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Abstract

In this paper, we have analyzed the capability and reliability of sandwich-type antibody microarrays for the detection quantification of cardiovascular risk markers. We used optical scanner system for the detection of fluorescent-labeled, sandwiched-structured antibodies on the chemically modified glass substrates. With the process and structure presented in this study, baseline and elevated levels of C-Reactive Protein, Myoglobin, TNF-α, Serum Amyloid A proteins, known cardiovascular risk markers in human serum, can be detected and quantified. This study is the first study of its kind, utilizing sandwich-type arrays for the detection and quantification of multiple-cardiovascular risk markers in human serum. We have also presented, in this study, that anti-fatty-acid binding protein antibodies, used as capture molecules, cross reacts with all detection antibodies on the microarray platform, generating noise signals, interfering the detection and quantification of markers. Finally, we have compared the results of our study with the performance of commercially available ELISA test-kits that presenting the advantages such as being able to detect and quantify multiple markers at once and also better dynamic ranges over some of the commercial ELISA test-kits.  
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I. INTRODUCTION

Originally, protein assays were developed in the enzyme linked immunosorbent assay (ELISA) format in microtiter plate format. Although ELISA has been long standing standard for quantitative analysis, this technique suffers from relatively low throughput, due to lack of multiplexing ability and high reagent and sample consumption [1, 2]. Development of fast and sensitive methods for the quantification of proteins is great importance because traditional immunoassay platforms have very limited multiplexing capability and high sample volume requirements [3-5]. Antibody microarrays may be very useful tool for the marker discovery and molecular diagnosis [6-9]. An important feature of antibody microarrays is having an ability to measure multiple proteins in complex mixtures using small amount of samples [10-12]. Besides low volume requirement and less antibody consumption that could be considered as an improvement relative to current ELISA based techniques, a relationship between analyzed proteins may be observed [13]. This multiple analysis system can improve diagnostic tests by reducing false positive and false negative results relative to the tests based on single markers [14].

Antibody microarray platforms are defined as the immobilized antibody molecules onto a chemically modified solid support in an array format and used to quantify proteins in biological samples [15]. Mostly, glass microscope slides are used as “open platforms” because there are many commercially available different silanes for the surface modification of glass slides [16]. Generally, two types of antibody arrays are used: direct labeling and sandwich immunoassays. In the direct labeling method, all proteins in a complex mixture are labeled, providing a means of detection for bound proteins after hybridization [17, 18]. In sandwich immunoassays, unlabeled proteins are captured onto antibody array and then labeled specific detection antibodies are used to detect bound proteins. In both approach, fluorescence signal can be achieved by using fluorophore conjugated streptavidin molecules which bind to biotin labeled detection antibodies or biotinylated proteins. These two microarray platform implementations are illustrated in Figure 1, where direct labeling of proteins in solution with fluorophore or biotin is presented in part (A) of the platform and label-free detection with fluorophore or biotin conjugated detection antibodies in sandwich format presented in part (B) of the platform. In both methods, either direct fluorophore labeling or biotin labeling and then fluorophore-conjugated streptavidin binding generates fluorescent signal.

Chest-pain diagnostics is a matter of great importance in emergency rooms due to requirement of fast and cost effective diagnostics.  Although Myoglobin has been used for over 3 decades, more clinic data has proven that Myoglobin level is not enough to correlate the risk of CardioVascular Disease (CVD) alone [19]. Although Low Density Lipoprotein (LDL) is the leading and widely accepted marker for CVD detection; it has been reported that 25% of the patients presenting low LDL levels has high risk of CVD [20]. Recent articles have shown significance of inflammatory markers in early detection of cardiovascular disease [21-24]. C-Reactive protein emerging as a new marker for acute phase inflammation has showed a lot of potential for earlier detection of CVD [25-28].  Yet again, C-Reactive Protein (CRP) may be deceiving for number of patient groups, which have cancer, autoimmune diseases or recovering CVD patients. The level of CRP can be cross checked with other markers of inflammation such as SAA, TNF-a, FABP and MYO [19, 29-33].  

The ability of antibody microarrays to detect specific proteins in native form, when monoclonal antibodies are used, has opened a window to design a platform for multiplexed checking of each levels of protein in a single experiment from a complex serum [10, 18, 34, 35]. Some of the detection ranges of commercially available ELISA kits were shown in Table 1. Normal and elevated serum levels can be quantified by diluting samples to the range of available ELISA kits. These are the estimated values and manufacturers suggest that each laboratory should define their working ranges. When performing ELISA tests, serum samples are used in diluted forms, therefore it is not necessary that normal and elevated levels should be covered by detection range of assays.  

In this paper, we have analyzed the possibility of sandwich type antibody microarrays for the detection and quantification of CVD marker proteins in human serum. Proteins in complex mixtures such as human serum can be quantified without labeling samples. Sandwich model allow us to detect and quantify proteins without labeling them first. Without labeling proteins, we eliminate the problems that arose from labeling of antigen binding sites on proteins. Besides low sample and reagent consumption of microarray approach, multiplexing ability will generate data that are more reliable by looking more than one marker at a time. 

We have used epoxy-coated microscope slides for immobilization of marker specific antibodies. Instead of traditional cover-slip method, we have used microplate microarray apparatus which has silicone gasket that compartmentalize the slide into twenty-four different arrays, as same as 96-well plate footprint. Therefore, we are able to run twenty-four experiments on single microscope slide. A representative array for one-slide is illustrated in Figure 2.  

II. EXPERIMENTAL

Overall process outline was summarized in Figure 3. After epoxy silanization step (a), antibodies were printed on activated microscope slide (b). After washing and blocking procedures, antigen mixtures or serum dilutions were added and incubated (c). After removal of unbound antigens, biotinylated secondary antibodies were added to the wells (d). Finally Alexa-488 labeled streptavidin molecules were incubated with sandwich structure (e). Washed and dried slides were scanned using microarray scanner (f) and images were analyzed with accompanying software (g). Relative fluorescent values were used to generate standard curves (h) and quantifications were performed according to these standard curves. 

A. Materials and Reagents

Monoclonal antibody pairs and purified antigens for C-Reactive Protein, Fatty Acid Binding Protein and Myoglobin were purchased from Fitzgerald Industries International (Concord, MA, USA). Monoclonal detection antibodies, biotinylated polyclonal detection antibodies and purified antigens for Serum Amyloid A and TNF-α were purchased from Antigenix America (Huntington Sta., NY, USA). Biotinylation kits, Alexa-488 conjugated streptavidin and Alexa-488 conjugated rabbit anti-mouse antibody were purchased from Invitrogen (Carlsbad, CA, USA). Epoxy silane coated glass slides, protein printing and blocking buffers, SMP3 pins, microplate microarray device and slide centrifuge were purchased from TeleChem International (Sunnyvale, CA, USA). BSA, PBS and Tween 20 were purchased from Sigma (USA). Antibody arrays were spotted using Omnigrid Accent (GeneMachine, San Carlos, CA, USA). Slides were scanned using an ArrayWoRx(R) Biochip Reader (Applied Precision, Marlborough, UK) and analyzed by using accompanying software.  

PBS-T (1X PBS, 0.5% Tween 20) and Diluent buffer (2% BSA in BPS-T) were used for all washing and dilution steps, otherwise noted. 

B. Preparation of Antibody Array

All capture antibodies were diluted to 0.6 – 1 mg/ml final concentration using antibody-printing buffer. Antibodies were spotted at 60% relative humidity using SMP3 pins, acquired from Telechem International and Omnigrid Accent Microarrayer. Only one pin was used to ensure mechanical printing precision with agitated sonication-washing-drying cycles. Each antibody was spotted in triplicate in twenty-four fields giving twenty-four wells on slide and the format is compatible with microplate microarray from Telechem. Spot diameter was 120 µm and space between spots for all dimensions was 500 µm. Spotted slides were incubated for 2 hours at 60% relative humidity. Slides were stored unprocessed at 4ºC and blocked with protein blocking buffer for biotinylated one hour just before the experiment. 

C. Hybridizations

All hybridization reactions were done at room temperature and on a rotating shaker at 200 rpm. Slides were placed in microplate microarray apparatus which has same footprint as 96-well plate and allow us to use multichannel pipettes. Serial dilutions of antigen mix or serum were prepared using diluent buffer (2% BSA in BPS-T). 70 µl of solution was delivered into wells and incubated for one hour. After incubation, wells were rinsed four times with PBS-T (1X PBS, 0.5% Tween 20) and once with PBS buffer. Biotinylated detection antibody mixture was prepared by diluting antibodies in diluent buffer at 2 µg / ml concentration and added to the wells. After one-hour incubation with detection mixture, wells were washed as before and Alexa-488 conjugated streptavidin at 2 µg / ml concentration in diluent buffer was used to generate fluorescence signal from sandwiched structure. We have found that thirty-minute incubation is optimum for high signal-to-noise ratio (SNR). 

D. Detection

After final washing step, slides were dried using slide centrifuge and stored in dark until scanning procedure. All slides were scanned under same exposure (0.4 seconds) in Alexa 488 channel with gain function “off” to obtain comparable images as manufacturer suggested protocol. 5-µm resolution was selected for all slides. Scanner software was used to quantify the obtained images.

III. RESULTS AND DISCUSSIONS

A. Quality check of printed slides

Spotted antibodies were hybridized with Alexa-488 labeled rabbit anti-mouse antibody to check spot uniformity and signal intensity, as seen in Figure 4. Alexa-555 labeled albumin was spotted for orientation purposes. In Fig. 4, Alexa-488 and Alexa-555 dyes were shown as green and red, respectively. In sandwich ELISA model, immobilized antibody concentration should be in excess amount so that the binding is not limited by the capture antibody concentration. 

In our method, we could not control the oriented antibody immobilization in which the epitope binding sites of antibody are away from the surface because epoxy groups on the glass surface bind to lysine residues on antibody molecule.  Anti-mouse antibody binds to heavy- and light- chains of immobilized monoclonal mouse antibodies therefore we are not measuring functional antibodies on the surface by this quality checking protocol. Only, spot morphologies were observed in this step.

B. Standard Curves

C-Reactive Protein, TNF-α, Serum Amyloid A, Myoglobin, and Fatty Acid Binding Protein (FABP) antigens were mixed and serial dilutions were prepared using diluent buffer. Serial dilutions of antigens were used to determine dynamic range of each antibody. Standard curves, presented in Figure 5, for C-reactive Protein (a), Myoglobin (b), Serum Amyloid A (c), and TNF-α (d), were calculated using spot intensity values after background subtraction. 12-µm squares were selected from corners between spots on the glass-slide for background calculations. Final spot intensities were calculated by subtracting reference spot intensity values from each antibody’s spot intensity. We have used four-parameter “logistic fit” for standard curve analysis. R2 values were also calculated as 0.9795, 0.9584, 0.9955, and 0.9966 for C-Reactive Protein, Myoglobin, Serum Amyloid A, and TNF-α, respectively. 

After some concentration levels, all available capture antibodies were bound by antigen in the solution and beyond that point, we have observed some decrease in fluorescence intensity. These are also similar to the high dose “hook effect” in which as the concentration of antigen begins to exceed the amount of immobilized antibody, the concentration response curve reach the plateau and with further increase becoming negatively sloped [41]. This concentration levels also defines the dynamic range for each of the markers and that are 2.2 – 531 ng/ml for C-Reactive Protein, 6.5 – 531 ng/ml for Myoglobin, 5.9 – 478 ng/ml for Serum Amyloid A, 5.9 – 1434 ng/ml for TNF-α. These findings suggest that, if dynamic range is not enough to cover required range to quantify sample levels; serial dilutions of sample is required. Dilutional linearity analysis may overcome this problem and may result more accurate data. 

In our method, we have obtained standard curves similar to reported ELISA ranges, as also summarized in Table 2, for the following antibodies; C-Reactive Protein, TNF-α, Serum Amyloid A and Myoglobin. These antibody pairs can be used in multiplex assays. 

C. Cross-talk

We have found that FABP antibodies, both capture and detection, could not be used with other antibody pairs in this system. All other detection antibodies bind to the FABP antibodies. We have detected high signal from FABP spots when we exclude the FABP antigen from the antigen mixture. Two different Fatty Acid Binding Protein antibodies (Clone-1 and Clone-2) were used to generate standard curves, reflecting the cross-talk. Both type of antibodies were spotted and both type of antibodies were biotinylated to use as a detection antibody, for each pair signal intensity from spots was not depend on antigen concentration, as shown in Figure 6 for Clone-1 (a) and Clone-2 (b) antibodies. This suggests that FABP antibodies bind to other detection antibodies in the mixture. Epitope region of these antibodies, we think, also bind to Fc portion of other antibodies because signal intensities from FABP antibody spots do not correlates with antigen concentrations at all. These antibodies are generally used in ELISA assays or western blotting applications without cross-reacting with other antibodies. We have used commercially available antibodies that are not considered to be used with antibody mixture. Antibodies for ELISA and Immunoprecipitation applications, are considered to be a good starting point to choose antibody pairs for microarray implementations. However, this consideration does not guarantee that antibodies would work in multiplex systems. Antibody pairs that could work in ELISA methods may not work in microarray applications because of antibody – antibody interactions. 

D. Human Serum 

Human serum from a healthy individual with no-known cardiovascular problem was used in this study to control antibody microarray system. Serum experiments were performed after a blood sample was drawn from an individual to non-clotting agent free vacutainer; and serum was separated using standard clinical procedures. Serum was stored at -20ºC until it was used. Antigen levels were detected by incubating microarray with 5-fold dilutions of serum. Purified antigens were added to human serum for detection of elevated serum antigen levels at 1 µg/ml concentration. These mixtures were used to test the quantification power of sandwich-type antibody microarray. Serial dilutions of normal human serum and antigen added human serum which is used to represent elevetad levels, as presented in Figure 7. Serum levels of C-Reactive Protein (a), Myoglobin (b), Serum Amyloid A (c) and TNF-α (d) was calculated as; 1.1 µg/ml, 0.9 µg/ml, 0.9 µg/ml, 1.2 µg/ml, respectively using a standard curve which is generated on the same slides that these quantification experiment was carried on. Only linear regions of dilutions curves were used to calculate the concentrations of marker proteins. 

Dilutional linearity is important when calculating the serum levels of marker proteins because of high dose hook effect. This effect can be seen especially for Serum Amyloid A (c) and TNF-α (d) in Fig. 7, therefore only linear parts of dilution versus relative fluorescence unit graph were used to calculate concentrations. As there are many steps such as incubation with serum, detection antibody, streptavidin and washing, microarray and ELISA methods need in-slide or in-plate standards. We have reserved at least six wells for standard curve generation for each slide. 

IV. CONCLUSIONS

In this paper, we have analyzed the detection and quantification capability and reliability of sandwich-type antibody microarrays for cardiovascular risk markers. We used optical scanner system for the detection of fluorescent-labeled, sandwiched-structured antibodies on the chemically modified glass substrates. With the process and structure presented in this study, baseline and elevated levels of C-Reactive Protein, Myoglobin, TNF-α, Serum Amyloid A protein, known cardiovascular risk markers in human serum, can be detected. Four-parameter logistic fit algorithm gave high R2 values and dynamic working ranges are similar to the commercially available ELISA kits for these antibodies. This finding strongly suggests that these antibody pairs can be used to detect and quantify marker proteins in human serum. As microarray systems are versatile, other marker specific antibodies can also be added to the panel and hence multiplex assays for quantification could be possible. We have observed that detection limits of sandwich-type antibody microarray is enough to detect serum levels, both baseline and elevated, of marker proteins used in this study. 

We have also presented in this study that anti-fatty-acid binding protein antibodies, used as capture molecules, cross-reacts with all detection antibodies on the microarray platform. This cross-talk/reactivity between these antibodies generates noise signal, interfering the quantification of antigens. A further improvement in the process and structure is required to reduce/eliminate the cross-talk between the antibodies so that more reliable detection and quantification of marker proteins can be achieved. Furthermore, for sandwich-type antibody microarray applications, antibodies should be compatible with other antibody pairs on microarray. Generally, antibodies were selected by their low cross-reactivity towards other serum proteins and multiplexing capabilities of antibodies is not in the selection criteria. 

We have also presented that sandwich-type antibody microarrays can be used to quantify marker proteins in human serum without need of labeling serum proteins. As a comparison with direct-labeling strategy, our method can be used to quantify proteins without need of control serum for each experiment. In direct-labeling method, normal human serum with no-known disease for specific research should be used and the results are the fold comparisons of samples to normal. In our case, serum levels of marker proteins can be quantified as in ELISA method, but in multiplex format. 
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TABLE CAPTIONS

Table 1: Normal and Elevated serum levels of marker proteins used in this study. Some example detection ranges of ELISA kits from various suppliers. ND:Not determined, NA: Not available

Table 2: Comparison of detection ranges of commercially available ELISA kits with sandwich-type antibody microarray.

FIGURE CAPTIONS

Figure 1: Two different types of antibody microarrays: A) direct labeling of proteins in solution with fluorophore or biotin  and B) label-free detection with fluorophore or biotin conjugated detection antibodies in sandwich format

Figure 2: Microarray microplate apparatus allow us to print twenty-four subarray onto glass slide in 3x8 format. 

Figure 3: Process outline (a) epoxy silane coating, (b) array printing, (c) serum incubation, (d) detection antibody hybridization, (e) fluorophore labeled streptavidin hybridization, (f) scanning, (g) image analysis, and (h) data analysis.

Figure 4: Subarray format of printed antibodies on glass substrate.  Alexa-488 (green) labeled anti-mouse antibody was used to check spot morphology. Alexa-555 labeled Albumin was used for orientation.  

Figure 5: C-Reactive Protein (a), Myoglobin (b), Serum Amyloid A (c), and TNF-α (d) antigens were used to generate standard curves. 

Figure 6: Two different Fatty Acid Binding Protein antibodies, Clone-1 (a) and Clone-2 (b), generating standard curves, reflecting the cross-talk. 

Figure 7: Human serum dilutions (Baseline Level) and antigen added samples (Elevated Level) 

Table I

	Protein Markers
	Normal Serum Levels
	Elevated Serum Levels
	Detection Range of commercial ELISA
	Vendor

	C-Reactive Protein, [28]
	≤ 1 µg/ml
	≥ 10 µg/ml
	0 – 100 µg/ml

1.9 – 150 ng/ml

10 – 500 ng/ml
	(Life Diagnostics Inc.) 

(ALPCO Diagnostics)

(Diagnostic Systems Lab.)

	Myoglobin, [36-38]
	≤ 110 ng/ml
	≥ 110 ng/ml
	5 – 1000 ng/ml

5 – 1000 ng/ml

25 – 250 ng/ml
	(Life Diagnostics Inc.)

(Oxis International Inc.)

(ALPCO Diagnostics)

	Serum Amyloid A, [39]
	~ 3 µg/ml
	≥ 1 µg/ml
	1.1 – 80 ng/ml

9.4 – 600 ng/ml
	( US. Biological)

(Biosource Int. )



	TNF-α
	NA
	NA
	10 – 2000 pg/ml

15.6 – 1000 pg/ml

15.63  - 1000 pg/ml
	(CytoLab Ltd.)

(Biosource Int. )

(Assay Design)

	Fatty Acid Binding Protein, [36, 40]
	≤ 16 ng/ml
	≥ 16 ng/ml
	1 – 100 ng/ml

0.5 – 25 ng/ml

1 – 100 ng/ml
	(Life Diagnostics Inc.)

(Biovendor Lab. M. Inc)

(Oxis International Inc.)


Table II

	Protein Markers
	Normal Serum Levels
	Elevated Serum Levels
	Detection Range of commercial ELISA
	Vendor
	Sandwich-type antibody microarray detection ranges (this study)

	C-Reactive Protein
	≤ 1 µg/ml
	≥ 10 µg/ml
	0 – 100 µg/ml

1.9 – 150 ng/ml

10 – 500 ng/ml
	(Life Diagnostics Inc.) 

(ALPCO Diagnostics)

(Diagnostic Systems Lab.)
	2.2 – 531 ng/ml

	Myoglobin
	≤ 110 ng/ml
	≥ 110 ng/ml
	5 – 1000 ng/ml

5 – 1000 ng/ml

25 – 250 ng/ml
	(Life Diagnostics Inc.)

(Oxis International Inc.)

(ALPCO Diagnostics)
	6.5 – 531 ng/ml

	Serum Amyloid A
	~ 3 µg/ml
	≥ 1 µg/ml
	1.1 – 80 ng/ml

9.4 – 600 ng/ml


	( US. Biological)

(Biosource Int. )


	5.9 – 478 ng/ml

	TNF-α
	NA
	NA
	10 – 2000 pg/ml

15.6 – 1000 pg/ml

15.63  - 1000 pg/ml
	(CytoLab Ltd.)

(Biosource Int. )

(Assay Design)
	5.9 – 1434 ng/ml

	Fatty Acid Binding Protein
	≤ 16 ng/ml
	≥ 16 ng/ml
	1 – 100 ng/ml

0.5 – 25 ng/ml

1 – 100 ng/ml
	(Life Diagnostics Inc.)

(Biovendor Lab. M. Inc)

(Oxis International Inc.)
	ND
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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