
Dynamic Article LinksC<Analytical
Methods

Cite this: Anal. Methods, 2012, 4, 3466

www.rsc.org/methods TECHNICAL NOTE

Pu
bl

is
he

d 
on

 1
9 

Ju
ly

 2
01

2.
 D

ow
nl

oa
de

d 
by

 H
er

io
t W

at
t U

ni
ve

rs
ity

 o
n 

18
/1

0/
20

13
 0

4:
22

:0
1.

 
View Article Online / Journal Homepage / Table of Contents for this issue
Matrix-localization for fast analysis of arrayed microfluidic immunoassays†
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High-throughput assays necessitate high-throughput data analysis. Arrayed microfluidic immunoassay

shows the capability of high-throughput protein detection. However, its development was restricted by

the low efficiency of downstream data analysis. We present herein programming-based image

processing through the local recognition of a sub-array followed by the region-growing algorithm to

achieve fast, convenient and precise extraction of information with reduced personal bias.
Introduction

In the early days of microarray technology, much time is spent in

image analysis after obtaining the fluorescence images.1–3 The

arrayed format of images was used for high-throughput analysis of

nucleic acids. For high throughput protein analysis, Bernard et al.

reported a micromosaic immunoassay to perform the detection of

model proteins by using eight-by-eight microfluidic channels.4 This

initial instance showed the potential of arrayed high-throughput

immunoassays based on microfluidics. In our previous work, we

developed a method that incorporates a concentration gradient

generator into microfluidic networks, thus realizing the quantifi-

cation of human immunodeficiency virus (HIV) antibodies from

human serum.5 To date, we are able to adapt these microfluidic

devices for many assays,6,7 but the time consumption in the final

image analysis still limits the pace of our experiments. Many works

improved the throughput of the microfluidic immunoassays by

increasing the number of channels in the devices or the degree of

automation of fluidic control,8–11 however, many laboratories were

faced with vast amounts of data that need to be dealed with by

manual measurements based on packaged software of micro-

scope.12,13 This process is subjective and time-consuming. How to
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address this issue of data extraction and analysis in microfluidic

immunoassays, therefore, is key to the realization of high-

throughput microfluidic immunoassays.

Image segmentation refers to the recognition of region of

interest (ROI) from an image, aiming for analysis and processing

of the sub-images. In order to extract the information about the

sub-image from the entire image, the usually used segmentation

algorithms include: spectral and spatial classification, gray-scale

thresholding, edge detection, region-growing, and so forth.

Among them, spectral and spatial classification algorithm is

normally used for color images; gray-scale thresholding algo-

rithm binarizes the original image according to a properly

determined threshold, which requires two distinct peaks in the

histogram of the image; edge detection algorithm performs

discrete differentiation operation on the image and recognizes

the ROIs after connecting the edge points. The defect of these

algorithms is the weak ability in recognizing ROIs with weak

(even without) intensities. Pattern recognition and edge detection

are familiar functions of many types of commercial software.

However, the nonuniform background and the various shapes

heavily affect the effectiveness of analysis. Some works focused

on the downstream methodology for acquisition of specialized

information from complicated biological images,14–17 and

showed high performance for analyzing a variety of morphol-

ogies. Compared with the lymphocyte, macrophage, vessel and

neurons, arrayed spots are more orderly. Many types of high-

throughout analytical data, actually, are stored as two-dimen-

sional objects. Processing these data is a form of array manipu-

lation, and MATLAB (abbreviation for ‘‘Matrix Laboratory’’),

as the name suggests, is especially adept at handling such arrayed

objects.18 Because the ROIs with the uniform size in our images

are arranged as a regular array, the precise segmentation and

information extraction can be achieved by fully exploiting this

physical information. In this study, we utilized this feature and

developed a program based on region-growing algorithm to

boost the efficiency of analyzing the arrayed microfluidic

immunoassays.
This journal is ª The Royal Society of Chemistry 2012
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DNA microarray images and our images from arrayed

immunoassays have similarities. Because of sometimes imperfect

alignment of the channels, the resulting array is not perfectly

registered in lines and columns. In addition, all microarray

softwares are based on the round shapes (used to analyze DNA

microarrays) which will not recognize the spots in our images

(which are square). We cannot employ DNA microarray soft-

ware directly to analyze our image. However, from the meth-

odological viewpoint, we are fully able to use the experience of

image analysis of DNA microarray. Although there are tens of

DNA microarray software, the basic steps of analysis include no

more than three-steps: gridding, segmentation and intensity

extraction.1,19 The regular, unambiguous and fixed microchannel

structure of arrayed microfluidics is convenient for image

analysis.
Experimental

Software

Matlab is R2011b (The MathWorks Inc., USA) with Image

Processing Toolbox.

Fig. 1 The layout of the microfluidic channels. (A) 11 channels with

widths of 100 mm and inter-channel distances of 200 mm. (B) 33 channels

with widths of 100 mm and inter-channel distances of 200 mm.
Microfabrication

The microfluidic channels were fabricated via well-established

soft lithography.20,21 Briefly, the microchannels were designed

using AutoCAD and the photomask film was printed by a

commercial printer at a local company (MicroCAD Photo-Mask

Ltd., China). The relief structures for the microchannels (i.e., the

master) were made by contact photolithography using SU-8 2100

photoresist (MicroChem) on a silicon wafer, which resulted in a

height of 80 mm.We made two different microfluidic chips in this

study for model titration experiment and HIV immunoassay,

respectively (ESI†). The former consists of 11 channels with

width of 100 mm and inter-channel distance of 200 mm (Fig. 1A);

the later consists of 33 channels with width of 100 mm and inter-

channel distance of 200 mm (Fig. 1B). We obtained the micro-

fluidic channels by replica molding with polydimethylsiloxane

(PDMS) prepolymer (Sylgard� 184, Dow Corning) and cured

them (base : curing ¼ 10 : 1) at 80 �C for 2 h. We punched holes

for inlet and outlet of each channel and assembled channels with

a flat PDMS slab. This sealing is not permanent and can be

reversibly reassembled with other microfluidic channels.
Microfluidic immunoassays

We carried out the methyl paraoxon immunoassay (ESI†) using

the microfluidic chip consisting of 11 channels (Fig. 1A) and the

HIV immunoassay (ESI†) using the microfluidic chip consisting

of 33 channels (Fig. 1B), respectively.
Scheme 1 The schematic diagram of arrayed immunoassay (A–C) fol-

lowed by image processing (D and E).
Programming

As described in the experimental procedure, two microfluidic

chips were sealed with the same PDMS slab in the direction

perpendicular to each other, successively (Scheme 1A and B). As

this was a manual registration (Scheme 1B), strictly speaking, a

normal image captured by microscope would be an oblique

image consisting of arrayed parallelograms (Scheme 1C and
This journal is ª The Royal Society of Chemistry 2012
Fig. 2A). Through our Matlab program (ESI†), we could easily

adjust the original image and transform it into a regular array of

squares (Scheme 1D and Fig. 2B). In our approach, we will first

shear and rotate the image. The functions of shearing and rota-

tion are realized by cubic spline function-based interpolation

algorithm. The position of each spot is determined by region-

growing algorithm. We select a sub-array consisting of m � n

spots, and the position of these spots is provided by manual

drawing at the ends of diagonal of the sub-array (Fig. 2C). The

dimension of the spots, and the vertical and horizontal spaces

between each spot within the sub-array can be determined by the
Anal. Methods, 2012, 4, 3466–3470 | 3467
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Fig. 2 The methyl paraoxon antigen–antibody titration. (A) The original image of antigen–antibody titration experiment consists of 10� 11 array. The

scale bar is 500 mm. (B) Shearing result of the image. (C)Manual selection of the ends of diagonal of the sub-array. (D)Manual adjustments for gridding.

(E) Region-growing for the spots. (F) Data output based on either reference row or reference column. (G) Antigen titration curve. (H) Antibody titration

curve.
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program. The center of the spot will be given as the ‘‘seed’’ of

region-growing. According to the determined parameters above,

the final gridding for each spot of the image is given by growing

the seeds on the binarized image which is given by the 1/4

maximum gray value (Fig. 2D and E). After the region-growing,

the program will compare the length/width of each spot with the

others at the same column/row. If it is far away (i.e., with 60%
3468 | Anal. Methods, 2012, 4, 3466–3470
deviation) from average value of the length/width of spots at the

same column/row, the recognized size will be abandoned. At last,

the program could output the gray value as a matrix (Scheme 1E

and Fig. 2F) which accords with the adjusted image. In addition,

the program could specify a row/column as negative or blank

control, and the output data will be subtracted the corresponding

mean or median value of pixels within the spot.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 TheHIV-1/2 antibodies immunoassay of 30 sera. (A) The original

image consists of 33 � 9 arrays captured by microscope. The scale bar is

500 mm. (B) The statistical chart of result. 7 targets for 33 samples

(including negative/positive controls) were plotted, based on the output

text file shown in Table S1†.
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Results and discussion

Antigen–antibody titration

In immunoassays, researchers typically have to explore the

optimal concentration of specific antigen or antibody. This work

is labor-intensive and often requires a lot of time by using 96-well

plates. In order to decrease the time consumption and to elimi-

nate errors between different batches of experiments, we utilized

the microfluidic system to improve the traditional approach.

Methyl paraoxon (MP) is an organophosphorus pesticide and is

toxic to humans. An indirect enzyme-linked immunosorbent assay

(indirect ELISA) for methyl paraoxon has been developed

recently.22 The investigation for optimal concentration of antigen–

antibody in microfluidic chips can be highly efficient compared to

carrying out this optimization in 96-well plate. Fig. 2A showed the

original image of the titration experiment. Each gradient solution

was introduced in parallel and we took the average value of four

spots as the final value for each concentration. From the image, we

also found that BSA is unsuited as a blocking reagent since theMP

antibody could bind to BSA (Fig. 2A). We set 5% skim milk as the

negative control because it has no cross-reactivity with the MP

antibody. Fig. 2B–F showed the sequential analysis of the image at

the Matlab GUI (graphical user interface), including (1) the

shearing (Fig. 2B), (2) the selection of sub-array (Fig. 2C), (3) the

adjustment of the position of origin, the length/width of the spot,

and the space between adjacent spots (Fig. 2D), (4) the region-

growing (Fig. 2E), and (5) the data output (Fig. 2F). When we

optimize the concentration of antigen, we set vertical column ‘‘5%

skim milk’’ as the negative control, and set 1st antibody dilutions as

the horizontal axis. The resulting curve of antigen (Fig. 2G) showed

that 40 mg mL�1 is the optimal concentration of MP-OVA (methyl

paraoxon conjugated with ovalbumin) since it has the best linearity

compared with others. When we optimize the concentration of

antibody, we should make horizontal row ‘‘5% skim milk’’ as the

negative control, and set antigen dilutions as the horizontal axis.

The resulting curve of antibody titration (Fig. 2H) indicated that

280 mg mL�1 is the optimal concentration of 1st antibody because

of its good linearity and low background. So we are able to obtain

the optimal concentration of antigen and antibody through one

experiment. The program improves the efficiency of analysis

markedly.

High-throughput HIV detection

Microfluidic channels allow rapid analysis of pairs of antigen–

antibody interactions. We focused on major diseases related to

human health such as AIDS caused by HIV.23 Microfluidic

devices provide a powerful tool for high-throughput biomedical

diagnosis. In this study, we tested 30 human sera simultaneously,

and analyzed the result using the developed program. Fig. 3A

shows the comprehensive test of HIV antibodies in human sera

against seven HIV surface antigens: p24, p31, gp41, p51, p55,

gp120, and gp36. p24, p31, gp41, p51, p55, and gp120 are HIV-1

specific biomarkers; gp36 is a HIV-2 specific biomarker. We

analyzed the image under the GUI environment by the similar

operation above, and the output data and the corresponding

column diagram are shown in Table S1† and Fig. 3B, respec-

tively. We set the HIV- serum as the negative control when we

output the gray values of each spot. From Fig. 3B, we could
This journal is ª The Royal Society of Chemistry 2012
estimate that 29 specimens (serum no. 1–17, 19–30) are HIV-1/2

positive, 1 specimen (serum no. 18) is HIV-1 uncertain and

HIV-2 negative, according to the Section 5.1.2.5 of the National

Guideline for Detection of HIV/AIDS released by Chinese

Center for Disease Control and Prevention (China CDC).24 The

guideline prescribes that the HIV-1 infection can be confirmed

when (1) both anti-gp41 antibody and anti-gp120 antibody exist,

(2) both anti-p24 antibody and either anti-gp41 antibody or anti-

gp120 antibody exist.
Conclusions

Microfluidic devices have expanded the throughput for immu-

noassays. In this work, we focused on the downstream data
Anal. Methods, 2012, 4, 3466–3470 | 3469
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extraction and developed a Matlab-based program. This

program possesses the function of adjusting, gridding, and cor-

recting images consisting of arrayed spots. The crucial part of the

program is the localization (i.e., the determination of coordi-

nates) of each reaction spot. We determined the dimension and

the position of the seed for a sub-array, which reduced the time

consumption for image processing and overcame the difficulties

resulted from the partial region with low signal-to-noise ratio.

The extraction of gray value can be easily done after the matrix

localization. Using this program, we realized the high-

throughput antigen–antibody titration and the HIV antibody

detection, from upstream to downstream of the whole procedure.

No matter how high the throughput is, the total time of immu-

noassay is about 1 hour. The time consumption in image analysis

is only about 3–5 minutes which depends on the number of pixels

in the captured image. Our study gives an approach that will

contribute to the improvement of the entire efficiency of the high-

throughput immunoassay.
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