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Oral cancer is the sixth most common cancer worldwide and has been marked by high morbidity and poor survival
rates that have changed little over the past few decades. Beyond prevention, early detection is the most crucial
determinant for successful treatment and survival of cancer. Yet current methodologies for cancer diagnosis based
upon pathological examination alone are insufficient for detecting early tumor progression and molecular
transformation. To address this clinical need, we have developed a cell-based sensor to detect oral cancer biomarkers,
such as the epidermal growth factor receptor (EGFR) whose over-expression is associated with early oral
tumorigenesis and aggressive cancer phenotypes. The lab-on-a-chip (LOC) sensor utilizes an embedded track-etched
membrane, which functions as a micro-sieve, to capture and enrich cells from complex biological fluids or biopsy
suspensions. Once captured, “on-membrane”

immunofluorescent assays reveal the presence and isotype of interrogated cells via automated microscopy and
fluorescent image analysis. Using the LOC sensor system, with integrated capture and staining technique, EGFR
assays were completed in less than 10 minutes with staining intensity, homogeneity, and cellular localization patterns
comparable to conventional labeling methods. Further examination of EGFR expression in three oral cancer cell lines
revealed a significant increase (p

< 0.05) above control cells with EGFR expression similar to normal squamous epithelium. Results obtained in the

microfluidic sensor system correlated well with flow cytometry (r? = 0.98), the “gold standard” in quantitative
protein expression analysis. In addition, the LOC sensor detected significant differences between two of the oral
cancer cell lines (p < 0.01), accounting for disparity of approximately 34 000 EGFR per cell according to quantitative
flow cytometry. Taken together, these results support the LOC sensor system as a suitable platform for rapid
detection of oral cancer biomarkers and characterization of EGFR over-expression in oral malignancies. Application
of this technique may be clinically useful in cancer diagnostics for early detection, prognostic evaluation, and
therapeutic selection. Having demonstrated the functionality of this integrated microfluidic sensor system, further
studies using clinical samples from oral cancer patients are now warranted.

Introduction

Oral cancer accounts for 3-5% of all cancers in the United States with an estimated 31 000 new cases and 8000

deaths in 2006 alone.X Worldwide the problem is more pronounced afflicting over 350 000 people per year,
particularly in Europe and developing countries where high incidence rates reflect the prevalence of risk factors such
as tobacco and alcohol use.2

Despite the recent advances in surgical procedures and treatment, the prognosis for patients with oral cancer remains
poor, with a 5-year survival rate at approximately 50% which is among the lowest for all major cancers.t This high
mortality is often attributed to the advanced tumor stage of many oral cancers upon initial identification and biopsy
underscoring the need for new testing methods designed to detect early tumor progression and malignant
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transformation.

Over 90% of oral cancers are oral squamous cell carcinomas (OSCC) originating from pre-malignant lesions in
the mucosal epithelium.2 Pathologically, OSCC progression occurs via a series of histologically distinct stages from
hyperplasia through ascending degrees of dysplasia and carcinoma in situ prior to the development of invasive SCC.4
Current detection methods rely upon physical examination followed by surgical biopsy for histopathological
diagnosis and staging. Unfortunately, histologic grading in malignant and pre-malignant oral lesions is plagued by
high inter-observer variability and provides little prognostic value in identifying lesions with a high-risk of malignant
transformation or recurrence.2
Several adjunctive techniques currently available may serve to aid visual examination including acetowhite
assessment by chemiluminescence,® vital tissue staining with toluidine blue,”=2 in vivo optical spectroscopy, 1%
exfoliated cytology using OralCDx brush biopsy (OralScan Laboratories Inc., Suffern, NY).22-14

However, recent advances in our understanding of the molecular progression of OSCC has revealed underlying
genetic, epi-genetic, and metabolic alterations which disrupt cellular protein expression and function resulting in the
appearance of abnormal histological phenotypes.4
These changes that occur exclusively or preferentially in cancerous cells often provide insight into the presence
and/or progress of disease thereby serving as molecular (DNA, RNA, or protein) markers, also known as
biomarkers.2
Many cancer related biomarkers have been identified in tumor tissue as well as the extracellular fluids that drain from
the organ affected by the tumor such as blood, urine, or saliva. As a non-invasive diagnostic medium, saliva has
recently gained much attention for detection of oral and systemic diseases including breast, ovarian, and oral
cancer.£6=2L
Particularly in the case of oral cancer, saliva presents an ideal fluid for biomarker identification due to the close
proximity to the primary tumor site, availability of exfoliated cytology samples, and accessibility to the oral cavity.

The OSCC biomarkers identified with potential diagnostic, prognostic, or therapeutic value include cyclins
involved in cell cycle regulation; growth factors and their receptors; matrix metalloproteinases (MMPS) involved in
cell attachment and migration; angiogenic factors; inflammatory mediators; and apoptotic signaling molecules. Given
that molecular changes in these key cellular processes occur prior to the histological changes associated with the
clinical appearance of cancer, diagnostic tools for biomarker characterization in OSCC offer new opportunities for
cancer detection at an early stage where treatment is most effective and the 5-year survival rate is over 80%.%

A variety of biomarker approaches identifying Ioss of heterozygosity or microsatellite instability, 22 DNA
aneuploidy, 2224 DNA-promoter hypermethylation,2 altered protein expression,2® and molecular-specific changes in
tissue spectroscopy2’=22
have demonstrated significant value in detecting OSCC. Of particular interest is the recent application of
high-throughput genomics and proteomics for cancer detection which have identified distinct profiles in tumor tissue
and bodily fluids which can differentiate various stages of malignancy, 223931 metastasis,22:32 and chemotherapeutic
resistance.3
Yet despite the progressive increase in the number of biomarkers identified, few have successfully been translated
into clinical practice. Often the cost and complexity of biomarker assays and their format present significant
obstacles in the transfer from research laboratories to clinical settings.2

Previously, we have described bead- and membrane-based lab-on-a-chip (LOC) sensor platforms containing
microfluidic structures that support genomic, proteomic, and cellular analysis applications.2¢=%2 The membrane-based
microdevice, designed for whole-cell examination, has demonstrated significant utility in detecting bacteria and toxic
spores for bioterrorism screening, as well as enumerating CD4"* lymphocytes in HIV patients for immune function
monitoring.#2:42
In the current study, we present development of a cell-based protein biomarker assay for epidermal growth factor
receptor (EGFR) toward establishment of a LOC sensor for early detection of OSCC. The well-characterized EGFR
biomarker was selected as a proof of principle biomarker due to its over-expression in up to 90% of all OSCC
patients and association with early tumorigenesis.*3:44
Further, EGFR has demonstrated significant value as a prognostic indicator and target of molecular therapeutics.*™>=
In fact, the EGFR-targeted monoclonal antibody cetuximab (Erbitux, ImClone Systems Inc., New York, NY) is the
first new drug to receive FDA approval for treatment of OSCC in over 45 years,* yet challenges remain to identify
patients who may benefit most from this targeted therapy. Thus, EGFR biomarker detection in OSCC may fill
multiple roles in cancer diagnostics, not only for early detection but at the time of diagnosis for prognostic evaluation

10,11 and
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and treatment selection. Ultimately, this research program aims to impact human healthcare by providing a rapid,
cost-effective molecular diagnostic tool for early detection, assessment of risk, and prediction of therapeutic response
in OSCC tumors which may improve patient prognosis and survival.

Materials and methods

Sensor design and instrumentation

The cell-based LOC sensor is a multi-layered structure built upon a 22 x 30 x 8.6 mm poly(methyl methacrylate)
(PMMA) base containing a 1 mm diameter, round fluid inlet and outlet port (Fig. 1(a)). A polycarbonate track-etched
membrane, or screen filter, with 0.4 um pores (Isopore™ Millipore, Billerica, MA) (Fig. 1(c)) and underlying
support were embedded within the base, sealed with laminate adhesives containing a precision cut fluid delivery

channel and topped with a glass coverslip. Laminate cut-out structures were created using SolidWorks® 3D CAD
software and cut at 25 pum resolution using a SummaCut D-60 vinyl plotter cutter. Dimensions of the fluidic channel
are 1 mm wide by 125 um high by 8.2 mm long generating a channel volume of 1.1 ul. The circular membrane
capture area and imaging window is 5 mm in diameter by 200 um high resulting in a reaction volume of 3.9 ul above
the membrane surface. Fluid and sample delivery was facilitated by a peristaltic pump with 6-port injection valve at
flow rates between 250 pl min™-725 pl min™t. Cells retained on the surface of the membrane using this
straightforward filtration mechanism were analyzed for protein and/or nucleic acids using assay-specific fluorescent
labeling techniques as described below. Efficiency of membrane capture is dependent upon the ratio of particle size,
or in this instance cell size (typically 10 um), to membrane pore size (0.4 um). According to the manufacturer,
greater than 99% capture efficiency is obtained for particles exceeding the membrane pore size of 0.4 um.

(a) (b)

Cell inlet —*—i-mmr-r— Waste
_ _— outlet
Coverslip —* | -

Adhesives

Membrane and
support

PMMA —_—
base

Fig. 1 Structure of membrane-based LOC sensor. (a)
Schematic diagram of layered LOC device with
embedded track-etched membrane designed for cellular
capture, imaging and analysis. (b) Cross-section view
shows continuous fluid flow path supporting cell capture
and delivery of reagents for “on-membrane” assays. (c)
SEM micrograph of a LOC sensor 0.4 um track-etched
membrane section before (left) and after (right) cell
capture.

Digital micrographs were obtained in an (X, Y) membrane scan using a 20x (0.4 NA) or 10x (0.3 NA) objective,
on an automated Olympus BX-61 modified epifluorescent microscope with motorized X, Y, Z stage (Prior, Rockland,
MA), and 12-bit monochrome CCD camera (Q-Imaging, British Columbia) controlled via Simple PCI software
(Compix Inc., Sewickley, PA).

Automated image analysis was performed using ImageJ= open-source software with custom written macros for
quantitative intensity standardization and cell contouring to identify and define the boundaries of individual cells for
measurement. As field illumination with Hg light sources is often non-uniform, the field uniformity was measured
using FITC/GFP Fluor-Ref reference slide (Microscopy Education, Allen, TX) with homogeneous intensity.

J48
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Typically the variation in field uniformity was 5.5% (mean intensity 145.4 + 8.34) with the brightest intensity located
at the center of the field and slightly dimmer at the edges. Thus, all fluorescent images were shade corrected to

eliminate these variations according to Varga et al.%2 using the equation:
Iy = Ixy Wmean/Wx,y

where I’ and | are the corrected image and the original image respectively; W is the bright (or white) reference image
and x,y

denotes the pixel location in each image. Relevant objects in each field were then identified using a basic screen
according to size and intensity to generate individual 8-bit single-object images. Next, auto-segmentation with an
Otsu thresholding algorithm was performed to define the intensity contour and area-of-interest (AOI) of each object
followed by local background subtraction and watershed algorithms to separate touching objects. Measurement
parameters included AOI area, perimeter, circularity, minimum and maximum intensity, mean, standard deviation,
mode, and integrated intensity. For statistical analysis, data was exported to Microsoft® EXCEL with Analyse-It®
(Analyse-It Software Ltd., Leeds, UK) software and SigmaPlot 9.0 (Systat Software Inc., San Jose, CA) for graphical
representation.

In vitro cell culture

Three human oral tumor-derived cell lines were utilized in this study including A253 adenocarcinoma from the
submaxillary saliva gland, obtained from the American Type Culture Collection (ATCC); SqCC/Y1 from the bucal
mucosa; and UMSCC-22A from the hypopharynx, both squamous cell carcinomas generously provided by Dr
Rebecca Richards-Kortum at Rice University. Cells were maintained in recommended culture media (McCoy's 5A,
DMEM-F12, and EMEM respectively) containing 2 mM L-glutamine, 10% fetal bovine serum and 50 pg mL™*
penicillin/streptomycin at 37 °C with 5% CO

in a humidified environment. Two breast adenocarcinoma cell lines, MDA-MB-468 and MDA-MB-435S (ATCC),
were maintained in Leibovitz's L-15 media, supplemented as above, at 37 °C under atmospheric conditions. All cells
were seeded at 0.5-1 x 10%cells cm™ in T-75 flasks and allowed to grow for 3-5 days until cells reached ~80%
confluency. Adherent cells were harvested using 0.25% Trypsin/EDTA solution, washed twice in 3 mL PBS by
centrifugation at 150 g for 5 minutes and fixed in 1 mL Histochoice ™ MB fixative (Electron Microscopy Sciences,
Hatfield, PA) for 20 minutes at room temperature then stored at 4 °C for up to two weeks.

Flow cytometry and pre-labeling EGFR protocol

EGFR labeling was performed using an indirect flow cytometry protocol for cell surface antigens as previously
described by Hsu et al.22 Briefly, 1-2 x 10° cells were incubated in anti-EGFR mouse monoclonal antibody (10 ug
mi~!

in PBS with 0.1% BSA, NeoMarkers, Freemont, CA) for 1 h at room temperature followed by goat anti-mouse 1gG
F(ab’), conjugated to AlexaFluor®488 (20 ug ml™

in PBSA, Molecular Probes, Eugene, OR) for 45 minutes. Intermediate washing was carried out twice in 2 mL PBSA
by centrifugation at 150 x g

for 5 minutes. Negative controls replaced anti-EGFR with an irrelevant antibody of the same isotype (10 pg mI~
Mouse 1gG1

in PBSA, Sigma, St. Louis, MO). Optimal primary and secondary antibody concentrations for use in flow cytometry
and LOC assays were determined by titration (data not shown). All labeled cell samples were analyzed on a Beckman
Coulter FC500 flow cytometer or delivered directly to the LOC sensor serving as *pre-labeled™ samples for
comparison of immunoassay techniques.

Assay development in LOC sensor

In order to determine the optimal assay parameters for “on-membrane™ labeling within the LOC sensor, an intensity
curve was generated using A253 cells incubated for various time periods (0.2-2 minutes) in primary and secondary
antibodies with a 2 minute intermediate buffer wash. Incubation time was manipulated by increasing the antibody
sample loop size from 50-500 ul while maintaining a constant flow rate of 250 pl min~ to avoid introducing
variations in flow dynamics within the microfluidic channels and membrane chamber. Mean EGFR intensity was
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expressed as a percentage of the intensity obtained from pre-labeled A253 cells imaged and analyzed in LOC sensor
under the same conditions. All assays were performed in triplicate with matched isotype controls.

In order to ensure homogeneous labeling across the membrane surface, the sample distribution and variation in
integrated intensity of bead standards labeled in LOC sensor versus those pre-labeled in the centrifuge tube was
examined. Bead standards were obtained from QIFI quantitative flow cytometry kit (see below) set solution. Data
acquisition and analysis was performed as described using a 10x objective with a 4 x 4 raster pattern scan of 11.4
mm?
of the membrane surface area. Events were gated according to AOI area and max pixel intensity followed by
single-parameter histogram analysis of log-transformed integrated intensity values to obtain the geometric mean and
coefficient of variation (CV) of each population.

EGFR in tumor cell lines

Capacity of the LOC sensor to detect EGFR over-expression was examined in oral tumor cell lines using the
membrane-based sensor immunoassay protocol above. The MDA-MB-486 cells known to over-express EGFR at

approximately 1 x 10° receptors cell~* 39:5
served as a positive immunolabeling control while MDA-MB-435S cells which express no or low levels of EGFR

served as a negative control 252
Data acquisition and analysis was performed as described using a 20x objective with a 5 x 10 scan pattern covering

9.12 mm?

membrane area. Integrated intensity data was not normally distributed; therefore, log transformation was applied to
data prior to statistical analysis and presented in original scale for convenience. Mean integrated intensity values of
triplicate biomarker assays were reported and 1-way pairwise ANOVA performed to determine statistically
significant (p < 0.05) differences among cell populations. Parallel cell samples were labeled and analyzed via
standard flow cytometry. Correlation of mean fluorescent intensity (MFI) obtained from flow cytometry and LOC
sensor (calculated as the mean of all integrated intensity values for a single cell population in LOC data) was
assessed using linear regression with 95% confidence interval.

Quantitative flow cytometry

Quantitative flow cytometry using QIFIKIT®
(Dako Cytomation, Denmark) was performed on all cell lines to determine how many receptors per cell were being

labeled. The QIFIKIT®

consists of a series of bead standards with defined amounts of anti-CD5 monoclonal antibody immaobilized on the
surface to mimic cells labeled with primary antibody to surface antigens. Binding of fluorescently labeled secondary
antibodies generated an intensity calibration curve from which the number of receptors per cell were interpolated.
Bead standards and cell samples were labeled in parallel under the same conditions according to the flow cytometry
protocol above. Data acquisition and analysis, including linear regression of the calibration curve and calculation of
antigen density, was completed according to the manufacturer's instructions.

Results

Membrane cell capture

The LOC sensor utilized an embedded size-selective membrane, functioning as a microsieve, to capture and screen
epithelial cells from culture suspensions or brush biopsy (Fig. 1(a)). The flow-through design allowed cell samples
and reagents to enter through the side inlet in the PMMA base; from here, fluid traveled up to the adhesive layers
where a narrow channel directed fluid over the membrane then out using a bottom drain (Fig. 1(b)). Cell capture was
verified by scanning electron microscopy (SEM) of the membrane surface (Fig. 1(c)). Once captured, cells retained
on the membrane were available for protein expression analysis using assay-specific fluorescent labeling. This simple
yet elegant integrated microfluidic system is shown to be functional for both cell collection and cell staining steps as
described below.

EGFR biomarker assay in LOC sensor

Mean fluorescence intensity of oral cancer cells immunolabeled in the LOC sensor for EGFR biomarker at increasing
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system having the lowest number of fluorophores thereon, a signal (on cell) to background (off cell) ratio of 0.6 and
a signal-to-noise ratio of 10.5 was obtained. For the other cancer cell lines, signal-to-background (S/B) ratios in the
range of 4 to 20 were obtained. These values serve to establish a contrast level that is readily exploited for the
recognition of the cellular objects from the digital images.

Conclusions

We have demonstrated the design and development of a cell-based lab-on-a-chip sensor supporting rapid
immunoassays for biomarker expression. Using EGFR as a proof-of-principle biomarker, the sensor demonstrated
capacity to characterize EGFR over-expression in less than one-tenth the time of traditional methods and to
discriminate between closely related sample populations. As a clinical tool, such assays may fill multi-functional
roles in cancer diagnostics (i) as an early detection device screening pre-malignant oral lesions and (ii) as an adjunct
to surgical pathology providing a molecular basis for prognostic evaluation and therapeutic selection.
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