
On-chip lectin microarray for glycoprofiling of different gastritis types and gastric
cancer
Bibhas Roy, Gautam Chattopadhyay, Debasish Mishra, Tamal Das, Suman Chakraborty, and Tapas K. Maiti 
 
Citation: Biomicrofluidics 8, 034107 (2014); doi: 10.1063/1.4882778 
View online: http://dx.doi.org/10.1063/1.4882778 
View Table of Contents: http://scitation.aip.org/content/aip/journal/bmf/8/3?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Smartphone-interfaced lab-on-a-chip devices for field-deployable enzyme-linked immunosorbent assay 
Biomicrofluidics 8, 064101 (2014); 10.1063/1.4901348 
 
Planar lens integrated capillary action microfluidic immunoassay device for the optical detection of troponin I 
Biomicrofluidics 7, 064112 (2013); 10.1063/1.4837755 
 
A negative-pressure-driven microfluidic chip for the rapid detection of a bladder cancer biomarker in urine using
bead-based enzyme-linked immunosorbent assay 
Biomicrofluidics 7, 024103 (2013); 10.1063/1.4794974 
 
Development of a magnetic immunosorbent for on-chip preconcentration of amyloid β isoforms: Representatives
of Alzheimer’s disease biomarkers 
Biomicrofluidics 6, 024126 (2012); 10.1063/1.4722588 
 
Design and optimization of a double-enzyme glucose assay in microfluidic lab-on-a-chip 
Biomicrofluidics 3, 044103 (2009); 10.1063/1.3250304 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.189.204.254 On: Thu, 11 Dec 2014 04:06:45

http://scitation.aip.org/content/aip/journal/bmf?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1551622660/x01/AIP-PT/BMF_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Bibhas+Roy&option1=author
http://scitation.aip.org/search?value1=Gautam+Chattopadhyay&option1=author
http://scitation.aip.org/search?value1=Debasish+Mishra&option1=author
http://scitation.aip.org/search?value1=Tamal+Das&option1=author
http://scitation.aip.org/search?value1=Suman+Chakraborty&option1=author
http://scitation.aip.org/search?value1=Tapas+K.+Maiti&option1=author
http://scitation.aip.org/content/aip/journal/bmf?ver=pdfcov
http://dx.doi.org/10.1063/1.4882778
http://scitation.aip.org/content/aip/journal/bmf/8/3?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/bmf/8/6/10.1063/1.4901348?ver=pdfcov
http://scitation.aip.org/content/aip/journal/bmf/7/6/10.1063/1.4837755?ver=pdfcov
http://scitation.aip.org/content/aip/journal/bmf/7/2/10.1063/1.4794974?ver=pdfcov
http://scitation.aip.org/content/aip/journal/bmf/7/2/10.1063/1.4794974?ver=pdfcov
http://scitation.aip.org/content/aip/journal/bmf/6/2/10.1063/1.4722588?ver=pdfcov
http://scitation.aip.org/content/aip/journal/bmf/6/2/10.1063/1.4722588?ver=pdfcov
http://scitation.aip.org/content/aip/journal/bmf/3/4/10.1063/1.3250304?ver=pdfcov


On-chip lectin microarray for glycoprofiling of different
gastritis types and gastric cancer

Bibhas Roy,1 Gautam Chattopadhyay,2 Debasish Mishra,1,a) Tamal Das,1,b)

Suman Chakraborty,3 and Tapas K. Maiti1,c)

1Department of Biotechnology, Indian Institute of Technology Kharagpur,
Kharagpur 721302, India
2Department of Surgical Gastroenterology, Kolkata Medical College, Kolkata, India
3Department of Mechanical Engineering, Indian Institute of Technology Kharagpur,
Kharagpur 721302, India

(Received 2 May 2014; accepted 29 May 2014; published online 6 June 2014)

An on-chip lectin microarray based glycomic approach is employed to identify

glyco markers for different gastritis and gastric cancer. Changes in protein

glycosylation have impact on biological function and carcinogenesis. These altered

glycosylation patterns in serum proteins and membrane proteins of tumor cells can

be unique markers of cancer progression and hence have been exploited to

diagnose various stages of cancer through lectin microarray technology. In the

present work, we aimed to study the alteration of glycan structure itself in different

stages of gastritis and gastric cancer thoroughly. In order to perform the study from

both serum and tissue glycoproteins in an efficient and high-throughput manner,

we indigenously developed and employed lectin microarray integrated on a

microfluidic lab-on-a-chip platform. We analyzed serum and gastric biopsy

samples from 8 normal, 15 chronic Type-B gastritis, 10 chronic Type-C gastritis,

and 6 gastric adenocarcinoma patients and found that the glycoprofile obtained

from tissue samples was more distinctive than that of the sera samples. We were

able to establish signature glycoprofile for the three disease groups, that were

absent in healthy normal individuals. In addition, our findings elucidated certain

novel signature glycan expression in chronic gastritis and gastric cancer. In silico
analysis showed that glycoprofile of chronic gastritis and gastric adenocarcinoma

formed close clusters, confirming the previously hypothesized linkage between

them. This signature can be explored further as gastric cancer marker to develop

novel analytical tools and obtain in-depth understanding of the disease prognosis.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4882778]

I. INTRODUCTION

Gastric cancer has a vital contribution in worldwide cancer related death, even it happens

to be the second most fatal form of cancer in USA with a 5-year survival rate of less than 4%

at late stage.1–3 Ninety-five percent of malignant gastric tumors are reportedly gastric adenocar-

cinoma.4 To date, pathological analyses have related most of the gastric adenocarcinomas to

gastritis, which is characterized by the inflammation of the epithelial lining of stomach.

According to Correa’s hypothesis, the development of gastric cancer is a multistep process con-

sisting of a series of sequential steps from gastritis to malignant transformation through chronic

active gastritis, chronic atrophic gastritis, intestinal metaplasia, dysplasia, and finally invasive
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type adenocarcinoma.4–6 Progression of gastritis occurs gradually, within years to decades.7

Unfortunately, 80% cases of gastric cancer are discovered only at the advanced stage because

of the lack of markers characterizing early stages.8 Hence, there exists a need to recognize vul-

nerable changes which occur in these gastritis for accurate diagnosis of the gastric state.

Therefore, it has great importance for evaluating the risk factors in gastric cancer, thus it is im-

portant to design and develop a novel biomarker screening technique which would be helpful to

a large number of cancer patients and pave the way for personalized medicine.

Towards finding a cancer marker, the carbohydrate decoration or glycosylation pattern of

cell surface adhesion glycoproteins, have been closely associated with progression of metastasis.

Recent evidences suggest that activity of glycosyltrasferases change with the progression of

gastric cancer and associated gastritis. These changes lead to differential expression of N- and

O-glycans on the membrane-anchored and secreted glycoproteins.9 Thus, while progressing

through several stages of gastric cancer, gastric mucosa promotes stage-specific altered glycan

structures on cell surface as well as secretory glycoproteins. These structures could thus be

potential biomarkers for different stages of cancer progression.10 Previous researchers have

identified several serum glycoprotein biomarkers for gastric cancer (CA19-9, CA72-4, serum

pepsinogen I, and a-feto protein). Yet the continuing low survival rate of adenocarcinoma

patients shows that the discovery of novel glycan-based biomarkers for different phases of gas-

tric cancer is essential. Moreover, only 1% of total serum glycoproteins are secreted at late

stage of cancer and show altered glycosylation pattern10 and other nonrelated secreted glycopro-

teins mask the specific signatures of gastritis and gastric cancer. Conversely, surface glycopro-

teins from tissue biopsies could be potential sources of disease specific glycoproteins, which

can efficiently be used in the establishment of the marker glycosylation profile or glyco-code

for gastric carcinogenesis. To explore this unfathomed domain, in this report, we have analyzed

sera and gastric tissue biopsies belonging to four clinical groups, namely normal healthy,

chronic atrophic Type B gastritis, chronic Type C gastritis, and adenocarcinoma, to generate

the corresponding disease specific glyco-code.

However, diverse complex glycan structures and their varieties of interactions with proteins

pose great challenges for the development of disease specific glyco-code. Existing technologies

for characterization of the glyco-codes include chromatography and mass spectroscopy. These

techniques are inappropriate for high-throughput and systematic evaluation of protein glycosyla-

tion pattern.11 In comparison, members of a special class of carbohydrate-binding proteins, lec-

tins, are capable of recognizing specific sugar moieties. For this reason, lectin microarray is now

considered as a versatile platform for multiplexed analysis of the glycosylation pattern of patho-

biological samples.12–19 Moreover, one could also intergrate lectin microarrays with a microflui-

dics device to develop a high-throughput and low sample-volume requiring assay system.20–24

Lectin microarray is also more suitable and cost effective than the enzyme-linked immunosorbent

assay (ELISA)-based screening as the former eliminates the use of specific monoclonal

antibodies.25–27 We have previously investigated the effect of fluid flow on the reaction kinetics

between two lectins in a microfluidics-integrated microarray system and showed that microfluidic

platform augments lectin-glycan interactions and increases the sensitivity due to the confined

reaction environment and controlled advection.22 The study also indicated the optimum design of

the fluidic circuit as well as the hydrodynamic flow condition.24 Following the work of Zhao

et al., who used lectin microarrays to profile pancreatitis and pancreatic cancer sera,3 in the

present study, we combined the same microfluidic platform over several lectins to overcome the

sensitivity issues and temporal limitations of lectin microarray (Figure 1) in order to efficiently

establish glyco-codes specific to different stage of gastric cancer.

Here, we fabricated microfluidic architecture with a microarray of 17 different lectins at bottom

surface of the channel. The lectins were chosen on the basis of their affinity to sugar moieties,

involved in cancer and related chronic diseases.15 Next, we isolated sera and cell surface glycopro-

teins from the patients of the four clinical groups (mentioned above) and quantitatively analyzed

glycoprofile for bound fraction of proteins at different lectin spots in our customized microarray on

microfluidic platform. The quantitative and statistical inferences of the glycan profile provided

us the glyco-code for the four gastric clinical groups. Specially, the expression pattern of
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GlcNAc-b(1-4)GlcNAc, Galb(1-3)GalNAc, Neu5Ac, Gca2,3Galb1,3(Neu5Aca2,6)GalNAc, N-Ac-

b-D-Glucosaminyl oligo, T-antigen, sialyl-T-antigen, Tn-antigen on the surface glycan distinguished

the Type-B gastritis group from adenocarcinoma groups, whereas other N-glycans and O-glycans

expression pattern distinguished Type-C gastritis from healthy normal. Moreover, glycosylation pat-

tern in Type-B gastritis was more closely to gastric adenocarcinoma than to healthy normal and

Type-C gastritis. The glyco-codes obtained from serum and tissue biopsy of each diseased group

indicated the ideal specimen sources and comparative effectiveness of invasive and non-invasive

screening. The present approach thus provided, for the first time, a simple yet efficient lab-on-a-chip

device for detection of altered glycosylation pattern during gastric cancer progression. The develop-

ment of the glyco-codes may be worth considering for screening the risk factor and relating to the

prognosis of adenocarcinoma which would be of great interest from a clinical perspective. In future,

as we could envisage, this novel exploration of microfluidics-based lectin microarray could inspire

other devices towards complete understanding of the process of transformation from gastritis to

gastric adenocarcinoma.

II. EXPERIMENTAL METHODS

A. Sample collections and processing

Investigated tissue biopsy samples and their serum samples were collected from patients at

Kolkata Medical College Hospital (KMC), Kolkata from April 2009 to June 2012. Biopsy sam-

ples of antral mucosa with normal macroscopic appearances obtained at upper gastrointestinal

endoscopy from the patients were assessed for the characteristic feature of the four studied clin-

ical groups.28 Before inclusion in our study, all samples were analyzed by a histopathologist for

the characteristic appearance of the four clinical groups. Total 39 patients were selected includ-

ing gastric cancer (Adenocarcinoma of stage I/II/III) patient (n¼ 6), chronic active and atrophic

Type B gastritis patient (n¼ 15), Type-C chronic gastritis (n¼ 10), and healthy control (n¼ 8)

for the comparative study. The control group of subjects with histologically normal antral mu-

cosa was also analyzed before incorporating into the study. All tissue and blood samples were

collected with informed consent form from all individuals with permission granted by the insti-

tutional ethical committee of the hospital. See Table S1 in supplemental material for the

FIG. 1. Illustration of the principles of the experimental models used for lab on a chip based glycoprofiling. (a)

Microfluidic channel with lectin microarray at bottom surface. (b) Representative cartoon of fluorescent labeled glycopro-

teins (isolated from sera or tissue biopsies) bind to different lectin microarrays within the microfluidic platform (c). (d)

Fluorescent image of lectin microarray after binding of glycoproteins.
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summary of patient demographic characteristics and tumor status.29 All tissue and serum sam-

ples were labeled with a unique identifier to protect the confidentiality of the patient and were

stored in PBS at �80 �C until processing. All the tissue biopsies were cut into two pieces—one

for glycoprofiling and other for histopathological analysis. For glycoprofiling of the tissue mem-

brane glycoprotein, whole membrane protein was isolated by two-phase solvent system method

using the Membrane Protein Extraction Kit (Biovision, San Francisco, USA). Serum samples

were immunodepleted by ProteomeLab IgY-12 proteome partitioning kit (Beckman Coulter,

Fullerton, CA). Isolated glycoproteins were labeled with FITC and kept at �80 �C until using.

See supplemental material for detailed protocol of sample processing.29

B. Production of the lectin microarray based microfluidic platform

The lectin microarray was produced as previously described with little modifications.22

Briefly, 0.5 mg/ml solutions of 17 types of different lectins in PBS (pH 7.4) supplemented with

10% glycerol were used as spotting solutions. Among these selected lectins, some had overlap-

ping specificity and some had unique specificity. See Table S2 in supplemental material for the

list of lectins and their affinity.29 These 17 lectins were spotted onto amino-

propyltriethoxysilane (APTES)-glutaraldehyde coated glass slides in octuplicate using a noncon-

tact microarray spotter Omnigrid
VR

(Genomic Solution, USA) with minimum spot spacing of

100 lm. The glass slides were incubated overnight at 25 �C to allow lectin immobilization.

Poly(dimethyl siloxane) (PDMS) microchannels were fabricated through soft lithographic tech-

niques.30 The PDMS microfluidic channels were gently press bonded against the microarray

patterned substrate to make the PDMS-glass microchannels. Inlet and outlet fluidic connections

were made by inserting 20-gauge blunt-end needles in the punched holes and by silicone tub-

ing. See supplemental material for detail fabrication protocol of microchannel.29

C. Lectin microarray hybridization

Before glycoprotein hybridization with the lectin microarray, microarrays containing

PDMS-glass microchannels were washed thoroughly with probing buffer (25 mM Tris–HCl, pH

7.5, 140 mM NaCl (TBS) containing 2.7 mM KCl, 1 mM CaCl2, 1 mM MnCl2, and 1% Triton

X-100), blocked with blocking reagent N102 (NOF Co.) at 20 �C for 1 h. The concentration,

volume, and flow rate of each FITC labeled samples were optimized from our previous study to

provide maximum fluorescence without saturation of binding sites of immobilized lectins within

minimum time.22 For getting high-throughput glycoprofiling, we made the concentration of

each membrane protein sample to 250 lg/ml. A volume of 200 ll of each of these samples was

flown through separate fabricated microchannels at 50 ll/min flow rate for 4 min. After that,

the unbound proteins were washed out with probing buffer flow at the same flow rate for 5

min. Fluorescence images of microarray spots were obtained with a fluorescence microscope

(Olympus IX71) equipped with optical filters and a charge-coupled camera cooled (ProgRes
VR

MFcool, Jenoptic Jena) to 0 �C. The fluorescent images were analyzed, and mean signal inten-

sity of at least five most similar spots among octuplicate spots for each lectin was calculated by

custom made program using MATLAB, after background subtraction.

D. Data analysis and clustering

Normalization of microarray data is required to adjust the data from each microarray to

account for possible systematic variation in factors such as microarray quality, imaging stabil-

ity, sample preparation reproducibility, and labeling efficiency. All the microarray spot inten-

sities were normalized by mean normalization method as represented in Scheme S-1 and the

corresponding mathematical expression in Eg1.16 The mean signal intensity of a single lectin in

individual groups was multiplied by a normalization factor N for each sample, which was cal-

culated by N¼ 1/l, where l is the final mean intensity value of that lectin in control group.

Following the use of clustering and principal component analysis (PCA) by Zhao et al.,3 the

mean normalized and log transformed data were analyzed by two multivariable analyses;
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average linkage hierarchical clustering (HC) (using Gene Cluster 3.0 and Java TreeView) and

PCA (using Multi Variate Statistical Package (MVSP), UK) were used to provide graphical rep-

resentations of the relationships among the samples. Unsupervised clustering method was used

to achieve the hierarchical relationship of the 39 samples of four clinical groups on the basis of

similarities in their glycan expression pattern. In PCA approach, using MVSP software samples

were placed as points in a two dimensional Biplot (containing vectors superimposed over the

scatter data points) without supervision, on the basis of normalized abundance of glycosylation

and their covariance of log transformed data. The direction of an arrow of a particular lectin

points toward the samples show maximum binding with the corresponding lectin. Moreover, the

length of the vectors signify level of binding.

III. RESULT AND DISCUSSION

A. Histopathological diagnosis of the samples

Primary idea about the clinical groups of collected gastric tissue biopsies was obtained

from the endoscopic observations and pathological tests. Prior to glycoprofiling, the clinical

groups of each tissue biopsy were confirmed by histopathological analysis. Biopsies thus

obtained were processed as described in material and methods section. The pathological classifi-

cation of the patients was carried out from the gastroendoscopic and histopathological appear-

ance (Figure S1).28,29,31,32 Each biopsy was classified by searching the following characteristic

appearances: (1) Presence of neutrophils in the mucosa (indicate active gastritis); (2) presence

of lymphocytic and plasmacytic inflammatory reactions (indicative features of chronic gastritis);

(3) presence of Helicobacer pylori; (4) presence of glandular atrophy also indicative of atrophic

gastritis and intestinal metaplasia; and (5) presence of lesions and its topography in the oxyntic

mucosa of the body and fundus, in antrum or both locations. Biopsies with the absence of all

the above features and appearance of normal intact gastric squamous mucosal epithelium were

classified as normal healthy control (Figure S1A).29 See supplementary material29 for the

detailed histopathological characteristics of the four clinical groups.33 By means of the histo-

pathological characteristics, 39 biopsies were grouped into four groups namely healthy control

(n¼ 8), H. pylori associated chronic gastritis Type-B (n¼ 15), Type-C chronic gastritis

(n¼ 10), and gastric adenocarcinoma (n¼ 6).

B. Lectin microarray based microfluidic platform efficient in glycoprofiling of

glycoprotein

Glycoprofiling study of membrane glycoproteins through microfluidic platform based lectin

microarrays was performed as per the scheme depicted in Figure 2(a). Briefly, tissue and serum

samples were processed as they were collected. Plasma membrane proteins of 10–100 lg were

obtained from 10 mg tissue by two phase solvent system method, whereas the retained concen-

trated immunodepleted serum fraction was about 8% of total serum proteins. Prior to injection

into the microfluidic channel, the concentration of the FITC-labeled samples was adjusted to 50

lg/ml. For the lectin microarray, 17 selected lectins were spotted on APTES-gluteraldehyde

derivatized glass slides in octuplicate by non-contact microarray spotter.22 The bright-field

images of the lectin spots (Figure 2(b)) within the microchannels clearly showed that the spots

were in uniform circular shape. The average spot diameter and inter-spot distance were 120 lm

and 270 lm, respectively. PDMS microchannel was pasted on the spotted area in such a way

that the microarray remains at the bottom wall of the channels. The optimum flow rate and

hybridization time for maximum binding were just as reported previously.22,34 Therefore, based

on this optimization, the labeled glycoprotein was hybridized with lectin microarray by infusing

the protein solution into the microchannel at 50 ll/min flow rate for 4 min. Particularly in our

approach, the integrated microfluidic channel, here, enables efficient delivery of the labeled gly-

coproteins to the lectin spot area. In contrast, comparatively slow and diffusion-limited conven-

tional macro-scale microarray devices, the advantages of micro-scale transport process have

been employed to increase the mass transfer rate to the lectin spot. Combinedly, the augmented
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mass transfer rate and high surface to volume ratio at the microconfined reaction reduce the

required concentration of lectin and required time for maximum hybridization; both were one

order magnitude lower than the conventional macro-scale system approach, signifying the over-

all increase of two order of sensitivity.22 Further, the easy, fast, and simple methodology allows

efficient handling of multiple samples and also multiple times of same sample at a time.

Moreover, microarray allows high density of experimental points available from a single chip

run that augments the accuracy of the analysis. The amount of specific sugar moieties on the

glycoproteins was quantified from the fluorescent intensity of corresponding lectin spots, fluo-

rescent labeled glycoproteins bound to them. We observed that there was some intensity differ-

ence between the replicate spots; this might have occurred because of heterogeneous distribu-

tion of the lectin molecules during long time incubation of the immobilization process. And

this demands further experimental optimization to reduce the heterogeneity. However, here we

calculated the average intensity from the fluorescence signal intensity of at least five most simi-

lar spots among the octuplicate spots of each lectin by custom written program in MatLab

(MathWorks, version 7.8) after performing proper background subtraction that might reduce the

ambiguity (Figure 2(c)). The final normalized mean intensities, i.e., fold increase relative to

normal corresponding to each lectin and disease types were plotted in Figure 3 (detail calcula-

tion and normalization method explained in average normalization methods in supplementary

section).29 The variances between the samples of similar clinical type in Table S3 represent

that the variance is acceptable. In order to demonstrate the capability of the platform in distin-

guishing among the cell surface glycan repertoires of four clinical groups, the increase of fold

intensity relative to normal for each of the 17 lectins (Table S2)29 was plotted in Figure 3(a).

Similarly, the platform was used to establish the signature glycan contents of the four types of

clinical sera (Figure 3(b)). The signal intensities of tissue samples following hybridization were

significantly higher than that of serum samples, though the initial protein concentrations of both

FIG. 2. (a) Strategy used to screen the glycosylation patterns and establish the glyco-code using samples of normal, chronic

Type B, Type C gastritis, and gastric cancer sera and biopsies. (b) Representative microfluidic platform with fluidic setup.

Inset: bright field image of lectin microarray on the ground surface of the channel. (c) Representative image of lectin micro-

array showing comparison of bound fraction of labeled glycoprotein across all the 17 lectins in triplicate. Matlab processed

intensity contour picture of the above fluorescent image.

034107-6 Roy et al. Biomicrofluidics 8, 034107 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.189.204.254 On: Thu, 11 Dec 2014 04:06:45



serum and tissue sample were the same (Figure 3). In Table S4, we represent the variance of

fold change among the three diseased clinical groups for each lectin obtained from both tissue

and serum samples.29 The highlighted values represent the higher value of variance between

the corresponding tissue and serum sample for each lectin. This representation shows that most

of the used lectins clearly separate the three disease types in tissue samples but not in serum

samples. Moreover, Figure 3(b) represents that the many lectin binding does not significantly

vary in the four clinical groups. Therefore, it is quite ambiguous to use the serum profile in dis-

ease specific glycoprofiling or screening. The result suggests that the microfluidic platform can

efficiently distinguish the glyco-codes of the four clinical groups obtained from tissue samples.

However, the expression of glycan in tissue glycoprotein is more than that in secreted glycopro-

tein and that may limit the glycoprofiling efficiency of the platform from serum samples.

Glycoproteomic analysis of tissue samples using lectin microarray normally has been used to

identify the glyco-biomarkers for cancer like choriocarcinoma, pancreatic carcinoma, and colon

carcinoma.11,35,36 Here within the microfluidic platform, lectin microarray method became suffi-

ciently efficient in the first time establishment of glyco-code for the gastritis and gastric adeno-

carcinoma from gastric biopsies. Among these lectins, some have overlapping affinity and

others have unique specificity, which allows the platform for efficient detection of differential

expression of complex glycan structure on glycoproteins. On the basis of specificity, the 17 lec-

tins were categorized into four major groups, namely, sialic acid, N-acetyl-D-galactosamine

(GalNAc) and galactose (Gal), glucose/mannose and fucose specific.

1. Sialic acid expression profile

In particular, the terminal sialic acid residues of surface N-glycan have an important role

in cellular adhesion and migration. In N-glycan, sialic acids are normally linked with Gal,

FIG. 3. Glycan profiles of tissue and serum glycoproteins isolated from normal (n¼ 8), chronic Type-B (n¼ 15), Type-C

gastritis (n¼ 10), gastric adenocarcinoma (n¼ 6) patients. Data represent in Y-axis are the final mean normalized intensity

(fold intensity relative to normal) of all samples in a single clinical group. Error bars represent SD and the corresponding p-

value for each clinical group combination are tabulated in Table S4.29
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GlcNAc, and Glc generally through a 2, 3, and a 2, 6 linkages. Using MAH, SNA, and WGA

lectin hybridization, differential expression of sialic acid was observed in the four clinical

groups. As shown in Figure 3(a), the binding of gastric cancer samples to MAH and SNA lectin

was higher than other sample groups. As summarized in Table I, gastric adenocarcinoma exhib-

ited more frequent expression of a 2, 3, and a 2, 6 linked-sialic acids connected with Gal,

GalNAc, and Glc. The Type-B gastritis tissue samples were moderately bound to these two lec-

tins. But maximum binding with WGA lectin (specific to Neu5Ac and GlcNAc-b(1-

4)GlcNAcb(1-4)GlcNAc) revealed that sialic acid and b 1, 4 was expressed higher than a 2, 6

linked GalNAc in Type-B gastritis surface glycan. Figure 3(b) represents that significant

amount of sialic acids with a 2, 6 linked GalNAc and b 1, 4 linked GlcNAc expressions were

only observed in adenocarcinoma derived serum. Due to the similar type of sialic acids expres-

sion, the healthy control, Type-B and Type-C gastritis serum sample could not be well charac-

terized only on basis of sialic acids expression. Previous studies have shown that aberrant

expression of terminal sialic acids, and in particular a 2, 3-linked sialic acids induces the cellu-

lar migration and invasive properties of cancer cells which directly leads to increase of meta-

static potential.37 The sialic acid expression pattern suggests that gastric mucosa of Type-B gas-

tritis may have potency to transform into adenocarcinoma. Moreover, the presence of b 1, 4

linked GlcNAc and sialic acid both in Type-B gastritis containing tissue surface and adenocar-

cinoma serum revealed that this residue is secreted to serum from the gastric mucosa during

Type-B to adenocarcinoma transformation.

2. GalNAc and Gal expression profile

A blood group related antigen, Thomsen-Friedenreich (T) antigen is expressed in a majority

of carcinomas and is related to invasion and metastasis of cancer.38,39 In our study, the basic

core structure of N-acetyl-a-D-galactosamine (Tn antigen), linked with Ser/Thr (mucin type of

linkages) was detected by PNA, AIL and VVL, and sialyl T-antigen were probed by PNA and

AIL, respectively. Results showed that most of the gastric cancers have elevated levels of T,

sialyl-T, and Tn-antigen in both tissue and serum samples, and sialyl-T antigen expression was

most distinct in gastric cancer (Figure 3). This O-glycosylation is critical for lubrication,

TABLE I. Color scale of surface glycans expression in tissue biopsies of the four clinical groups.a

Expressed sugar moieties Lectins

Healthy

normal

Type B

gastritis

Gastric

adenocarcinoma

Type C

gastritis

Neu5Ac MAH, SNA, WGA * * ***

Neu5Ac-a(2-6) GalNAc MAH, SNA * * ***

N-Ac-b-D-Galactosamine WFA, HPA *** ** ***

N-Ac-a-D-Galactosamine DBA, HAL, SBA * * ***

GlcNAc-b(1-4)GlcNAc WGA * * ***

Gal b(1-3) GalNAc AGA *** *** ***

N-Ac-b-D-Glucosamine WGA, LEA * * ***

N-Ac-b-D-Lactosamine DSA *** *** ***

Branched manose/ glucose ConA * * ***

a-Mannose/Glucose ConA, PSA * * ***

T-antigen PNA * ** ***

Sialyl-T-antigen AIL * * ***

Tn-antigen VVL * * ***

Fucose UEA * * ***

aExpression color scale: green: (baseline relative to control; 1 fold increase); gray: 1(a little high (1–2 fold) increase relative

to control); yellow: (moderate (2–4 fold) increase relative to control); red: high (>4 fold) increase relative to control.

Single asterisk (*), double asterisk (**)I, and triple asterisk (***), respectively, indicating the sugar moieties that have been

earlier reported in gastritic cases, earlier reported but not in gastritic cases and maiden observation in gastritic cases in the

present work.11,35,37,40–42,45,46,48–53
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protection, and controlling the local environment of the cell surface. In the present study,

Gal/GalNAc expression profile in different clinical groups was determined by 7 lectins, includ-

ing lectins SBA and HPA specific for N-Ac-galactosamine, lectin DBA and HAL specific for

N-Ac-a-D-galactosamine, and lectins WFA, AGA, and DSA specific for N-Ac-b-D-galactosa-

mine. AGA and DSA also have affinity towards galactose residues linked with GalNAc.

Significantly higher binding of adenocarcinoma and Type-C gastritis tissue samples with DBA,

HAL, SBA, and HPA lectins underscored the presence and high activity of GalNAc and

aGalNAc in gastric tissue than the other groups. These sugar moieties were found to be

expressed in moderate amount in Type-B gastritis and normal tissues, as well. However, abun-

dant expression of N-Ac-a-D-galactosamine residue was observed only in adenocarcinoma se-

rum glycan, whilst others showed the same but in lesser quantities. By probing with WFA,

AGA, and DSA lectin, it was found that N-Ac-b-D-galactosamine and galactose were expressed

to their maximum in adenocarcinoma and Type-B-gastritis tissue biopsies, respectively.

However, Type-B serum sample contained both the moieties. Literature suggests that the

patients positive for sialyl-T antigen have significantly less survival years than those who are

negative for the same. This implies that sialyl-T antigen has an important role in cancer pro-

gression.40 During cancerous transformation, the GalNAc-transferases localize to endoplasmic

reticulum, which leads to overexpression of Tn-bearing protein in lamellipodium of the migrat-

ing cells. Tn-bearing has been reported to enhance migration and invasiveness of cancer cells.39

Similarly N-glycan with Gal/GalNAc glycoconjugates, which can exist in both membrane-

bound and secretory forms, have significant roles in cellular adhesion and migration. N-glycan,

in addition, regulates the H. pylori adhesion and colonization to the gastric mucosa. These

Gal/GalNAc expression profiles suggest that irrespective of a and b form, GalNAc is over-

expressed in the surface glycan, indicating its probable role in regulation of the metastatic

potential of the tumor cells. Higher expression of aGalNAc may have role in Type C gastritis

prognosis through mucin depletion and localization of chronic inflammatory cells. The higher

expression of bGalNAc and galactose residues may be a result of H. pylori adhesion and colo-

nization at the gastric mucosa in Type B gastritis.

3. N-acetyl-D-glucosamine (GlcNAc) expression profile

Once H. pylori infects the stomach, the body defense mechanism is initiated, and this

response is facilitated by the de novo expression of a1,4-GlcNAc which inhibits the bacterial

adhesion and growth in Type-B gastritis patients.41 But the role and expression levels of b1, 4-

GlcNAc in this type of gastritis are not clearly known. Therefore, in order to investigate the

glycosylation profile, two lectins WGA and LEA were employed. Result showed that it

expressed maximum in Type-B tissue surface glycan, moderately expressed in Type-C gastritis

and gastric adenocarcinoma patients, and in very less amount in normal healthy persons (Figure

3(a)). Binding of adenocarcinoma serum samples only with WGA but non-significantly in LEA

suggests an overall low but similar amount of expression of b-GlcNAc in serum glycan of all

three types of patients except normal (Figure 3(b)). Since WGA has overlapping affinity to

both sialic acid and b-GlcNAc, the peak fluorescence intensity may have come from sialic acid

rather than b-GlcNAc in adenocarcinoma serum samples. The exact role of this glycan in this

disease prognosis is yet to be deciphered.

4. Glucose/mannose expression profile

Decreased mannosidase activity in many type of cancer leads to decreased trimming of

high mannose structures, with a corresponding augmented branching of the high mannose core

in cell tumor surface and secreted glycoproteins.17 In order to investigate the a-glucose/man-

nose expression profiles in these four clinical types were investigated by ConA and PSA lectins.

Results depict that all tissue sample contained mannose and glucose residues but Type-B gastri-

tis and adenocarcinoma patients expressed very high amount of branched a-mannoside; a-D-

glucose residues in their surface glycan, while serum samples showed decremented yet identical

amount of these sugar moieties irrespective of the disease types (Figure 3). The elevated
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a-mannose/glucose expression in gastric cancer surface glycans suggests a premature termina-

tion of the glycosylation pathway. This high mannose/glucose is synthesized early in the pro-

cess in endoplasmic reticulum and later final trimming of the sugar residues occurs in

Golgi.42,43 Because of the secretory mechanism involving both ER (mostly contain high man-

nose containing immature N-glycans) and Golgi (mostly contain mannose trimmed complex N-

glycans), high mannose oligosaccharides are not abundant in serum profiles.44

5. Fucose expression profile

An elevated level of fucosylation in N-glycans is associated with hepatoma and ovarian

cancers.45 In the present investigation, the expression level of a-1, 2-linked fucose was deter-

mined by Ulex europaeus agglutinin (UEA). As expected, fucose (UEA) was present in very

high amount in adenocarcinoma and comparatively lesser in type-B tissue samples. This fucosy-

lation leads to modifications of the functions of glycoproteins, such as growth factor receptors,

adhesion molecules, and extracellular matrices, which in turn may be associated with the poten-

tial for the development of malignancy.45 However, in all the three diseased sera, differential

expressions of the fucose residue were unnoticeable.

All the glycan expression patterns are tabulated in Table I. The above glycoprofiling of

four types of samples clearly suggests that each group has a distinct pattern of glycan expres-

sion profiles and the individual profiles can be used as characteristic glyco-code of the corre-

sponding disease. Here, we first time observed certain specific glycan expression including N-

Ac-b-D-Galactosamine, Gal b(1-3) GalNAc, and N-Ac-b–D-Lactosamine on tissue surface of

chronic type-B gastritis and gastric adenocarcinoma. Simultaneously, the result first time dem-

onstrated the glycoprofile in chronic type-C gastritis tissue and serum glycoprotein. Moreover,

it is also observed that tissue biopsies are enriched with surface glycan and the variations in

their expression pattern are easily distinguishable. However, in blood serums, non-abundant

proteins are less apparent in terms of glycan expressions and their variations. Although, serum

glycoprofiles may differentiate the diseased samples from normal, these cannot distinguish

among the three types of diseases because of their similar patterns of expression in these three

diseased conditions. More comprehensive investigation towards the exact role of this aberrant

glycosylation in the corresponding disease prognosis is required for detailed understanding of

this disease.

C. Statistical clustering of glycoprofile of four clinical types

Statistical analysis of the lectin microarray data was executed to highlight the difference

among the gastric disease specific glycan expression profiles in gastric biopsies and secreted se-

rum glycoprotein. The statistical methods including HC and PCA were used to group and ana-

lyze all the glycoprofiles of different clinical conditions and to provide a graphical representa-

tion of relationships among the samples and diseases. In the HC approach, normalized data

were log transformed and their pair-wise correlations were obtained by unsupervised clustering

method to achieve the hierarchical relationship of the samples on basis of similarities in their

glycan expression pattern. In combination with unsupervised plotting, supervised differential

abundance approach was used to analyze 39 tissue and serum samples, each assayed in tripli-

cates. As shown in Figure 4(a), tissue samples obtained from clinically identical groups shared

hierarchically closer relation and were grouped in same cluster due to the similar pattern of gly-

can expression on their surface. In contrast, serum samples from single clinical group seemed

to be clustered with other clinical groups (Figure 4(b)). The result indicated that serum glyco-

profile did not provide sufficient unique glyco-code for establishing as signature biomarker

of these four types of clinical groups. Analysis of the HC plot obtained from statistical analysis

of lectin microarray delivered many interesting findings. The clustering results for the

glycan expression patterns of GlcNAc-b(1-4)GlcNAc, Galb(1-3)GalNAc, Neu5Ac,

Gca2,3Galb1,3(Neu5Aca2,6)GalNAc, N-Ac-b-D-Glucosaminyl oligo, T-antigen, sialyl-T-anti-

gen, Tn-antigen generally distinguished the Type-B group from adenocarcinoma groups,

whereas clustering due to other N-glycans and O-glycans expression pattern distinguished
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Type-C gastritis from healthy normal (Figure 4(a)). Despite the difference and disease patho-

physiology, glycosylation pattern in Type-B gastritis was clustered more closely to gastric ade-

nocarcinoma than to normal and Type-C gastritis. In addition, certain few Type-B gastritis sam-

ples were also found to be clustered with normal sample groups in HC plot, which might be

due to heterogeneity of the individual patients.

Simultaneously, in PCA based statistical approach, data corresponding 39 samples were

placed as points in a two dimensional scatter plot without supervision on the basis of normal-

ized abundance of glycosylation and their covariance of log transformed data, and each clinical

group was indicated with different symbols (Figure 4(c)). Positions of the points and their close

association, defined by two components namely PC1 and PC2, highlighted the similarity in gly-

can pattern. PCA based scatter plot showed that data corresponding to tissue samples were

clearly segregated into the four clinical conditions by two principal components PC1 and PC2.

The analysis demonstrated that the four clinical groups could be clearly distinguished depend-

ing on their glycan structures on tissue surface. However, in case of serum samples, no such

clear distinction was observed (Figure 4(d)). This is well in coherence with the analytical data

interpreted from HC plot. Additionally, the variation in the different surface glycan expression

or binding with different lectins throughout glycosylation space was given by the direction and

dimension of the superimposed vectors represented in the bi-plot as arrows (Figure 4(d)). The

direction of an arrow of a particular lectin pointed toward the samples showed maximum bind-

ing with the corresponding lectin, and length of arrow was proportional of the level binding.

FIG. 4. Unsupervised average linkage HC of the lectin array responses to tissue (a) and serum (b) samples of the four clini-

cal groups. The contour plots also represent the glyco-codes of corresponding four clinical groups. Mean-normalized data

were analyzed by Cluster 3.0. Positive: red, negative: green, black: zero and grey: missing data. Clustering method: com-

plete linkage. The heat map with clustering was acquired using Java TreeView. The normalized lectin microarray responses

to four groups were visualized by PCA. Tissue samples (c) and serum samples (d) were represented in corresponding

Biplots (containing vectors superimposed over the scatter data points) to provide graphical representations of the relation-

ships among the samples on the basis of their glycan expression. The direction of an arrow of a particular lectin points

toward the samples show maximum binding with the corresponding lectin. Moreover, the length of the vectors signifies

level of binding.
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The direction of the arrow indicates the direction of maximum change for that variable and its

length is proportional to the rate of change.

Type-B gastritis tissue samples were clustered at the right-hand side of the plot represent-

ing higher binding with WGA LEA, DSA, AGA, PSA, and UEA lectins, whereas clustering of

adenocarcinoma tissue samples at right-hand side was associated with high binds to PNA,

MAH, SNA, ConA, WFA, UEA, VVL, AIL, HPA, PSA lectins (Figure 4(c)). Normal tissue

samples were clustered at the left-hand side of the plot and corresponded to low bindings to all

the lectins. Type-C gastritis clustered at middle but lower side of the plot was found to be asso-

ciated with high LEA binding. Type-B, adenocarcinoma, and Type-C gastritis tissue samples

were also clustered separately from normal samples (Figure 4(c)). However, similar to the ob-

servation in the HC plots, few Type-B tissue samples were co-clustered with normal tissue sam-

ples due to individual patient heterogeneity. Occurrence of such coherences in the data may

happen due to two probable reasons. First and foremost reason could be a simple heterogeneity

in individual patients, which often leads to ambiguous results in clinical result. Although unre-

ported as yet, the second reason could be the inability of cells to manifest the infection with a

change in glycosylation pattern probably because of a less severity of the infection. This may

also signify a transition phase between normal and Type-B gastritis. However, concrete data

affirming the fact are not currently available.

Furthermore, a linkage was shown to have developed between Type-B gastritis and gastric

adenocarcinoma as per the HC plot, which was later confirmed by the principal component

analysis. Further, the closeness between the clusters of Type-B gastritis and gastric adenocarci-

noma was more apparent than the other type of gastritis. Glycoproteins obtained from these

two clinical groups got bound with two uniquely different sets of lectins. Although different,

these lectins correspond to common sugar residues such as Neu5Ac and branched manose/glu-

cose and announced the increment in these residues in the membrane protein fraction of both

the diseased tissues. Moreover, it has already been reported that such increments of the above

sugar residues occur in cancer cells.17,46,47 Similar trends occurring in Type-B gastritis patients

were a unique finding presented in this case. It is implicative that, there may also be certain

correlation between these two disease subtypes. Earlier report suggests that although direct con-

version of H. pylori infection to adenocarcinoma is atypical, adenocarcinoma may be a culmi-

nating stage of developing chronic gastritis through atrophic gastritis.7 However, in order to

confirm the glycosylation changes appearing in lectin and glycoprotein, mapping through LC-

MS and immunostaining should be performed for further authentication.

IV. CONCLUSIONS

Lectin microarray based microfluidic platform provides a comparative analysis of invasive

(from tissue biopsy) and non-invasive (serum sample) glyco-biomarker screening of chronic

gastritis and stage specific gastric cancer in terms of accuracy and specificity. Results high-

lighted the potential utility of using the information about altered glycosylation patterns in dis-

eased state from normal healthy group, rather than absolute protein levels, in screening of gas-

tric disease states. Hence, it may be worth to consider in developing a glycan tissue marker for

the risk factor screening of a disease like gastric cancer. Differential expressions and link of

these glycans on their membrane proteins in cancer and normal tissue lend support to the theory

that glycosylation changes may have clinical utility in establishing a specific glyco-code, like in

distinguishing amongst cancer and chronic gastritis, cancer and normal tissues and chronic gas-

tritis and normal tissues. Conclusively, it could be said that the study deciphers certain typical

and novel glycosylation pattern in the glycoprotein of gastric cancer tissues. The experimenta-

tion would have been highly strenuous and time consuming if the high-throughput microfluidic-

chip based lectin microarray system was not employed. This robust analytical platform helped

us to investigate quickly and systematically the complex “glyco-codes” for different stages of

gastric cancer and to combine glycomic information toward a significant understanding in futur-

istic use of the codes as an early and quick diagnosis tool for gastric cancer and detailed under-

standing of their role in the disease prognosis. Although, as shown in our study no effective
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glyco-pattern signature was deduced from serum samples, for other type of disease serum may

serve as a good candidate. Finally, a more comprehensive investigation towards the exact role

of this aberrant glycosylation in the corresponding disease prognosis is required for detailed

understanding of gastric cancer and chronic gastritis.
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