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Abstract
We report analysis of N-glycans derived from disease-free individuals and patients with Barrett's
esophagus, high-grade dysplasia, and esophageal adenocarcinoma by microchip electrophoresis
with laser-induced fluorescence detection. Serum samples in 10-μL aliquots are enzymatically
treated to cleave the N-glycans that are subsequently reacted with 8-aminopyrene-1,3,6-trisulfonic
acid to add charge and a fluorescent label. Separations at 1250 V/cm and over 22 cm yielded
efficiencies up to 700,000 plates for the N-glycans and analysis times under 100 s. Principal
component analysis (PCA) and analysis of variance (ANOVA) tests of the peak areas and
migration times are used to evaluate N-glycan profiles from native and desialylated samples and to
determine differences among the four sample groups. With microchip electrophoresis, we are able
to distinguish the three patient groups from each other and from disease-free individuals.
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Over the past twenty years, the incidence of esophageal adenocarcinoma has increased at a
rate greater than any other malignancy in many countries, including the U.S.1 Fewer than
20% of patients are expected to survive past three years after being diagnosed with this
condition.2 Survival rates are poor because most patients demonstrate locally advanced
disease by the time they are diagnosed. Moreover, a noninvasive method to screen for
esophageal adenocarcinoma is currently not available. Over a decade ago, correlation
between cancer and specific glycan structures was suggested for clinical prognosis.3,4

Cancerous cells shed surface proteins and protein fragments with altered glycans into the
blood stream and can affect serum protein glycosylation. Glycomic profiling of human
blood serum may have tremendous clinical value due to the potential for early and reliable
diagnosis and non-invasive sample collection.

Esophageal adenocarcinoma of the distal esophagus represents 60–90% of all esophageal
cancers5 and is thought to develop from a premalignant lesion, a condition known as
Barrett's esophagus. The onset of Barrett's esophagus is usually associated with long term
damage from the abnormal reflux of stomach acid into the esophagus, i.e., gastroesophageal
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reflux disease. Barrett's esophagus is observed when the normal squamous cell epithelium of
the esophagus is replaced by a columnar cell epithelium, which resembles the cells lining the
intestine, as a response to gastroesophageal reflux. This metaplastic transformation is
usually observed in the distal esophagus but can occur over the whole length of the
esophagus. Patients with Barrett's esophagus are 30 to 125-times more likely to develop
esophageal adenocarcinoma than the general population.6 Malignancy development is a
gradual progression at the cellular level where the metaplastic columnar cells are replaced
with dysplastic, immature cells, and Barrett's esophagus with high-grade dysplasia is
considered a precursor to invasive adenocarcinoma. A greater understanding of the
biochemistry associated with disease progression may help to more efficiently identify
individuals at risk of developing esophageal adenocarcinoma.

With adequate sensitivity and rapid sampling capabilities, mass spectrometry (MS) is
common in biomedical and clinical applications of glycan analysis.7,8 MS-based methods
are effective in glycan profiling to determine the alterations associated with several cancers,
including breast cancer,9–13 ovarian cancer,14,15 prostate cancer,16,17 hepatocellular
carcinoma,18 colon cancer,19 pancreatic cancer,20,21 and esophageal adenocarcinoma.22

Although very powerful, methods based purely on mass spectrometry cannot resolve glycan
structural isomers, which may provide additional insight into the pathways and mechanisms
of cancer progression. Moreover, MS-based glycan analysis is expensive and sometimes
considered too sophisticated for routine clinical studies. Capillary electrophoresis coupled
with laser-induced fluorescence provides excellent resolution of glycan structures and their
isomers and tremendous sensitivity.8 Our group and others have used capillary8,23–26 and
microchip27–32 electrophoresis for glycan analysis. To date, most of these microchip-based
systems have employed relatively short separation channels (<10 cm) and modest electric
field strengths (<500 V/cm). These devices provide sufficient resolution to separate and
compare major components in a mixture, e.g., glycans associated with liver disease.32 With
longer separation channels (>20 cm) and higher electric field strengths (>1000 V/cm),
microfluidic devices are able to rapidly and efficiently separate N-glycans derived from
model glycoproteins, e.g., ribonuclease B and fetuin, and from clinically relevant serum
samples, e.g., breast cancer patients and ovarian cancer patients.30,31 Efficient separations
on capillary- or chip-based instruments permit both low and high abundance N-glycans to
contribute to the statistical analysis for disease-state differentiation.

In this study, we use microchip electrophoresis to analyze N-glycans derived from 10-μL
aliquots of serum from disease-free individuals and patients suffering from Barrett's
esophagus, high-grade dysplasia, and esophageal adenocarcinoma. Samples are arbitrarily
labeled to conceal the physical condition of the patients to avoid bias in sample preparation
and analysis. Serum samples are enzymatically treated to cleave the N-glycans that are
subsequently labeled with 8-aminopyrene-1,3,6-trisulfonic acid (APTS). Microfluidic
devices with 22-cm long separation channels and asymmetrically tapered, 180° turns
produce separation efficiencies up to 700,000 plates and analysis times less than 100 s.
Principal component analysis (PCA) and analysis of variance (ANOVA) tests of both native
and desialylated N-glycan samples are able to differentiate the four sample groups.

Experimental Section
Materials

We purchased acetic acid, acetone, acetonitrile, ammonium bicarbonate, ammonium
persulfate, citric acid, dimethylsulfoxide (DMSO), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), β-mercaptoethanol, γ-
methacryloxypropyltrimethoxy-silane (MAPTOS), methanol, potassium phosphate
monobasic, sodium cyanoborohydride, sodium tetraborate, N,N,N',N'-
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tetramethylethylenediamine (TEMED), trifluoroacetic acid, and
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) from Sigma-Aldrich Co.;
acrylamide from Bio-Rad Laboratories, Inc.; ammonium hydroxide from J.T. Baker; high-
purity 8-aminopyrene-1,3,6-trisulfonic acid (APTS) from Beckman Coulter, Inc.; hydrogen
peroxide from Macron Fine Chemicals; peptide-N-glycosidase F (PNGase F) of
Chryseobacterium menigosepticum (EC 3.2.2.18) from Northstar BioProducts; sodium
hydroxide from Fisher Scientific; sialidase from ProEnzyme, Inc.; Microposit MF-319
developer from Rohm and Haas Electronic Materials; 353NDT Epoxy from Epoxy
Technology; chromium etchants 8002-A and 1020 and buffered oxide etchant from
Transene Co., Inc.; B270 mask blanks and cover plates from Telic Co.; C18 Sep-Pak®
cartridges from Waters Corp.; and activated carbon cartridges and 1000-Da cutoff cellulose
dialysis tubes from Harvard Apparatus.

Serum Samples
This study was approved by the Indiana University institutional review board. Serum
samples were collected from patients with documented Barrett's esophagus, high-grade
dysplasia, and esophageal adenocarcinoma. Serum samples collected from sex and age
matched healthy volunteers were used as the disease-free samples. From disease-free
individuals and patients with Barrett's esophagus, high-grade dysplasia, and esophageal
adenocarcinoma, we analyzed 14, 7, 15, and 12 native samples and 15, 9, 15, and 15
desialylated samples, respectively.

Sample Preparation
Human blood serum samples (10-μL aliquots) were prepared as described previously.30 The
samples were initially lyophilized and resuspended in 100 μL of 25 mM ammonium
bicarbonate. N-Glycans were cleaved from the serum glycoproteins and glycoprotein
fragments with PNGase F according to previously established procedures.33 The
enzymatically released N-glycans were diluted to 1 mL with water. C18 Sep-Pak®
cartridges and activated carbon cartridges were then used to isolate the N-glycans from
peptides and proteins. A portion of the released N-glycans were lyophilized, resuspended in
10 mM phosphate buffer (pH 6), and desialylated by adding 0.2 μL of sialidase and
incubating at 37°C for 6 h. All native and desialylated samples were dried with a vacuum
CentriVap Concentrator (Labconco Corp.) prior to labeling with APTS34,35 to impart charge
on the N-glycans for electrophoresis and permit fluorescence detection. Sample containers
were arbitrarily labeled to conceal the physical conditions of the patients to prevent bias in
sample preparation and data analysis.

Microfluidic Device Fabrication
Microfluidic devices were fabricated by standard photolithography, wet chemical etching,
and cover plate bonding, as described previously.30 B270 glass substrates coated with 120
nm of Cr and 530 nm of AZ1518 photoresist were exposed to 200 mJ/cm2 UV radiation
through a photogenerated mask (HTA Photomask) on a mask aligner (205S, Optical
Associates, Inc.). The photoresist was developed for 2 min in MF-319 developer and rinsed
with water. The channel pattern was subsequently transferred to the chromium layer by
etching in chromium etchant 8002-A. The glass substrates were etched in buffered oxide
etchant until the channels were 15-μm deep. A stylus-based profiler (Dektak 6M, Veeco
Instruments, Inc.) was used to measure the depths and widths of the channels. After etching
was complete, the channel widths of straight channels and turns were 86 μm and 29 μm,
respectively. Holes were sandblasted at the ends of the channels with a sandblaster (AEC
Air Eraser, Paasche Airbrush Co.). The photoresist layer was removed by rinsing with
acetone, and the chromium layer was removed by etching in chromium etchant 1020. For
the bonding procedure, etched substrates and cover plates were hydrolyzed in a solution of
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NH4OH, H2O2, and H2O (2:1:2), sonicated in H2O, brought into contact with each other,
dried at 90°C for 2 h, ramped to 550°C in a furnace, and annealed for 10 h. Short segments
of glass tubing (6-mm o.d. × 4-mm i.d. × 6-mm tall) were affixed over the sandblasted holes
with 353NDT epoxy.

Microchannel Coating
The microchannels were coated with linear poly(acrylamide) to minimize electroosmotic
flow and prevent analyte adsorption by a slight modification of Hjertén's method.36

Microchannels were cleaned sequentially with 1.0 M sodium hydroxide, water, and
methanol for 20 min each, filled with a solution of 45 μL MAPTOS dissolved in 1.5 mL
methanol with 0.02 M acetic acid, and allowed to react for 45 min. The microchannels were
rinsed with methanol and water for 15 min each to remove the residual silane solution. The
microchannels were filled with an aqueous solution containing 2.4% (w/w) acrylamide, 1.0
μL/mL TEMED, and 1.0 mg/mL ammonium persulfate and allowed to react for 2 h. The
microchannels were flushed with water for 20 min and filled with buffer.

Microchip Electrophoresis
The microfluidic device with the 22-cm long serpentine separation channel and
asymmetrically tapered, 180° turns37–39 is depicted in Figure 1. For electrophoretic
separations, a fast-slewing high voltage power supply (0–10 kV), developed in-house, was
used to apply potentials to the sample, buffer, and waste reservoirs. A commercial high
voltage power supply (0–30 kV; CZE 1000R, Spellman High Voltage Electronics Corp.)
was used to apply the potential at the analysis reservoir. The high voltage outputs were
controlled through an analog output board (PCI-6713, National Instruments Corp.) by a
program written in LabVIEW 8.0 (National Instruments Corp.). Samples were introduced
into the analysis channel by standard pinched injections,40 and 1 mM phosphate and 20 mM
HEPES buffer (pH 6.8) was used for electrophoretic separations.

An inverted optical microscope (TE-2000U, Nikon, Inc.) configured for epifluorescence was
equipped with a 20× objective and HQ FITC filter cube (Chroma Technology Corp.) to
monitor the separations. The 488-nm line of an argon ion laser (Melles Griot, Inc.) was
attenuated to 1.0 mW with neutral density filters and focused to a spot in the analysis
channel 22-cm downstream from the cross intersection. The fluorescence signal was
spatially filtered with a 600-μm pinhole, detected with a photomultiplier tube (H5783-01,
Hamamatsu Corp.), amplified by a low-noise current preamplifier (SR570, Stanford
Research Systems, Inc.), and recorded with a multifunction data acquisition board
(PCI-6032E, National Instruments Corp.) and the program written in LabVIEW. The
sampling frequency was 100 Hz.

Data Analysis
To compensate for small fluctuations in the migration times (i.e., <2% relative standard
deviation (RSD)), C Stats software developed in-house aligned all electropherograms to a
reference electropherogram, and after peak alignment, the average variation in the migration
times was <0.5%. The reference electropherogram simply needed to have a reasonable
signal-to-noise (S/N) ratio to obtain proper alignment. After alignment, the C Stats software
extracted the areas for all peaks from each sample. The average areas of individual peaks
were obtained from three replicate electropherograms and were normalized to the total area
of all peaks from the averaged electropherogram. The average peak areas for the same peak
from all samples were used to calculate a sample average and standard deviation for all
peaks. Prior to principal component analysis (PCA), individual peak areas were scaled by
subtracting the sample average and dividing by the sample standard deviation. This scaling
prevented peaks with a high S/N ratio from dominating the analysis and permitted all peaks
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to contribute fairly. PCA was performed with MarkerView (Applied Biosystems), which
allowed visualization of multivariate information, and was supervised with prior knowledge
of the sample groups. For the pairwise comparisons, Microsoft Excel was used to perform
single-variable analysis of variance (ANOVA). To calculate separation efficiencies, selected
peaks from the electropherograms were fitted with a Gaussian function in OriginPro 8.5
(OriginLab Corp.).

Results and Discussion
Microchip Electrophoresis of N-Glycans

N-Glycans were derived from 10-μL aliquots of serum, labeled with APTS, and analyzed by
microchip electrophoresis with laser-induced fluorescence detection. The microfluidic
devices with 22-cm long separation channels shown in Figure 1 were operated at 1250 V/cm
electric field strength and provided analysis times under 100 s and separation efficiencies up
to 700,000 plates. A typical electropherogram of native N-glycans derived from a patient
with esophageal adenocarcinoma is shown in Figure 2. To compare the various samples, we
used the N-glycan peaks with migration times between 55 and 100 s. Components that arrive
prior to 55 s include structures associated with the labeling reaction and low molecular
weight N-glycans, which are partially removed during dialysis and, consequently, are
difficult to quantify. Figure 2b shows an expanded region along the migration window of
interest and the separation resolution obtained for several lower intensity peaks. In this
migration window, electropherograms of native and desialylated N-glycans derived from the
blood serum of disease-free individuals and patients with Barrett's esophagus, high-grade
dysplasia, and esophageal adenocarcinoma are shown in Figures 3 and 4, respectively.
Overall, the electropherograms had similar features and comparable signal intensities.
Although some information is lost after removal of sialic acids from glycan structures by
sialidase, the glycan profiles are simpler (i.e., have a fewer number of peaks), and the
fluorescence signal is higher. From electropherograms similar to Figure 4, components A–E
had separation efficiencies from 500,000 to 700,000 plates for slowly migrating components
(E) to faster migrating components (A), respectively. Migration time reproducibilities were
<2% RSD prior to peak alignment and <0.5% after peak alignment with the C Stats
software. Separation field strengths greater than 1250 V/cm led to greater variability in the
migration times and lower confidence in the alignment of the electropherograms, which is a
critical step for the statistical analysis discussed below.

Principal Component Analysis (PCA) of Electropherograms
PCA is a chemometric tool commonly used to capture the variables that have the largest
variance in given data sets in order to establish differences among sample groups. These
variables are the principal components and are orthogonal to each other.41,42 We evaluated
PCA for the 25- and 50-most intense peaks from the electropherograms of the native N-
glycan samples, and the principal component scores plots are illustrated in Figure 5a–b,
respectively. For the PCA with the 25-most intense peaks, the four sample groups are
distinguished to some degree by their first and second principal component (PC1 and PC2)
scores. However, the differentiation improves considerably when the 50-most intense peaks
from the native samples are considered (Figure 5b), and the four sample groups are easily
distinguished.

A similar trend is observed for the PCA scores plots for the desialylated N-glycan samples
in Figure 6. When the 50-most intense peaks for the desialylated samples are considered in
Figure 6a, the disease-free and esophageal adenocarcinoma samples are well differentiated,
but there is significant overlap for the Barrett's and high-grade dysplasia sample groups. The
PCA scores plot shows complete differentiation of all the sample groups when the 75-most

Mitra et al. Page 5

Anal Chem. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



intense peaks from the desialylated N-glycan samples are included in the analysis, as shown
in Figure 6b.

Differentiation among the sample groups is expected to improve as more N-glycan peaks are
considered. Moreover, the non-biased mechanism of PCA is able to recognize the patterns
among the normalized peak areas of the different sample groups, which provides better
differentiation and clustering. In all cases, the disease-free sample group is well
differentiated from the esophageal adenocarcinoma sample group, which indicates
significant differences in their respective glycomic profiles. Of note, 50–60 N-glycan peaks
are typically present in detectable quantities in most samples. Consequently, PCA with the
75-most intense peaks for the desialylated samples may not be reliable over larger sample
sets. The number of N-glycan peaks used to generate the PCA plots, e.g., 25, 50, and 75, is
arbitrarily chosen to demonstrate the general trend of improved differentiation as the number
of peaks, i.e., amount of information, is increased.

Relative Peak Areas of Native and Desialylated N-Glycans
To determine which components contributed most to the differences among the sample
groups, we used analysis of variance (ANOVA) tests to find statistically significant
differences for the normalized peak areas of the N-glycans. The peaks considered had a high
S/N ratio, a uniform peak shape, and adequate resolution from neighboring peaks. For
example, see peaks 11, 23, 26, and 33 in Figure 2b. The average peak areas for several
native and desialylated N-glycan peaks that compare disease-free individuals and patients
with Barrett's esophagus, high-grade dysplasia, and esophageal adenocarcinoma are shown
in Figure 7. The p-values generated from the ANOVA tests for the native and desialylated
peaks that compare the different sample groups are listed in Table 1. The pairwise
comparisons revealed 13 native and 12 desialylated N-glycan peaks with p-values ≤0.12 and
showed major quantitative differences among the four sample groups. We expected to find
more quantitative differences in the native N-glycan peaks than the desialylated N-glycan
peaks, but these differences may be obscured due to peak overlap caused by the greater
complexity of the native N-glycan samples.

In summary, N-glycans derived from blood serum samples are easily resolved by microchip
electrophoresis, and statistical analysis of the glycan profiles permits differentiation of
disease-states. Principal component analysis and analysis of variance tests for native and
desialylated N-glycan samples independently confirmed the differences in the glycosylation
patterns among the four sample groups. These results suggest that microfluidic devices have
the potential to be used as a simple and robust method for routine analysis of clinical
samples. Presently, these methods are limited by the need for structure identification. Future
studies will involve the development of glycan standards and mass spectrometric analysis to
elucidate the glycan structures that are associated with disease. Also, the contribution of
structural isomers to disease-state differentiation may provide additional insight into the
biological mechanisms of cancer progression.
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Figure 1.
Schematic of the microfluidic device with a serpentine channel used for N-glycan analysis.
The analysis channel is 22-cm long from the cross intersection to the detection point
indicated by the arrow and has two asymmetrically tapered, 180° turns. The inset is a bright-
field image of an asymmetrically tapered, 180° turn with taper ratio 3. The straight channel
width and turn width are 86 μm and 29 μm, respectively.
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Figure 2.
(a) Electropherogram of a native N-glycan sample derived from the blood serum of a patient
with esophageal adenocarcinoma. N-glycans with migration times from 55 to 110 s are used
for the disease-state analysis. (b) Expanded region of the electropherogram in panel (a) with
peaks 11, 23, 26, and 33 labeled. The electric field strength is 1250 V/cm, the separation
length is 22 cm, and the N-glycans are labeled with 8-aminopyrene-1,3,6-trisulfonic acid
(APTS).
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Figure 3.
Electropherograms of the native N-glycan samples derived from the blood serum of a
disease-free individual and patients with Barrett's esophagus, high-grade dysplasia, and
esophageal adenocarcinoma. The electric field strength is 1250 V/cm, and the separation
length is 22 cm.
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Figure 4.
Electropherograms of desialylated N-glycan samples derived from the blood serum of a
disease-free individual and patients with Barrett's esophagus, high-grade dysplasia, and
esophageal adenocarcinoma. Separation performance is evaluated with components A–E.
The electric field strength is 1250 V/cm, and the separation length is 22 cm.
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Figure 5.
Principal component analysis (PCA) scores plots for the (a) 25- and (b) 50-most intense
peaks from native N-glycan samples derived from the serum of disease-free individuals and
patients with Barrett's esophagus, high-grade dysplasia, and esophageal adenocarcinoma.
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Figure 6.
Principal component analysis (PCA) scores plots for the (a) 50- and (b) 75-most intense
peaks from desialylated N-glycan samples derived from the serum of disease-free
individuals and patients with Barrett's esophagus, high-grade dysplasia, and esophageal
adenocarcinoma.
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Figure 7.
Average peak areas for the (a) native and (b) desialylated N-glycan peaks reflecting the
overall changes among disease-free individuals and patients with Barrett's esophagus, high-
grade dysplasia, and esophageal adenocarcinoma. Peak numbers are assigned relative to the
peak areas from reference electropherograms. Migration times and p-values for the native
and desialylated N-glycan peaks are listed in Table 1. Error bars are +σ.
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