
Nano-Bio-Chips for High Performance Multiplexed Protein
Detection: Determinations of Cancer Biomarkers in Serum and
Saliva using Quantum Dot Bioconjugate Labels

Jesse V. Jokersta, Archana Raamanathana, Nicolaos Christodoulidesa, Pierre N. Florianoa,
Amanda A. Pollarda, Glennon W. Simmonsa, Jorge Wonga, Carole Gageb, Wieslaw B.
Furmagab, Spencer W. Reddingc, and John T. McDevitta,*
aDepartment of Chemistry and Biochemistry University of Texas at Austin 1 University Station A5300
Austin, TX 78712
bDepartment of Pathology Bexar County University Hospital San Antonio, TX
cDepartment of Dental Diagnostic Science University of Texas Health Science Center San Antonio
San Antonio, TX 78229-3900

Abstract
The integration of semiconductor nanoparticle quantum dots (QDs) into a modular, microfluidic
biosensor for the multiplexed quantitation of three important cancer markers, carcinoembryonic
antigen (CEA), cancer antigen 125 (CA125), and Her-2/Neu (C-erbB-2) was achieved. The
functionality of the integrated sample processing, analyte capture and detection modalities was
demonstrated using both serum and whole saliva specimens. Here, nano-bio-chips that employed a
fluorescence transduction signal with QD-labeled detecting antibody were used in combination with
antigen capture by a microporous agarose bead array supported within a microfluidics ensemble so
as to complete the sandwich-type immunoassay. The utilization of QD probes in this miniaturized
biosensor format resulted in signal amplification 30 times relative to that of standard molecular
fluorophores as well as affording a reduction in observed limits of detection by nearly 2 orders of
magnitude (0.02 ng/mL CEA; 0.11 pM CEA) relative to enzyme-linked immunosorbent assay
(ELISA). Assay validation studies indicate that measurements by the nano-bio-chip system correlate
to standard methods at R2 = 0.94 and R2 = 0.95 for saliva and serum, respectively. This integrated
nano-bio-chip assay system, in tandem with next-generation fluorophores, promises to be a sensitive,
multiplexed tool for important diagnostic and prognostic applications.
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1. INTRODUCTION
Protein biomarkers show promise in diagnosis and treatment planning of cancer early in its
development through screening as well as staging, metastasis evaluation, and determining
response to pharmacologic intervention (Lee et al., 2008). Occult blood tests, PAP smears, and
prostate specific antigen (PSA) are established screening tools for cancer detection in
asymptomatic individuals (ACS 2008). Breast cancer companion diagnostic tests based on
Her-2/Neu and prognostic assays utilizing alpha-fetoprotein in testicular cancers have also been
developed (Soper et al., 2006). Additional progress has been made using protein biomarkers
to monitor colon cancer response to treatment via carcinoembryonic antigen (CEA) or ovarian
cancer via cancer antigen 125 (CA125) (Das and Bast, 2008). In spite of these advances,
widespread use of protein biomarkers remains elusive due to methodological and technological
obstacles.

Early stage detection of cancer frequently requires the use of four or more biomarkers to
identify at-risk individuals with adequate confidence and currently used methods, based on
ELISA, are not easily multiplexed (Harris et al., 2007). Furthermore, in order to diagnose a
cancer in its nascency, physicians recommend regular and frequent screening events—an
arrangement incompatible with the high cost, lengthy turnaround times, and intrusive sampling
procedures of current assay designs. In addition, most of the currently used screening methods
have limits of detection (LODs) near the diagnostic decision values that provide optimal
separation between clinical categories, creating difficulties in accurately evaluating patients in
early stages of neoplastic disease, when biomarker concentrations are only slightly altered
(Bhasin et al., 2008).

To satisfy these unmet clinical needs, integrated microfluidic systems have become an
increasingly attractive alternative to the centralized laboratory paradigm. Although these so-
called “lab-on-a-chip” (LOC) systems have many potential advantages including small sample
size, low cost, and short analysis times, their most significant contribution to disease prevention
lies in their ability to complete multiplexed analyses at the point-of-care (POC). These POC
systems allow clinicians to have early, routine, and frequent access to a wide array of diagnostic
test results, information that is conventionally only available at large oncology-focused
hospitals or via lengthy and expensive reference laboratories. To supplement further the
potential for facile screening events, an increasing number of POC methods have begun using
saliva as a diagnostic medium (Wong, 2008).

Indeed, there is growing evidence that saliva serves as a “mirror of the body” and contains
biomarkers and components of the serum proteome that offer important information on both
oral and systemic disease (Mandel, 1993, Malamud, 2006). Important studies completed by
Wong, Oppenheim, Malamud, Streckfus and others have resulted in critical information related
to the genomic and proteomic profiles that are present in saliva and other glandular secretions
(Hu et al., 2007, Oppenheim et al., 2007). Whole saliva is simple to collect and store and is
obtained easily in sufficient quantities for testing. For patients, the non-invasive collection
method of oral fluid sampling reduces anxiety and discomfort, thereby ameliorating testing
antipathy and promoting more frequent screening events. In addition, as a constantly
regenerated fluid, saliva offers a better ‘physiological snapshot’ and work by Wong and Singh
and others has explored the use of saliva for POC analyses (Herr et al., 2007, Tan et al.,
2008). Despite the obvious advantages offered by saliva, there are also distinct challenges
associated with its use. The saliva sample matrix is more variable and heterogeneous than
serum, and contains high levels of mucins and proteolytic enzymes (Streckfus et al., 2006). In
addition, disease-relevant biomarkers may be expressed at concentrations several orders of
magnitude lower than in serum, although they still reflect nicely the expression profiles of
biomarkers found in blood that are of diagnostic significance (Streckfus et al., 2001). Thus,
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because of the low levels of salivary biomarkers, it sometimes becomes difficult to distinguish
between background and target-specific signal in these low concentration samples.

The use of advanced detection methodologies, such as semiconductor nanoparticle quantum
dot (QD) fluorophores, promises to help overcome some of the challenges inherent to using
saliva in POC devices. These nanoparticles are composed of a CdSe core and ZnS coat followed
by a polymer passivation layer resulting in particles ranging from 5 to 20 nm (Liu et al.,
2008). The long term photostability, strong intensity, and size tunable, narrow emission profile
of QDs, in tandem with their broad UV excitation spectra have made them useful qualitative
and quantitative probes for a number of applications both on the macro and micro size regime.
Despite this work, no universal approach for linking QDs to bioligands for POC cancer
diagnostics/prognostics has emerged, a challenge addressed in Soper’s recent review (Soper
et al., 2006). Although many excellent examples of QDs as qualitative imaging tools exist in
the literature, complete integration of QDs as quantative probes, especially in tandem with
similarly small analyzer platforms has yet to be demonstrated (Resch-Genger et al., 2008).

Contributing towards this effort to develop new systems for early detection of neoplastic
diseases, recent work in our lab developed miniaturized devices that serve as “nano-bio-
chip” (NBC) sensors amenable to analysis at the POC (Ali et al., 2003, Christodoulides et al.,
2007, Weigum et al., 2007). The NBC ensemble employs a size-tunable nano-net within
agarose microspheres, and a fluorescent transduction signal arising from nanoparticles (nano)
to isolate and quantify biological analytes (bio) from complex matrices within a closed,
miniaturized system (chip). Importantly, the performance metrics of these miniaturized sensor
systems correlate well with and, in many cases, out-perform, established gold standard
macroscopic analysis methods, making them ideally suited for the analysis of complex fluids,
such as oral samples.

In this study, we describe the incorporation of QDs as detection elements in the NBC system
for the measurement of three well-characterized cancer biomarkers: CEA, CA125, and Her-2/
Neu (C-erbB-2). These NBC assay systems are explored in their capacity to serve as sensitive
and specific cancer diagnostic tools for use with both serum and saliva samples. Here, the
advantages of QDs relative to gold standard molecular fluorophores, are explored in a POC-
compatible device using a completely integrated system including all optics, mechanical and
microfluidic elements in tandem with clinical samples.

2. MATERIALS AND METHODS
2.1. Immunoreagents

Phosphate buffered saline (PBS) from Thermo Scientific (Waltham, MA) at pH 7.4, used as a
wash buffer and diluent of the protein standards, was prepared fresh daily and filtered with a
0.2 µm membrane filter. To maintain protein stability and reduce non-specific binding, bovine
serum albumin from Sigma Aldrich (St. Louis, MO) (BSA) was added at 1% by weight to PBS.
Detection and capture monoclonal antibody pairs, specific to CEA and CA125, as well as an
isotype control antibody were purchased from Fitzgerald (Concord, MA); Her-2/Neu-specific
antibodies were acquired from R&D Biosystems (Minneapolis, MN). Recombinant CEA,
CA125, and Her-2/Neu antigen were obtained from Biodesign (Saco, MA), Fitzgerald, and
R&D Biosystems, respectively. These proteins were used without further purification and
diluted in PBS/BSA to appropriate concentrations. Nanoparticle QDs with emission maximum
at 565 nm (QD 565) and 655 nm (QD 655) were purchased from Invitrogen (Eugene, OR) as
were reagents for a succinimidyl 4-(N-maleimidomethyl) cyclohexanecarboxylate (SMCC)
facilitated antibody conjugation. Additional QDs were purchased from Evident Technologies
(Troy, NY). Alexa Fluor 488 and reagents for immunolabeling were purchased from Invitrogen
along with purification supplies. Absorbance and fluorescence spectroscopy were performed
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on a SpectraMax Plus and SpectraMax GeminiXS microtiter spectrophotometer, respectively,
both from Molecular Devices (Sunnyvale, CA).

Passivated CdSe/ZnS QDs were linked to antibody by established techniques (Xing et al.,
2007). Briefly, intact IgG molecules were subjected to dithiothreitol (DTT) treatment to cleave
disulfide bonds. Incubation of SMCC-activated QD particles with the reduced antibody
fragments linked them to the surface. The conjugate was purified by size exclusion
chromatography to remove unbound antibody and concentrated with 50 kD cutoff centrifuge
tubes to approximately 1 µM. Monoclonal detection antibodies were labeled with Alexa Fluor
488 via a tetrafluorophenyl activated form of the dye. Please see Supplementary Information
S.1 and S.2 for additional details regarding bead reactor construction and sample processing.

2.2. Data Interpretation
Photomicrographs were captured both before and after detection bioconjugate introduction to
allow for background corrected images. These were saved as 12-bit colorized TIFF files and
analyzed via NIH ImageJ software (Bethesda, MD) with bead fluorescence signal intensity
correlating to the concentration of analyte in the sample. Automated deconvolution macros
converted the image to a grayscale 8-bit image with areas of interest (AOIs) drawn
corresponding to individual beads. The highest pixel intensity of successive line profiles across
the AOIs yielded a mean signal, and beads with signal more than three standard deviations
away from this mean, occasionally caused by either air bubbles or fluorescent bioconjugate
precipitate, were excluded from further pixel analysis. For 8-bit images, these pixel bit depth
values ranged from 0 to 255. Intensity versus concentration calibration curves were constructed
with best-fit regression analysis for determination of unknown sample concentration.

3. RESULTS AND DISCUSSION
A micro-electro-mechanical systems (MEMS) platform with integrated microfluidics elements
and bead containers, prepared from anisotropically etched Si-100 wafers, as described
previously (Goodey et al., 2001), supports the integrated NBC assay investigations. The main
objective of this new study is to characterize the analytical performance of cancer biomarker
assays employing QDs as a detection moiety in the NBC. The QD-based platform includes all
fundamental components of sandwich immunoassay, with the inclusion of agarose beads as
solid phase support. Different clones of monoclonal antibody serve as capture and detection
bodies. Each bead is individually addressable by location of well within the silicon chip and
bead specificity determined by type of antibody covalently bound to bead (Fig. 1a). The beads
are layered within the NBC between precision-cut layers of laminate adhesive designed for
reagent delivery (Fig. 1b). These fluids are delivered through the top inlet of the flow cell
apparatus, allowed to pass through and around the sensitized beads with nonreactive
components passed on to waste through the lower port (Fig. 1c). The NBC is then used in
tandem with benchtop microscope and peristaltic pump. Fluorophore conjugated detection
antibody completes the immunocomplex and yields signal output digitally recorded by CCD
camera. Day to day differences in microscope optics, camera, and excitation source power are
monitored via fluorescent calibration slides and may be accounted for by tuning the light
intensity via condenser optics; however, we have found our optical arrangement to be stable
until approximately 250 hours of bulb lifetime. Thus, the intensity of fluorescence signal,
embedded in a digital photomicrograph, relates directly the amount of antigen originally
present in the sample (Fig. 1d). Please see Supplementary S.3 for additional details of NBC
construction and use.

Jokerst et al. Page 4

Biosens Bioelectron. Author manuscript; available in PMC 2010 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.1 QD Integration into NBC
To use QDs for immunoassay, stabilized nanoparticles are linked to a recognition element, i.e.
antibody, through a variety of covalent and non-covalent strategies with all techniques
emphasizing the importance of retaining QD optical properties and hydrophilicity as well as
recognition moiety specificity (Xing et al., 2007). Characterization of QDs in the transduction
pathway of the integrated NBC employed such figures of merit as background, signal, and non-
specific signal (noise). In typical arrangements, 9 bead replicates, with a concentration of 1.0
mg/mL capture antibody, reported specific signal and 3 beads with an irrelevant, isotype
antibody served as negative reference controls (Fig. 1d). With a 4X objective, the
deconvolution macro resulted in the averaging of 104 successive line scans across each 280
µm bead or a resolution of 2.69 µm/pixel. The mean of the 9 beads was defined as signal (S),
with the non-specific signal emanating from 3 isotype control beads termed noise (N);
background (B) was defined as output from biomarker-specific beads in the absence of antigen.
After determining the most intense commercially available QDs (see Supplementary S.4), non-
specific interactions were examined. First, QDs unbound to antibody, were examined without
antigen present and yielded a S/N ratio of 1.05. When 100 ng/mL of CEA antigen was included
and experiment repeated with bare QD particles, S/N was 0.70. These ratios, in addition to low
signal output (S < 2), for these two experiments indicates that the minimal background and
noise later observed should be attributed to non-specific biological interactions, and not to
aberrant binding of nanoparticle to immobilized antigen or bead scaffold. Next, this
investigation explored the most appropriate method to prepare QD-antibody bioconjugates.

Previously, excellent labeling was observed in the NBC via a secondary antibody strategy in
which QD was thiol bound to secondary F(ab’)2 which was then linked to primary antibody
on the cell surface (Jokerst et al., 2008). This scheme is incompatible with the bead-based
assays, as the secondary antibody binds to the capture as well as detecting molecules. Other
groups report using the avidin/biotin pathway for labeling biological analytes with QDs (Zajac
et al., 2007). Although biotinylated detecting antibody and avidin-coated QDs successfully
reported mid-level antigen values at S > 60, it unfortunately resulted in non-specific noise and
yielded S/N values of 0.82. The poor response observed for this application may be due to the
inability to remove the relatively large unbound QD-avidin-biotin-antibody immunocomplex
from the bead’s nano-net pores. For the CEA assay, this structure consists of a total
immunocomplex length of 74 nm and molecular weight 550 kD. This size is on the order of
the 100 to 300 nm pore diameters typical of 2% agarose gels making these conditions consistent
with the clogging of bead apertures or QD probe trapped non-specifically in bead interior
(Narayanan et al., 2006).

To engineer bioconjugate more compatible with the agarose environment, the protein capture
elements were tailored to a size roughly half the QD diameter, or 7.5 nm. By reducing whole
antibody via DTT and cleaving the disulfide IgG backbone, steric crowding within the bead
was reduced while retaining the analyte recognition portion of the antibody. Preparation of the
QD component of the bioconjugate proceeded via SMCC activation of PEG-carboxy coated
nanoparticles (Pathak et al., 2007). The exposed free sulfhydryls on cleaved IgGs then reduced
onto activated QDs yielding an intense, specific transduction bioconjugate that was stable up
to one year from preparation.

Through titration studies in the NBC using a constant amount of antigen (50 ng/mL) assayed
with a varying amount of detecting antibody (data not shown), 3.7 nM of the QD element of
the detection body (0.47 µg/mL of antibody) was determined to be optimal for labeling
efficiency while keeping background signal to a minimum. As inherently hydrophobic
materials, the tendency of QDs to aggregate at high concentration can be a challenge for use.
Detecting antibody bioconjugates at 3.7 nM in PBS/BSA, in tandem with 0.2 µm nylon
filtration of antibody-QD conjugate immediately prior to introduction into the NBC eliminated
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flocculation. To verify specificity of the QD-antibody bioconjugate and determine B, an
antigen free sample (buffer only), was analyzed. After washing steps, B and N values below
1 resulted. Upon inclusion of the CEA antigen, a signal on the CEA sensitized beads developed
proportional to amount of antigen introduced. For example, at 10 ng/mL antigen, S = 52.85
and S/N = 17.17. Importantly, the S values drop by 97.4% when a Her-2/Neu detecting antibody
replaces the QD-CEA bioconjugate, demonstrating specificity of the reporter probe. Values
for N were 3.1% of S at mid level antigen concentrations, further authenticating immunoassay
specificity; N values remain consistently low across the range of antigen concentrations used
in these experiments. Results of background and isotype-controlled experiments for the Her-2/
Neu and CA125 antigen were similar to those of CEA, with N typically less than 10% of S,
and B values below 2.

3.2 The QD Advantages Relative to Molecular Fluorochromes
The next objective was to compare the performance of QDs to traditional fluorophores. Such
comparisons have challenges including the maintenance of similar excitation energies and
antibody/fluorophore ratios (Resch-Genger et al., 2008). To perform a stringent comparison,
this study utilized Alexa Fluor 488 (AF488) as it is one of the brightest fluorophores available
for contrast versus QD probes; see Supplementary S.4 (Panchuk-Voloshina et al., 1999). To
characterize the exact amount of both antibody and fluorophore in the AF488 and QD
bioconjugate stock, quantitative absorption spectroscopy was employed. First, calibration
curves using the monoclonal detecting antibody were constructed via a Bradford assay. These
curves, in tandem with values for the fluorophore labeled bioconjugate, gave amount of IgG
in the two detecting antibody preparations. Specifically, 5.9 × 10−6 M IgG was present in the
AF488 conjugate and 7.6 × 10−7 M antibody was found for the QD case. To calculate amount
of fluorophore, absorbance measurements were used with the extinction coefficients provided
by fluorophore manufacturers; concentrations of 3.7 × 10−7 M QD and 2.5 × 10−5 M AF were
measured. Since both bioconjugates were extensively purified with size exclusion
chromatography, the fluorophore and IgG concentrations determined here reflected the amount
of labeled detecting antibody. Thus, by taking the ratios of fluorophore and IgG, this specific
batch of QD-antibody conjugate had an antibody to fluorophore ratio of 2:1. Due to the
difference in size between QD (10 nm) and Alexa Fluor (1nm), more than one AF molecule
may be bound to each antibody. Using the ratios of fluorophore to antibody as determined
above, approximately four Alexa Fluor elements attach to each whole IgG antibody.

For comparison purposes, isomolar concentrations of recombinant CEA antigen (100 ng/mL)
was analyzed under identical experimental conditions except for fluorophore on the detecting
antibody. Two aliquots (one QD and one AF) of detecting antibody with isomolar
concentrations of fluorophore in the bioconjugate were prepared (3.7 nM AF488 or 3.7 nM
QD 565) and used to label antigen, and images for both QD (Fig. 2a) and AF488 (Fig. 2b)
recorded. This required a 1:100 dilution of the stock QD bioconjugate and a 0.015:100 dilution
for stock AF488. Due to the larger size of the quantum dot (~15 nm with passivation layer)
relative to the molecular AF dye, a greater number of antibodies may be bound to its surface
(Immunoschematics in Fig. 2a and 2b). This necessitated an additional assay at isomolar
concentration (0.47 µg/mL) of antibody in the AF488 bioconjugate.

Comparison of S values for the three photomicrographs (1 QD-based and 2 AF-based) indicates
values 33.5 times higher for QD versus AF488 at isomolar fluorophore concentration and 6.5
for the isomolar antibody experiment, all at 1 second of exposure time. Similar to QD, AF488
yielded N values less than 10% of S. In addition to whole IgG for AF488 labeling, AF488
bioconjugates consisting of Fab and F(ab’)2 antibody fragments were also explored. These
values were lower by a factor of 1.5 relative to whole IgG. To determine if increase in QD
signal was due to higher excitation energy, interrogation of the excitation optics with power
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meter at 400 and 480 nm, corresponding to the QD and Alexa Fluor optics, respectively,
indicated a QD illumination strength advantage of 1.3. Thus, even when the relative
concentrations of the labels are tracked carefully alongside the excitation powers, there remains
a significant enhancement (25 times more signal isomolar fluorophore) of the QDs relative to
AF488, one of the most robust commercially available fluorochromes.

3.3 Analytical Performance of NBC Assays
The utility of QDs in the NBC was characterized by determining the assay analytical
performance, especially versus ELISA systems, the gold standard protein detection method
since 1971 (Crowther, 1995). The first descriptor explored was assay time, which minimized
four separate assay events: sample introduction, sample wash, detection bioconjugate
incubation, and bioconjugate wash. On the NBC system, sample and bioconjugate incubation
times were empirically determined by systemically reducing them from 30 minutes until the
5.0 ng/mL calibrator dropped below S/N of 10. Times of 5 minutes for sample flow (0.2 mL/
min) and 15 minutes for bioconjugate (0.1 mL/min) were optimal and further reductions
resulted in unacceptable reductions in LOD. For washing, 1 minute of 1.1 mL/min PBS/BSA
rinse eliminates the vast majority of unbound immunocomplex. For very low backgrounds,
however, a two-stage final washing scheme was critical, which used the stringent 1.1 mL/min
flush, followed by a 5 minute, 0.2 mL/min, gentle cleanse cycle. This allowed both diffusion
and convection to remove unbound bioconjugate deep within bead core. The assay detailed
above results in a total analysis time of 27 minutes, versus the 4 – 24 hours needed for
conventional ELISA and calibration slides and standards were again used here to account for
any variance in excitation source intensity or microscope optics.

Next, calibration curves for all three analytes were constructed across a range of concentrations
using recombinant antigen in buffer as well as a negative control, zero calibrator point. To
determine the linear dynamic range, increasing concentrations of analyte across six orders of
magnitude from the limit of detection to the saturation point of the assay gave differing
intensities as detailed in Figure 3a for CEA. Here, it was critical that the linear dynamic range
of the NBC assay overlap with the physiologically relevant range of analyte in biological
samples. Commonly accepted disease diagnostic decision thresholds for the three analytes in
serum are 2.5 ng/mL for CEA (5 ng/mL for smokers), 15 ng/mL Her-2/Neu, and 35 U/mL
CA125 (Baron et al., 2005, Pallud et al., 2005). The three analytes on the NBC system gave
linear dose responses across the range of 0 – 100 ng/mL CEA, 0 – 60 ng/mL Her-2/Neu, and
0 – 400 U/mL CA125. Although all had acceptable performance, CEA was the focus for the
remainder of the quantitative studies and later optimized to give the very sensitive dose curve
seen in Figure 3b. Calibration data above 25 ng/mL was unnecessary for routine analysis,
especially upon sample dilution. Importantly, the sensitivity of the NBC for any of the analytes
could be attenuated in order to have a wider linear dynamic range by decreasing either capture
or detection antibody concentrations. Best-fit line regression analysis for the two methods gives
S = 5.144 [CEA] + 11.86 (R2 = 0.99) with the NBC approach, and S = 0.0562 [CEA] + 0.2071
(R2 = 0.98) for ELISA at 0 – 50 ng/mL, where S, signal, is QD fluorescent intensity as described
above in the NBC or absorbance at 450 nm (substrate λmax) in ELISA. When S is standardized
relative to the highest calibrator, and NBC and ELISA data plotted on the same axis, sensitivity,
as determined by the slope of a best-fit line, is 1.9 times larger with the NBC versus ELISA
(plot not shown). Importantly, across the above range of concentrations, noise, or signal from
isotype control beads is <10% of signal from the analyte-specific beads indicating specific
recognition of antigen and antibody.

Low LODs are critical when analyzing saliva for biomarkers due to lower analyte concentration
versus serum. The use of QDs allows for a high signal output at relatively low concentrations
of detection element to maintain the low background signals critical for excellent LOD
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measurements. The LOD for CEA, defined at 3σ above background, was 0.02 ng/mL in the
NBC, 2.61 ng/mL when the QD-based system was replaced with an AF488 signaling method,
and 1.20 ng/mL in ELISA. For CEA, a glycosolated protein with a molecular weight of 180
kD, the LOD corresponds to 0.11 pM (Mitchell, 1980). Limit of quantitation (LOQ), defined
as 10σ above background, was 0.10 ng/mL CEA. Similarly, low LODs were measured for
Her-2/Neu with results of 0.27, 3.70, and 1.50 ng/mL for NBC-QD, NBC-AF488, and ELISA,
respectively. Importantly, this order of magnitude improvement in LODs via QD detection
compensates for the order of magnitude decrease in concentration of some biomarkers in saliva
and also demonstrates the efficacy of the NBC for detecting trace amounts of biomarkers in
diluted samples (Aps and Martens, 2005).

Reproducibility of the system was evaluated both from an intra-assay and inter-assay approach.
As each analysis contains nine analyte beads, every assay results in a mean concentration with
standard deviation (Fig. 3b). The RSD values are <10%, with lower values found at decreasing
concentrations of analyte. Bead to bead variations are partly due to pressure-driven flow.
Computational fluid dynamic experiments, to homogenize the flow conditions across all bead
local environments, are ongoing. To evaluate precision between assays, one serum sample
(mean value 8.60 ng/mL) was examined 6 times. The %CV was 6.5; variances for ELISA
approach 40% depending upon analyte concentration (Choi et al., 2007). An additional study
of linearity and precision utilized a single high volume, high concentration serum sample
analyzed unadulterated and at five dilutions down to 1:32. Background corrected intensities
were converted to concentration by calibration curve, and multiplied by dilution factors
resulting in the corrected concentration. Fluorescence signal as a function of dilution factor
was linear at R2 = 0.99.

3.4. Analytical Performance of NBC for Clinical Samples
The NBC analytical performance was evaluated in the context of CEA determinations for both
saliva and serum samples. For the initial stages of these clinical proof-of-principle studies,
signal generated by saliva was compared to recombinant CEA antigen. Beads were exposed
to recombinant CEA antigen (50 ng/mL), 1:4 dilutions of saliva in PBS/BSA, saliva (1:4)
spiked with recombinant antigen (to 50 ng/mL), and saliva (1:4) depleted of CEA by
immunoaffinity chromatography. The presence of signal in saliva, signal increase after spiking
with antigen, but most importantly, the 94.84% reduction in signal after CEA depletion, offers
powerful evidence for the validity of this saliva-based assay on the NBC and the authenticity
of CEA-specific signal in saliva (Fig. 4).

For a correlation study, whole saliva (n = 6) was collected from apparently healthy subjects
and these specimens were analyzed with the NBC and ELISA. The methods correlate strongly
with R2 value of 0.94. (Please see Supplementary S.5 for correlation data.) The relatively high
concentration (> 50 ng/mL) of analyte present in saliva is consistent with previous reports and
is reasonable, as CEA is a known epithelial protein (Nagler et al., 2006). In serum (S.5), the
NBC platform also correlates nicely with an automated clinical analyzer (Siemens Centaur)
and yields a R2 value of 0.95 for 24 samples. Although these results correlate nicely, the
absolute values showed differences. These systematic differences are likely due to variations
in the values for standards and/or changes in the specimen concentrations that resulted from
the differences in sample handling at the two sites. Three serum samples of the 24 were above
the 2.5 ng/mL CEA discriminator with the NBC, but below this value via the reference method.
Additional studies using larger samples pools and more detailed diagnostic information are
required to determine the clinical relevance of the NBC. Nevertheless, these proof-of-principle
pilot studies yielded strong correlation results for both serum and saliva analysis using the new
NBC relative to established laboratory-based methods and the low LODs observed, illustrate
the potential to affect positive patient outcomes through saliva-based measurements.
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3.5. Multiplexing Capabilities
The use of numerous cancer biomarkers increases both the sensitivity and specificity of cancer
assays and the NBC demonstrates the capacity for multiplexed tests (Harris et al., 2007). First,
beads in redundancies of three and sensitized to either CEA, Her-2/Neu, and CA125, were
arranged in a 4 × 5 chip along with isotype control beads. All beads produced signal upon
introduction of all three antigens, in buffer, at concentrations near the dose curve maximum,
as well as a 9.2 nM cocktail of all detecting antibodies. When only Her-2/Neu antigen and the
detecting antibody cocktail was introduced, signal from the specific interaction between
immobilized Her-2/Neu antigen and Her-2/Neu detection bioconjugate was S = 20.2 with a
small amount of signal cross talk emanating from the CEA (S = 0.03) and CA125 non-specific
beads (S = 0.97). This experiment was repeated for CEA and CA125 analytes and the strong,
specific signal normalized to a value of unity (Fig. 5). Signal from non-specific beads was less
than 5% of the most intense, specific signal for all three experiments. An analogous series of
assays in which all three antigens at values near the dose curve maximum, i.e. 25 ng/mL for
CEA were introduced concurrently, followed by sequential interrogation by a single detection
antibody (3.7 nM) resulted in non-specific interactions that were less than 5% of the specific
signal. This data demonstrates the utility of the NBC sensor as a highly specific, multiplexed
tool for diagnostic profiles of complex fluids.

To demonstrate the capacity of the NBC system to perform a multiplexed assay within a single
bead, beads functionalized with 1.0 mg/mL CEA or 1.0 mg/mL CA125 specific capture
antibodies (or both antibodies at 1.0 mg/mL) were arrayed on a single chip along with beads
conjugated to isotype control antibody. Both antigens and a cocktail of relevant fluorescently
labeled detection antibodies at (1:100 dilution or 3.7 nM) were introduced into the NBC. Here,
detecting antibody specific to CEA fluoresces green (QD 565), and CA125 antibody is red
(QD 655). Here, as expected, the CA125 sensitized beads fluoresced red, while the CEA
sensitized beads fluoresced green as collected by the appropriate filter cubes specific to each
color (see Supplementary S.3 for optical consideration). As seen in Figure 6, the dual-function
beads, which fluoresced orange after this assay, demonstrate efficient detection of both
captured analytes. For assays at concentrations near the dose curve maximum (25 ng/mL CEA
and 300 U/mL CA125), the S/N values for the dual function and singly selective CA 125 beads
are not significantly different at 1.59 ± 0.25 and 1.79 ± 0.30, respectively. Similarly, S/N values
for single and doubly selective CEA beads are 130 ± 12 and 104 ± 22. Differences between
the two assays systems are due to non-specific binding of detecting antibody.

The CEA-specific signal response achieved by both CEA-sensitized and dual-function beads
is statistically identical across the physiologically interesting region and is independent of
CA125 antigen (0–400 U/mL) presence (Fig. 6b). This is the first demonstration of multianalyte
detection on a single bead with this NBC system type. The additional element of multiplexed
capacity demonstrated here via multiple colors on individual beads, allow an increased number
of independent assay systems to achieve robust measurements in the same miniaturized space.
In addition, as UV light easily excites different color QDs (corresponding to unique analytes),
this novel multiplexing scheme, in tandem with a dual bandpass emission filter and color CCD
detector, would not increase analyzer optical requirements, a design critical for POC systems.

4. CONCLUSIONS
The construction and validation of a microfluidic biosensor incorporating the intensity and
fluorescence attributes of QDs makes important progress toward the completion of a
harmonized nano-bio analysis system. Although some reports have recently demonstrated
quantitative immunoassay of cancer biomarkers such as CEA with QDs via both avidin and
SMCC facilitated bond formation, very few studies have utilized QDs to measure human
specimens versus gold standard methods (Zajac et al., 2007). These prior clinical studies rely
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on QDs in tandem with a chaperon structure such as a latex bead (Klostranec et al., 2007). To
the best of our knowledge, this is the first paper in which QDs provide quantitative cancer
biomarker information using blood or salivary clinical samples. The multiplexed and
programmable NBC system has clinically demonstrated advantages including intense signal,
low LODs necessary for saliva analysis, and short assay times. The potential for “nanotyping”,
or multiplexed profiling of disease fingerprints via QDs, is an exciting application of this class
of fluorophores that is closer to realization after this study (Xing et al., 2007). The integrated,
disposable NBC described herein is highly compatible with the prototype analyzer described
previously that combines optics, battery power, optics, and image analysis into a compact tool
eliminating lab-based infrastructure (Jokerst et al., 2008). Such an arrangement is among the
most integrated use of applied nanomaterials reported to date and expands further the utility
of our compact NBC analyzer for true POC analyses.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) SEM photomicrograph of beads in anisotropically etched silicon chip. (b) Chip (iv) is fitted
between double-sided adhesive layer (ii) and cover slip (i) with laminate layers (iii, v, vi)
included to direct fluid flow through PMMA base (viii) and inlet and outlet ports (vii). (c)
Sealed LOC assembly. (d) Fluorescent image of beads after immunoassay including negative
controls as imaged with one second of CCD camera integration (exposure) time.
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Figure 2.
Immunoschematics employing QDs (a) or Alexa Fluor (b) retain similar characteristics
including agarose bead as underlying support structure for capture antibody immobilization
(i), antigen (ii), and detecting antibody/fluorophore conjugate (iii).
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Figure 3.
CEA dose response curves were constructed by adding recombinant antigen to buffer followed
by analysis with the NBC. a) Logarithmic figure spanning six orders of magnitude
concentration of CEA with sharpest response overlapping physiologically relevant range from
0.1 to 100 ng/mL. Signal is relative to the maximum intensity produced by highest
concentration calibration point and expressed as relative fluorescence units (RFU). b) Linear
and sensitive dose response over region of typical sample concentration.
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Figure 4.
Validation of authentic CEA signal in saliva. Assay results of recombinant antigen at one half
calibration curve maximum (50 ng/mL), saliva at 1:4 dilution, saliva sample spiked with
recombinant antigen, and CEA-depleted saliva indicates that signal in saliva is authentic to
CEA.
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Figure 5.
The NBC multiplexes via the spatial arrangement of beads on the chip. In these experiments,
cross reactivity was evaluated. Beads specific to Her-2/Neu, CEA, and CA125 express both
specific and non-specific signal. Non-authentic output emanating from untargeted beads,
plotted as a percentage of specific signal intensity, shows strong specificity across the assay
systems. Non-specific signal is less than 5% of signal on specific interaction beads.
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Figure 6.
Multiplexing capabilities of the NBC also includes single-bead duplexing in which dually
functionalized beads measure two analytes concurrently (a). Beads sensitized to CEA, CA125,
and both biomarkers are used simultaneously on a single chip. (b) Across the physiologically
relevant range of concentrations no statistical difference is seen in fluorescent signal output
between sole CEA and dual CEA/CA125 beads.
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