was
read (Labsystems Multiscan MCC/360 microplate reader installed with GENESISLITE Windows-based
microplate software) at a wavelength of 620 nm with the reference filter at 492 nm.

Template fabrication and assembly of mAb–PSL nanobeads into chip trenches
The nanochip template was fabricated by depositing layers of metals (6 nm of Cr/40 nm of Au) onto a
380-µm-thick Si wafer coated with 150 nm of thermal SiO2. A 300-nm-thick poly (methyl methacrylate)
(PMMA) film was spun onto the Au template and baked at 100 °C for 90 s. Trench array patterns were
generated on the PMMA through electron beam lithography. After exposure, the PMMA film was
developed in a 1:3 mixture of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) for 70 s, followed
by an IPA rinse for 20 s and a DI water rinse for 5 min.
For their assembly in the trenches, the mAb-coated PSL nanobeads were diluted in DI water and then
NH4OH was added to increase the pH and conductivity of the nanobead suspension. The nanobeads
were assembled in the trenches electrophoretically at a DC voltage of 2–3 V. The assembled chips were
stored in DI water prior to use.

Detection of NS antigen by mAb 2C5 nanobeads assembled on biochips
After confirming the activity of the mAb 2C5 nanobeads toward NS, the mAb 2C5 biochips were
incubated overnight in a 2% BSA solution at 4 °C to block nonspecific binding on their surfaces. The chips
were washed with DI water and then incubated (37 °C, 1 h) with solutions of fluorescently labeled NS
(concentrations from 500 to 62.5 pg/mL) in FBS. The chips were washed again with DI water and stored
in PBS prior to fluorescence imaging, with the images acquired analyzed using Image J software (NIH,
Bethesda, MD). Nonspecific IgG-biochips were employed as a control.

Biochip-based ELISA of anti-CEA mAb
A sandwich ELISA on biochips was applied to test the specific activity of the chips with anti-CEA mAb.
CEA-bearing biochips were tested for their capacity to detect low concentrations of the CEA. The
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assembled biochips were incubated (overnight, 4 °C) in 2% BSA to block nonspecific binding and then
they were washed with DI water to remove the BSA. The chips were then incubated (2 h, RT) with dilutions
of the CEA (concentrations from 125 to 15.6 pg/mL) in PBS (pH 7.4) or in FBS. CEA biochips incubated
with plain solutions were employed as blanks. For testing the CEA in 50% murine blood samples (the
same range of CEA dilutions were used), the biosensors were incubated (2 h) at 37 °C to mimic
physiological conditions. Sodium citrate (1%) was used as an anticoagulant at a 10-fold blood dilution
(to normalize volume of blood obtained from mice). The chips were washed in water, incubated (2 h, RT)
with a secondary FITC-labeled IgG antibody (2 µg/mL), washed to remove any traces of nonspecifically
bound secondary antibody, and then stored in PBS (pH 7.4) at 4 °C until required for microscopic
analysis. The study was carried out in compliance with the ARRIVE guidelines.

ELISA with the blood of CEA-spiked mice
All animal work was conducted according to relevant national and international guidelines and following
the approval of the Northeastern University Institutional Animal Care and Use Committee (NU- IACUC)
prior to the start of this study. The study was also carried out in compliance with the ARRIVE guidelines.
CEA biochips were tested for detection of the CEA level in the blood of 6–8-week-old Balb/C mice spiked
with known concentrations of the antigen. A solution (100 µL) of CEA in PBS was injected via the tail
vein. Each dose was calculated by considering two variables: (i) the dilution factor based on estimated
mouse blood volume (ca. 2 mL/mouse) and (ii) the dilution in 0.9% NaCl prior to incubation with chips. At
1–2 min post-injection, the blood was collected by cardiac puncture in sodium citrate. Blood samples
were diluted (50:50, v/v) with NaCl to obtain final CEA concentrations ranging from 12.5 to 31.3 pg/mL.
The samples were then incubated with the chips as described in the previous paragraph.

Detection of CEA in tumor-bearing mice
Female Balb/c mice were inoculated with 4T1 breast cancer cells (100,000 cells/mouse) suspended in
PBS (pH 7.4, 100 mL). Blood was withdrawn by the cardiac puncture from anesthetized mice at days 1, 3,
and 7. The blood samples (0.3–0.7 mL) were mixed with 50 µL of 1% sodium citrate to prevent
coagulation and stored at 4 °C. CEA biochips were tested as mentioned earlier and then imaged and
quantified. This study was also carried out in compliance with the ARRIVE guidelines.

Imaging of biochips through fluorescence microscopy and image processing
To quantify the detection of NS and CEA antigens, fluorescence images were processed using Image J
software. Antibody-loaded biochips were imaged using a Nikon Optiphot 200 fluorescence microscope
equipped with a charge-coupled device (CCD) camera. Images in both bright and dark fields (green
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channel fluorescence) were collected for each chip. Fluorescence imaging was performed using a 30-s
exposure time with the CCD amplifier gain set to 0.6; images were stored as 24-bit jpg files. For
processing, the background noise was removed through built-in background subtraction, followed by
extraction of the 8-bit green color channel. The area of the image corresponding to trenches was
manually selected and its mean fluorescence intensity analyzed. Similar treatments and analyses were
performed for the images acquired from the control IgG biochips.

Abbreviations
mAb, monoclonal antibody; FBS, fetal bovine serum; PSL-COOH, carboxyl-functionalized polystyrene
beads; BSA, bovine serum albumin; PBS, phosphate-buffered saline; NS, nucleosome; CEA,
carcinoembryonic antigen; ELISA, enzyme-linked immunosorbent assay; PSA, prostate-specific antigen;
CA 125, Cancer Antigen-125; CA 19-9, Carbohydrate antigen 19-9; AFP, alpha-fetoprotein.
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Figures

Figure 1
Preparation and characterization of antibody-coated nanoparticles. Carboxyl polystyrene nanobeads
(PSL) were coated with IgG, monoclonal antibody mAb 2C5, or mAb CEA (a). The antibody-coated
particles were separated from the free antibody through centrifugation and then characterized for their
particle size (b) and zeta potential (c). Under a scanning electron microscope, the particles revealed no
aggregation following antibody coating (d). When compared with standard free mAb 2C5, the mAb 2C5–
coated PSL particles retained their specific activity toward NS. Controls (IgG standard, IgG PSL particles,
and plain PSL particles) exhibited no activity (e). (n = 5, mean ± S.D.).
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Figure 2
Template fabrication and instrumentation setup for nanobead assembly onto a microchip Trenches were
created in surface PMMA films using electron beam lithography (a). Optical and SEM images of a
biosensor with four electrically separated regions in which electrophoretic assembly was performed
individually to assemble various NPs. (b). A particle suspension at pH 10.7–11.1 and a DC voltage of 2–
3 V were used for a period of 60–180 s for assembly in the instrumental setup (c). Following assembly of
the antibody-coated particles in 400-nm-wide, 10-μm-long trenches, SEM images revealed assembly
without particle aggregation (d).
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Figure 3
Indirect detection of NS using mAb2C5 biochips. The mAb 2C5 beads were assembled on chips and
incubated with different concentrations of Oregon Green® labeled-NS in FBS and compared with the
same antigen dilutions on IgG biochips. Fluorescence images revealing the presence of NS on the mAb
2C5 biochips (a) and corresponding quantification of data obtained using Image J software (b). (n = 3;
mean ± S.D.).
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Figure 4
In vitro and ex vivo ELISA on mAb CEA biochips In vitro testing of CEA biochips was performed using the
sandwich ELISA technique (a). Signal amplification was achieved using a secondary antibody tagged
with a fluorophore. Fluorescence images of CEA biochips detecting different concentrations of CEA in
vitro (upper panel) and ex vivo (lower panel) in blood samples spiked with CEA (b). Images were
quantified using Image J software; fluorescence intensities plotted with respect to CEA concentration for
in vitro (c) and ex vivo (d) data. (n = 3; mean ± S.D.).
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Figure 5
ELISA testing of blood from tumor-bearing mice on mAb CEA biochips Blood samples from tumor-bearing
mice were tested on CEA biochips, using a sandwich ELISA technique, on days 1, 3, and 7 postinoculation; fluorescence images were recorded (a). Signals from the images were quantified using Image
J software; fluorescence intensity is represented in arbitrary units (b). Blood samples were also tested for
CEA using a commercially available CEA kit (c). (n = 3 chips; mean ± S.D.).
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