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Abstract

Point-of-care (POC) diagnostic platforms have the potential to enable low-cost, large-scale
screening. As no single biomarker is shed by all ovarian cancers, multiplexed biomarker panels
promise improved sensitivity and specificity to address the unmet need for early detection of
ovarian cancer. We have configured the programmable bio-nano-chip (p-BNC) - a multiplexable,
microfluidic, modular platform - to quantify a novel multimarker panel comprising CA125, HE4,
MMP-7 and CA72-4. The p-BNC is a bead-based immunoanalyzer system with a credit-card-sized
footprint that integrates automated sample metering, bubble and debris removal, reagent storage
and waste disposal, permitting POC analysis. Multiplexed p-BNC immunoassays demonstrated
high specificity, low cross-reactivity, low limits of detection suitable for early detection, and a
short analysis time of 43 minutes. Day-to-day variability, a critical factor for longitudinally
monitoring biomarkers, ranged between 5.4-10.5%, well below the biological variation for all
four markers. Biomarker concentrations for 31 late-stage sera correlated well (R2 = 0.71 to 0.93
for various biomarkers) with values obtained on the Luminex® platform. In a 31 patient cohort
encompassing early- and late-stage ovarian cancers along with benign and healthy controls, the
multiplexed p-BNC panel was able to distinguish cases from controls with 68.7% sensitivity at
80% specificity. Utility for longitudinal biomarker monitoring was demonstrated with pre-
diagnostic sera from 2 cases and 4 controls. Taken together, the p-BNC shows strong promise as a
diagnostic tool for large-scale screening that takes advantage of faster results and lower costs
while leveraging possible improvement in sensitivity and specificity from biomarker panels.

Keywords
Ovarian Cancer; Multiplex; Biomarker; Microfluidic; Point-of-Care

Corresponding Author: John T. McDevitt, MS-142, 6100 Main Street, Houston, TX 77005-1892, 713-348-2123 (phone),
{13-348-2302 (fax), mcdevitt@rice.edu.
Equal contributions

Disclosure of Potential Conflicts of Interest
R. Bast receives royalties from Fujirebio Diagnostics, Inc. for discovery of CA125 and is a member of the advisory board for
Vermillion. J. McDevitt serves as the scientific founder for SensoDX, LLC.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shadfan et al. Page 2

Introduction

In 2013, an estimated 22,000 women in the United States were diagnosed with ovarian
cancer and 14,000 women died from the disease (1). While ovarian cancer is not one of the
most common forms of cancer, it has one of the highest case-to-fatality rates, possibly due to
the lack of distinctive symptoms in the early stages of disease (2). Superior surgical
management combined with carboplatin and paclitaxel chemotherapy have improved
treatment, but there is still less than a 30% cure rate overall (3). Significantly, when the
disease is detected in early stage (stage 1), survival rates up to 90% can be achieved (4).
However, only 20-25% of cases are diagnosed at an early stage (5). Additionally, there is no
screening test currently recommended for the general population at average risk. Given the
low prevalence of ovarian cancer in post-menopausal women (1 in 2500), any screening test
for ovarian cancer must maintain a high specificity (99.6%) with a sensitivity >75% for pre-
clinical disease to achieve a positive predictive value (PPV) of 10% (i.e., 10 operations per
case of ovarian cancer detected) (4).

Transvaginal sonography (TVS) has been evaluated for early detection of ovarian cancer,
but its poor specificity prompts 30 operations for each case of ovarian cancer diagnosed
(6,7). The blood biomarker Cancer Antigen 125 (CA125) has been used in clinics for more
than three decades to monitor patient response to treatment and to detect ovarian cancer
recurrence (8). Despite the clear correlation of elevated CA125 levels to the growth of many
ovarian cancers, clinical utility for early detection remains to be established (5,9). A two-
stage screening strategy that utilizes rising CA125 to prompt TVS in a small fraction of
women is being evaluated by the United Kingdom Collaborative trial of Ovarian Cancer
Screening (UKCTOCS) and a Normal Risk Ovarian Cancer Screening Trial in the United
States (10-12). Both trials indicate that no more than three operations will be required to
detect each case of ovarian cancer (11,12). While the specificity is adequate, it remains to be
seen whether adequate sensitivity can be achieved. Early stage disease has been detected in
both trials, but the two-stage screening method’s impact on survival and mortality will not
be determined until the conclusion of UKCTOCS trial in 2015. One potential limitation of
the initial stage of this strategy is that CA125 is only elevated in sera from 50-60% of
women with early stage ovarian cancer at the time of conventional diagnosis and only
around 80% of all ovarian cancers express CA125 at the tissue level (5). To overcome the
limited sensitivity of CA125, several multimarker panels have been proposed that improve
sensitivity compared to CA125 alone (13,14). Improved sensitivity, however, needs to be
maintained without compromising the high specificity of CA125, critical to achieve the
minimum PPV required for early detection. In addition to detecting cancers that fail to
express adequate quantities of CA125, additional biomarkers might detect disease earlier
than CA125, conferring greater lead time (15). From an assessment of 96 biomarkers
utilizing xMAP® bead-based immunoassay technology, several multi-marker panels were
identified for early detection of ovarian cancer (16). The most promising 8 markers of the
study were tested further using ELISA and after evaluating sensitivity, specificity and
biological variability, a combination of CA125, HE4, MMP-7 and CA72-4 was chosen as
the most promising panel with the highest sensitivity and specificity (unpublished data).
Each of these biomarkers has been linked to abnormal function of ovarian cancer cells.
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CA125 has been implicated in cell adhesion (17,18), HE4 in ovarian cancer cell migration
and adhesion (19,20), MMP-7 in degrading extracellular matrix proteins in invasion and
spread of cancer cells (21,22) and CA72-4 in inducing transformation of cells and
tumorigenicity (23).

Multiplexing strategies for protein biomarkers have been created and commercialized with
success. The most widely used method is currently the Luminex® flow cytometric bead-
based system (24). While currently available multiplexing strategies are capable of
analyzing multiple biomarkers concurrently and have been used for biomarker discovery
(16), they require significant laboratory infrastructure and in the case of ovarian cancer-
specific multimarker assays require an overnight incubation. Microfluidic multiplexing
systems have been proposed to overcome these challenges by utilizing the inherent
advantages of lower sample and reagent volume (25). Microfluidic strategies are also
amenable to a point-of-care (POC) format due to their economical use of sample and
reagents, rapid assay times and integration of the systems required for immediate analysis
(26). Electrochemical immunoassay strategies in the microfluidic regime have been applied
to multiplexing ovarian cancer biomarkers and have demonstrated good analytical
performance, but long incubation times (10 hours) preclude the use of this method at the
POC (27). Another proposed POC platform for ovarian cancer is incapable of multiplexing
and suffers from a limited dynamic range despite 1 hour analysis times (28).

Multiplexing biomarkers in a rapid, POC diagnostic test that can quantitate the clinically
relevant range of values has the potential to revolutionize the use of biomarkers in clinical
practice. In the last decade, our laboratory has continued to evolve the programmable bio-
nano-chip (p-BNC) for POC diagnostics (29,30). The programmability of the agarose bead
sensors combined with the customizable array allows for a wide-range of multiplexed panels
for disease detection or overall health classification (31,32). The agarose bead-based
immunoanalyzers are made in-house and incorporated in credit-card sized disposable cards
that integrate multiple on-card processes required for analysis, including waste-containment,
and are designed to interact with an in-house, in-development portable reader containing all
fluid actuation, optics and analysis software to rapidly quantitate protein biomarker levels,
permitting analysis at the POC (33).

A POC diagnostic platform such as the p-BNC that can quantify multiplex biomarker panels
may aid the first-line of screening for ovarian cancer and permit immediate TVS without the
need to schedule a second appointment. Such a strategy may enable rapid and often more
cost-effective means of analysis for large-scale screening methodologies, bypassing the need
to transfer samples to a remote clinical laboratory (34). By decreasing the lag-time between
sample analysis, results, and possible referral to TVS, fewer patient visits will be required,
reducing anxiety, travel time and associated costs. These projected reduced costs have the
potential to improve screening methods such as Risk of Ovarian Cancer Algorithm (ROCA)
by making three month screenings more feasible (35,36).

Similar to ROCA, levels of multiple biomarkers can be monitored over time to account for
permanently elevated readings from unrelated conditions rather than using a strict cut-off
value to indicate risk of disease. A custom baseline for each biomarker is created for
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individual patients rather than using an average, effectively creating a personalized cut-off
range that when breached indicates elevated risk (37). The potential improvement of using
time-point data for all four biomarkers in a single algorithm is still being investigated with
UKCTOCS patient samples at MD Anderson Cancer Center, but proteins other than CA125
may be elevated earlier in certain types of ovarian cancers, demonstrating another advantage
of a multiplexable screening method. While longitudinally monitoring values has shown
promise in helping with early detection, additional attention must be paid to the precision of
the diagnostic system. Here, the assay/system variations must be significantly lower than the
biomarker variations within and between individuals to permit longitudinal monitoring.

In this study, we program the p-BNC for high sensitivity, low cross-reactivity multiplex
analysis of a biomarker panel comprising CA125, HE4, MMP-7 and CA72-4. We explore
the analytical performance of the system and demonstrate clinical application of the
multiplex p-BNC for ovarian cancer sera of various stages along with healthy controls. We
further explore the utility of the multiplexed p-BNC to assess longitudinal pre-clinical sera
of women that develop ovarian cancer.

Materials and Methods

Immunoreagents preparation

All reagents (capture and detection antibodies, antigen) utilized in p-BNC immunoassays
were prepared with SuperBlock (PBS) Blocking Buffer (Thermo Fisher Scientific Inc.,
Waltham, MA) to limit nonspecific binding and enhance reagent stability. To develop
heterologous double determinant immunoassays in the p-BNC format, murine monoclonal
anti-human CA125 (clone M11), anti-human HE4 (clone 2H5) and anti-human CA72-4
(clone CC49) antibodies were utilized to capture CA125, HE4, and CA72-4 respectively.
For detection of captured ligands, anti-CA125 (clone OC125), anti-HE4 (clone 3D8) and
anti-CA72-4 (clone B72.3) murine monoclonal antibodies were employed. Each of these
reagents was generously supplied by Fujirebio Diagnostics, Inc., Malvern, PA. To measure
MMP-7, murine monoclonal anti-MMP-7 (clone 111433) was used to capture the ligand and
goat anti-MMP-7 polyclonal antibody was used for detection. Anti-MMP-7 antibodies were
purchased from R&D Systems, Inc., Minneapolis, MN. Capture antibodies were anchored
on glyoxylated agarose microspheres manufactured in our laboratory using previously
reported reductive amination protocols at a concentration of 320ng per agarose bead sensor
(32). Primary amino groups of detecting antibodies were conjugated to TFP ester moieties of
appropriate fluorophores — AlexaFluor® 488 (for HE4, MMP-7 and CA72-4 antibodies) and
Oregon Green® 488 (for CA125 antibody) to form stable dye-antibody conjugates (Thermo
Fisher Scientific Inc., Waltham, MA). Immunoassay standards for calibration curves were
prepared by generating appropriate dilutions using purified protein antigen stocks for
CA125, HE4 and CAT2-4 (Fujirebio, Diagnostics Inc., Malvern, PA) and EIA antigen
standard for MMP-7 (R&D Systems Inc., Minneapolis, MN).

Programmable bio-nano-chip card fabrication

The p-BNC was constructed with alternate layers of 3M™ 9500PC double-sided adhesive
(3M Company, St. Paul, MN) and 3M™ AF4300 polyethylene terephthalate (3M Company,
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St. Paul, MN), which were patterned xurographically with a SummaCut D75 (Summa Inc.,
Seattle, WA) and a Graphtec FC2250 plotter cutter (Graphtec America, Inc., Irvine, CA),
respectively. The resulting 7-layer card featured a network of microfluidic channels for
sample delivery and metering, detecting antibody reconstitution and delivery, and washing.
Air vents were built into the card using hydrophobic SurePVDF membranes (EMD
Millipore, Billerica, MA) to mitigate bubbles and an 8um Whatman Nuclepore Track-Etch
membrane (GE Healthcare, Fairfield, CT) was used for in-line filtration. Glass fiber
conjugate pads (EMD Millipore, Billerica, MA) cut into 2x15mm rectangles were used to
store detecting antibody in the card and mixers were patterned into the polyethylene
terephthalate layer’s channels with the Graphtec plotter cutter to ensure homogenous mixing
and consistent delivery of fluids across bead array. The 4x5 array, designed with hexagon-
shaped wells to localize individual agarose bead sensors, was cast in an UV-curable
photopolymer (Norland Products Inc., Township, NJ) from a custom machined aluminum
mold. The array was embedded in the card and was sealed with a cyclo olefin polymer
thermoplastic plastic cover (Zeon Corp., Tokyo, Japan) to permit optical access following
functionalization with agarose beads on which the sandwich immunoassays were completed.
Design rationale and engineering optimization that led to the final design will be reported
elsewhere.

Assay execution and image analysis

All assays were performed using the in-house xurography-patterned microfluidic card as
described in the previous section, using NE-1000 syringe pumps (New Era Pump Systems
Inc., Farmingdale, NY) to variably control fluid flow. A volume of 12L of detecting
antibody cocktail containing 0.15pug of CA125, 0.15ug of HEA4, 0.6ug of CA72-4 and
0.015ug of MMP-7 detecting antibodies prepared in SuperBlock (PBS) Blocking Buffer was
deposited onto the glass fiber pad. Agarose beads functionalized with capture antibody
specific to the analyte of interest (CA125, HE4, MMP-7 or CA72-4) were localized to
predetermined wells to permit spatial identification and consequently multiplexing. Four
redundant sensor beads per analyte permitted elimination of agarose beads with visual signal
obstruction and enabled evaluation of within-assay variance. In addition to the bead sensors
for analytes, two negative control beads coupled with 1gGs for irrelevant analytes (IL1-p/
cTnl antibodies) and two positive control beads (goat anti-mouse immunoglobulin G (1gG)
antibodies) were localized to the wells. Following localization of functionalized beads and
corresponding controls, 100uL of sample was loaded into each card through the sample
entry port, which was then sealed using a double-sided adhesive cover. For clinical samples,
50uL of sample was diluted with 50uL of SuperBlock (PBS) Buffer and the subsequent
100uL was loaded into the card for analysis. Two syringes of SuperBlock (PBS) Buffer were
connected to the two main entry ports of the card to supply pressure driven flow inside the
card. By actuating the first pump, the 100uL sample was filtered in-card and passed over and
through the beads for a period of 30 minutes. After a 1-minute rinse at 100uL/min to wash
unbound antigen, the detecting antibody was eluted from the pad and introduced to the bead
array at the rate of 10pL/min with the second syringe. After 7 minutes, a final rinse of
100uL/min for 5 minutes was utilized to wash unbound detecting antibody. The total assay
time was 43 minutes with a total assay volume of 770pL.
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Images were acquired using 10X magnification on a modified Olympus (Tokyo, Japan)
BXFM epifluorescent microscope and analyzed using ImageJ (NIH) with previously
described custom image analysis macros to determine the mean fluorescence intensity along
the perimeter of the bead (38). Optical obstruction of the agarose sensor beads via bubbles
or sample/reagent debris resulted in the rejection of the bead sensor for quantitative analysis.

Calibration curves were generated and fitted to a standard four-parameter logistic regression
with SigmaPlot 12.0 (Systat Software, Inc., San Jose, CA) software. Unknown
concentrations for samples were interpreted from the standard curve utilizing the same
software. Microsoft Excel (Microsoft Corp., Redmond, WA) was used to analyze precision
study data and MedCalc (MedCalc Software, Ostend Belgium) was used to generate receiver
operating characteristics curves (ROC) and box plots for clinical sample concentrations.

Precision study

Human serum-based Liquichek ™ Tumor Marker Controls (Bio-Rad Laboratories, Hercules,
CA) of three different concentrations (low, medium and high range of each analyte) were
assessed on the p-BNC in triplicate over three days to assess within-day and between-day
variation of the multiplexed assay on the p-BNC. CA125 is included in the manufacturer’s
preparation of the controls and corresponding antigen levels of HE4, CA72-4 and MMP-7
were spiked in each of the three levels (concentrations reported in Supplementary
Information Table 1). The intra-assay variation was defined as the variation between
redundant bead sensors in a single assay run, whereas the inter-assay precision was defined
as the coefficient of variation between different runs over separate days. The coefficient of
variation was averaged across the three concentration levels to report the final inter- and
intra-assay precision.

Clinical samples

Plasma and serum samples were collected and stored at —80°C at the MD Anderson Cancer
Center (Houston, TX) gynecologic oncology tumor bank following standard IRB-approved
protocols. Three independent banked sample sets were used in this study, totaling 95 serum
samples from 68 patients. For method validation, sera from 31 advanced stage (111-1V)
patients were assayed. To evaluate the clinical performance of the p-BNC multiplexed
system, sera from healthy individuals (n=7), patients with benign gynecological conditions
(n=8), patients with early-stage ovarian cancer (n=7), and patients with late-stage ovarian
cancer (n=9) were assayed. To test the potential of the p-BNC to assay sequential samples
from the same women, plasma samples were assayed that had been collected at multiple (2—
12) time points from women who had remained healthy (n=4) and who had developed
ovarian cancer (n=2) during the course of the study. Samples were acquired from the MD
Anderson Normal Risk Ovarian Cancer Study (NROS) Study Serum Bank (12). All samples
were thawed at 4°C before use and diluted two-fold in SuperBlock (PBS) Buffer prior to
analysis on the p-BNC. For method validation, sera were measured on custom multiplex
assays for CA125, HE4, MMP-7 and CA72-4 (with CA125 and MMP-7 assays from EMD
Millipore (Billerica, MA) multiplexed with CA72-4 and HE4 assays developed in-house) at
MD Anderson Cancer Center on the Luminex MAGPIX® magnetic bead-based
immunoassay system.
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The p-BNC assay card (Fig. 1) is a lab-on-a-chip platform that features a bead-based sensor
core and a fully integrated microfluidic network that facilitates on-card sample preparation
and metering, reagent storage, mixing, bubble and debris removal, and secure waste
containment. By design, the p-BNC assay card minimizes benchtop sample and reagent
preparation steps and associated laboratory tools and infrastructure, which is critical for
POC analysis. Agarose beads represent the sensor core on which the sandwich
immunoassays occur for quantification of biomarker analytes (Fig. 1B). The supporting
microfluidic environment, coupled with the 3-D structure of the agarose beads permit
optimal analyte capture and detection to achieve low limits of detection and short analysis
times. Further, due to the pre-defined spatial arrangement of the beads on the chip (Fig. 1C),
the p-BNC permits multiplexing of several biomarkers together. Following sample input, the
sample is automatically metered on the card and processed to remove bubbles and debris.
The buffer reagents push the sample to the beads, permitting analyte molecules to be
captured on the immunosensor (antigen delivery) followed by removal of unbound analytes
(wash step). The detecting antibody stored on the glass fiber pad is then eluted by the buffer
and delivered to the beads to complete the immunoassay sandwich and is followed by a
wash step prior to signal capture. All elements of the card, including the footprint were
designed in parallel with a portable optical analyzer to ensure rapid translation of the device
to a fully portable POC assay system.

In this work, we configure a four biomarker panel comprising CA125, HE4, MMP-7 and CA
72-4 to the p-BNC. This biomarker panel has been discovered as an optimal panel in
distinguishing early stage ovarian cancer patients from corresponding controls resulting
from discovery efforts at MD Anderson Cancer Center. As biomarkers are added or

removed the p-BNC system can rapidly be re-configured by replacing, adding or removing
bead-types in the array, and therefore reduce the time from biomarker discovery to endpoint
analysis.

Assay Optimization

To develop POC-suitable assays for the multiplex panel, the assay ranges were defined
based on clinical requirements. An assay suitable for early detection biomarkers in a POC
setting should be capable of measuring the relevant range of biomarkers in a short period of
time. The dynamic range to encompass the early detection and healthy range for individuals
for all four biomarkers were defined based on previous work (16). To function in a POC
setting, a total assay time of no longer than one hour was set as the upper limit to include
sample incubation, detecting antibody delivery and wash steps to remove unbound antigen
and detecting antibody. To measure the four biomarkers on the p-BNC within one hour over
a dynamic range with small volumes of plasma, extensive optimization was required. The
four biomarker assays were developed individually, beginning with the identification of an
optimal matched pair. Based on previous work, an optimal concentration of 320 ng/bead of
capturing antibody was coupled to the beads to permit high sensitivity assays (30). A 30
minute sample (antigen) incubation time was chosen for delivery to permit adequate analyte
capture while maintaining the short assay times required for a POC assay. A 7 minute
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incubation with detecting antibody was chosen to permit sufficient time to complete the
sandwich immunoassay without increasing background. Flow rates were also optimized to
permit proper antigen interaction with the capture antibodies (3.3puL/min), adequate delivery
time and consistent dosing of detecting antibody (10uL/min), and to assure sufficient
washing without dislodging or destroying bead sensors (100uL/min). Detection antibody
optimization involved evaluation of different dilutions from undiluted to a 1:40 dilution.
Higher dye loading of the detecting antibody than recommended by manufacturer’s
protocols (achieved by overnight incubation rather than 1 hour incubation) resulted in
significantly increased signal without a corresponding increase in background noise for
detection antibodies. This strategy increased the number of fluorophore moieties per
antibody and was found to be suitable for CA125 and CA72-4 assays. Higher fluorescent
intensity at a given signal was achieved with AlexaFluor® 488 for HE4, CA72-4 and
MMP-7 antibodies, whereas Oregon Green® 488 outperformed AlexaFluor® 488 for
CAL125. In addition, a 10X magnification significantly improved signal-to-noise ratio (SNR)
over the previously used 4X magnification for the p-BNC, due to the advantage derived
from the higher numerical aperture. Additionally, a background subtraction method was
employed in ImageJ to reduce background noise and further improve the SNR. These
optimization steps were necessary to achieve the performance required for the individual
immunoassays. A combination of these optimization steps resulted in performance suitable
for POC time constraints and early detection assay range.

Analytical performance and validation

Following optimization as described above, the dose-response curves for the resulting
multiplexed immunoassays for each of the four individual markers, fitted to a four-
parameter logistic equation are shown in Fig. 2. Standard curves were generated by serial
dilution of a standard concentration in a multiplex cocktail of the four antigen standards,
encompassing ranges required to cover the biomarker range of interest (healthy women and
patients with early stage ovarian cancers): for CA125 0-400U/mL, HE4 0-200pM, CA72-4
0-50U/mL and MMP-7 0-10ng/mL. The multiplexed limits of detection, evaluated as the
concentration on the 4-parameter logistical equation corresponding to three standard
deviations above zero, for the four markers are shown in Table 1 and displayed in the lower
range of each dose response curve in Supplementary Fig. 1. All four assays are capable of
reliable measurements below the cut-off values established for healthy individuals and
reported in literature: CA125 35U/mL (12), HE4 40-85pM (age-dependent) (39), CA72-4
8.5U/mL (40) and MMP-7 7.4ng/mL (41). Reliable measurements of biomarker
concentrations below cut-off levels are essential for establishing baselines for longitudinal
biomarker monitoring. The intra-assay precision that measures variation between bead-
sensors for a given analyte and the inter-assay precision that measures the variation between
independent assays for a given analyte were evaluated for three different concentrations
encompassing the dynamic range of the assay and were averaged (Table 1). Intra-assay
precision ranged from 5.0% to 9.4%, whereas the inter-assay (conducted on three
consecutive days) precision ranged from 5.4% to 10.5% and demonstrate low assay-specific
variability. Longitudinal algorithms for biomarkers rely on within-person and between-
person biological variation and also the rise in biomarkers levels from the baseline (36). The
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within- and between-assay precision were both well below the biological variation of the
individual markers, determined previously through ELISA (manuscript in preparation).

Cross-reactivity

Arguably the most significant challenge with multiplex immunoassays is the presence of
cross-reactivity between the detecting antibodies and capturing antibodies for the different
analytes. In an ideal multiplexed assay, only the capturing antibody and detecting antibody
specific to the analyte of interest will form an immunoassay sandwich, while interactions
with non-analyte specific antibodies and antigen will be minimal. However, in reality,
several non-ideal interactions are possible between the reagent components of the various
multiplex assays (42) that in turn can lead to decrease or increase in specific signal, which
may impact the analytical performance of the multiplexed immunoassay in comparison to
the singleplex assay. Additionally, cross-reactivity can also occur over the entire dynamic
range, precluding multiplexing of the candidates of interest. In order to minimize cross-
reactivity, all multiplex reagents were chosen with the other three analytes serving as
negative controls. If any signal was observed on the bead-sensors for the non-specific
analyte, other matched pair antibody configurations were explored.

Additionally, while optimizing variables such as flow rates, volumes and detecting antibody
dilutions, all four bead-sensors were used to select assay conditions that minimized cross-
reactivity. To explore the cross-reactivity across the entire range of analyte concentrations,
both the singleplex assays (with the analyte, capturing antibody and detecting antibody of
interest) and multiplex assays (with all four analytes and their corresponding capture and
detecting antibodies) were completed. The calibration curves for the singleplex and
multiplex assays obtained are shown in Fig. 3. The curves obtained from both methods
overlap significantly, demonstrating that the signals measured at a given concentration are
similar for both singleplex and multiple assays. Less than 10% variation was noted between
the singleplex and multiplex dose responses demonstrating negligible cross-reactivity. The
four detecting antibodies were combined on a single reagent pad during all multiplexed
assays, demonstrating initial compatibility for long-term, in-card storage. Notably, the LODs
observed post-multiplexing were comparable to the individual assay LODs, demonstrating
that the assay performance was retained upon multiplexing. Thus, reliable measurements
may be obtained upon multiplexing without loss of assay performance and with comparable
signal intensities and minimal cross-reactivity.

Clinical validation

To compare the clinical measurements obtained on the multiplexed p-BNC to laboratory
standard multiplex measurements on the Luminex MAGPIX® instrument, we measured sera
obtained from 31 late-stage ovarian cancer patients using both methodologies. The method
comparison plot (Fig. 4 and Supplementary Fig. 2) shows the concentrations obtained from
both methods for a given sample, plotted against each other. The correlation coefficient
obtained for all four biomarkers ranged from 0.71 to 0.93, demonstrating good correlation
between the two methods.
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Following method validation, we chose to explore the ability of the multiplexed biomarker
panel assessed on the p-BNC to distinguish ovarian cancer patients from patients with non-
malignant gynecological conditions and from healthy women. For this purpose, we assayed
31 sera from: 7 healthy women, 8 patients with benign gynecological conditions, 7 patients
with early-stage ovarian cancer and 9 patients with late-stage ovarian cancer. The results
obtained are shown as dot plots in Fig. 5, displaying the concentrations of individual
biomarkers in cases and controls along with suggested cut-off levels for the given cohort of
samples. The specificity and sensitivity derived from utilizing these cut-offs are indicated
beside the dot plots. The multiplexed concentrations obtained on the p-BNC are capable of
distinguishing between cases and controls. Also, the cut-off concentrations for these
individual biomarkers obtained on the p-BNC are comparable with previously reported
values for these markers (12, 39-41). In addition, the specificities and sensitivities reported
for the individual biomarkers for ovarian cancer are concordant with values reported in the
literature. The values of all four biomarkers were combined utilizing a logistic regression
model utilizing the MedCalc statistical software and the ROC curves for the multi-marker
combination and the individual biomarkers are shown in Fig. 6. The multi-marker
combination shows improved performance over individual biomarkers alone, performing
with a sensitivity of 68.7% at 80.0% specificity, demonstrating the improved sensitivity
from using multi-marker panels.

To explore the ability of the p-BNC to perform serial measurements of biomarkers over
time, we chose a cohort of six individuals whose sera were collected annually over multiple
years. Of these six women, two developed ovarian cancer during the study period while the
other four did not develop cancer and were hence deemed healthy. The biomarker profiles of
these individuals as obtained on the p-BNC are shown in Fig. 7. For each of these individual
biomarkers, the healthy individuals have their own baseline that remained flat during the
course of the study. In one of the two cases, the biomarker concentrations rose sharply in
comparison to the horizontal plots for the controls. In case 2 (isolated in Fig. 3 of
Supplementary Information), CA125 levels did not increase substantially while the other
three biomarkers rose prior to diagnosis, demonstrating the importance of additional
biomarker information.

While it is premature to determine clinical utility with the small sample cohort assessed, the
study nonetheless demonstrates the ability of the p-BNC to reliably measure biomarkers to
distinguish disease states based on a multiplex panel and also shows strong promise for
serial measurements of longitudinal biomarkers. The four-biomarker panel is being validated
with Luminex® in 88 cases and 538 controls from the UKCTOCS trial and will be reported
elsewhere.

Discussion

POC diagnostic platforms have the potential to transform clinical diagnostics by
significantly reducing the turn-around time between sample analysis and biomarker results
that can be interpreted by the clinician. Microfluidic-based POC systems are inherently
associated with low sample volumes and analysis times and in the case of a system such as
the p-BNC, also permit multiplexing. Unlike traditional ELISAs, where only one biomarker
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may be assessed, multiplexing offers additional advantages of assessing multiple biomarkers
simultaneously, thus reducing required sample volumes and analysis times and allowing
incorporation of multimarker signatures. Particularly, in the case of ovarian cancer
detection, this additional biomarker information has the potential to improve sensitivity
while maintaining specificity. Previously we adapted the p-BNC for measurements of
CAL125 in sera with analytical performance comparable to ELISAs, but with a shortened
analysis time of 43 minutes (30). In this work, we reduced the sample volume 10-fold and
incorporated additional biomarkers from a novel ovarian cancer multimarker panel on the p-
BNC to permit multiplexing. This multimarker panel, including CA125, HE4, MMP-7 and
CAT72-4, was chosen based on sensitivity and specificity values, which will be published
elsewhere after completion of validation. The p-BNC leverages the microfluidic regime to
reduce assay time and cost while enabling multiplexing and providing a path for a POC
ovarian cancer screening test.

Analytical performance of the multiplexed assay on the p-BNC demonstrated the ability of
the platform to measure a wide range of concentrations of CA125, HE4, MMP-7 and
CAT72-4 (Fig. 2), including values found in most healthy patient samples. Cross-reactivity
between the four assays was found to be minimal, assuring comparable performance
between the singleplex and multiplex assays for the individual analytes (Fig. 3). Method
validation using a cohort of late-stage ovarian cancer patients showed good correlation for
all four markers (R? > 0.71, Fig. 4) with flow-cytometric bead-based immunoassay system
(Luminex®), the current research laboratory standard for multiplex immunoassays.
Additionally, a pilot study cohort of healthy, benign, early-stage and late-stage patients
assessed on the p-BNC demonstrated the ability of the p-BNC to differentiate cases from
controls with acceptable specificity and sensitivity. All patient samples required only 50uL
of sample per assay or 12.51L per analyte.

The longitudinal monitoring of biomarkers could significantly improve diagnostic
performance of biomarkers by creating personalized baselines rather than utilizing arbitrary
cut-offs that could result in higher false positive rates (43). The cost- and time-reduction of
POC tests could benefit a longitudinal monitoring strategy such as ROCA by reducing two
patient visits (sample collection and TVS referral) to one and therefore make three month
screenings more feasible for patients with rising levels of biomarkers. This strategy can also
be applied to high risk patients with familial history of ovarian or breast cancer or with
predisposing mutations such as BRCA1/2, demonstrated to need more frequent screenings in
the United Kingdom Familial Ovarian Cancer Screening Study (44). The ability to process
the patient sample and obtain clinically interpretable results within a single visit will permit
TVS on the same visit, avoiding anxiety and additional travel time. A POC test used for
longitudinal monitoring requires analytical precision (within- and between-assay) that is
much lower than the biological variation of patient samples. Indeed, the p-BNC precision
study demonstrated lower analytical %CVs in comparison to the biological variation in
healthy individuals for each of these biomarkers. In addition, assessment of longitudinal sera
from 2 ovarian cancer patients and 4 healthy controls demonstrated the use of the p-BNC for
longitudinal monitoring. Clearly, all four individual biomarkers showed flat baselines in
healthy patients and elevated significantly following a period of flat levels in one of the two
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cases. In the second case with low CA125, additional biomarkers rose indicating the
potential of biomarker complementarity permitted by use of a multimarker panel.

The panel used in this manuscript has shown initial promise in early detection of ovarian
cancer, but, importantly, the programmability of the p-BNC facilitates replacing, adding or
removing biomarkers if better combinations emerge from clinical trials, which is crucial in
the diagnosis of such a complex disease as ovarian cancer, where the depth of knowledge of
the field is constantly expanding. Other classes of biomarkers such as autoantibodies,
nucleic acids or cells may also be assessed on the p-BNC (33), thus permitting the p-BNC to
rapidly adapt to the most promising discoveries in the field.

Parallel developments are underway to finalize a portable optical instrument that will fully
mobilize the p-BNC assay card and enable analysis at the POC. The portable analyzer will
replace the bench-top epifluorescent microscope, syringe pumps, and desktop computer used
in this study. Further, progress has been made to translate the p-BNC assay card into a more
cost-effective injection-molded format, following best practices in design for manufacturing.
The availability of injection-molded disposables in this area has potential to accelerate the
translation of the assay system to real world application. Additionally, the consistency
resulting from mass manufacturing of injection-molded cards should serve to lower
imprecision compared to the in-house made cards used in this study. The assay conditions
derived in this work have served in developing the technical specifications for these
advancements of the system.

In this study, a POC-amenable microfluidic platform was adapted for rapid analysis of a
multiplex biomarker panel with low detection limits and high precision with analysis times
shorter than comparable commercial methods. With a short analysis time and inclusion of
novel markers for early ovarian cancer detection, this platform shows strong promise as a
potential POC screening method for ovarian cancer, where patients could receive results
promptly enough to be referred to TVS in the same visit. Reduced costs and easier
accessibility to results could also assist in longitudinally monitoring biomarker values over
time, which has shown some promise in helping detect early-stage ovarian cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ilustration of [A] disposable p-BNC card with [i] syringe pump flow adapters, [ii] sample

entry port and [iii] bead array holder. The [iv] sample loop contains an [v] overflow
chamber, ensuring a 100pL dose of sample for each card. The right pump adapter flows
buffer into the sample channel, displacing the sample into the bead-holding chip and through
the beads into the [vi] waste. The second pump elutes stored detecting antibody off the [vii]
glass fiber pad and into the chip. The flow rate of the second pump is increased to remove
the unbound reagents and to perform the final rinse for imaging. All fluid pumped into the
card passes through [viii] bubble traps to remove bubbles and an 8uM filter to prevent debris
from reaching the bead sensors. A molecular schematic of the agarose bead is shown in [B],
demonstrating a completed sandwich immunoassay. [C] shows a zoomed-in illustration of
the bead array holder with different colors indicating different bead sensor types permitting
multiplexing based on spatial identification.
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Figure 2.

Calibration curves showing variation of mean fluorescent intensity (MFI) across
concentration ranges tested for [A] CA125, [B] HE4, [C] MMP-7 and [D] CA72-4 obtained
on the p-BNC in a multiplexed format and fitted to a four-parameter logistic regression
curve. The error bars indicate intra-assay variation measurement between analyte-specific
beads. The calibration curves indicate suitability for measurement for low concentrations of
biomarkers found in healthy and early disease states with low intra-assay variation across
the entire range of measured concentrations. Plots of the lower range of each biomarker dose
curve with a linear fit are included in Fig. 1 of Supplementary Information.
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Figure 3.
Calibration curves obtained for [A] CA125, [B] HE4, [C] MMP-7 and [D] CA72-4in a

singleplex (black circles) and multiplex (white circles) format. Akin to ELISA, the
singleplex experiments only employed the antigen of interest and the corresponding
antibody for the sandwich immunoassay, whereas the multiplex experiments assayed a
cocktail of all four antigens with a cocktail of all four detection antibodies. The multiplex
assays for each of the four analytes are superimposable with the individual singleplex assays
demonstrating negligible cross-reactivity from the introduction of other reagents due to
multiplexing. Representative images (contrast enhanced) of a singleplex assay [E] and a
multiplex assay [F], where the singleplex demonstrates specific signal for the analyte of
interest (CA125) and the multiplex demonstrates specific signals for a cocktail of analytes.
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Figure 4.
Correlation between the concentrations obtained on the p-BNC multiplex assays and

Luminex MagPix® multiplex assays for [A] CA125, [B] HE4, [C] MMP-7 and [D] CA72-4
for measurements in the 31 advanced-stage ovarian cancer sera. Plots demonstrate good
correlation between the two methods. Plots omitting higher value points and focusing on the
lower range of values is included in Fig. 2 of Supplementary Information.
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Dot plots of [A] CA125, [B] HE4, [C] MMP-7 and [D] CA72-4 measured from a set of
clinical samples containing healthy and benign patients (controls, n=15) and early-stage and
late-stage ovarian cancer patients (cases, n=16). Cut-off levels for each biomarker were
determined in MedCalc by achieving highest sensitivity (including as many cases above cut-
off as possible) without sacrificing significant specificity (including as many controls below
cut-off as possible) and are shown by the horizontal line in each plot demonstrating the
clinical performance of the p-BNC to distinguish between various disease states.
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Figure 6.
Receiver operating characteristic (ROC) curves for CA125, HE4, MMP-7, CA72-4 and a

combination of the four using a logistic regression model. ROC curves were determined
from a clinical sample cohort of 31 patients comprising healthy, benign, early-stage and late-
stage ovarian cancer patients. Areas under the curve were 0.77 (CA125), 0.70 (HE4), 0.55
(MMP-7), 0.71 (CA72-4) and 0.88 (combined) indicating that the multiplex panel out-
performed the individual markers as assessed on the p-BNC.
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2 4 6 8

Time Point

1

Longitudinal plasma from six women with multiple time-points of sample collection for
each patient were measured on the p-BNC and values for [A] CA125, [B] HE4, [C] MMP-7
and [D] CA72-4 are shown over time. Two women (case 1 and 2) developed ovarian cancer
and four other women (controls 1-4) did not. The longitudinal profiles show rise in
biomarker concentrations for cases in comparison to flat profiles for controls. The time point

in years of each measurement is listed in Supplementary Table 2.
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Multiplexed limits of detection (LOD) and intra- and inter-assay precision values for CA125, HE4, MMP-7

and CA72-4

Biomarker

Multiplex LOD Inter-assay Precision

Intra-assay Precision

CA125
HE4
MMP-7
CAT72-4

1.8 U/mL 10.5%

2.3pM 5.4%
0.2 ng/mL 8.5%
1.7 U/mL 8.3%

9.4%
5.0%
8.7%
9.1%
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