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Abstract

Parallel detection approaches are of interest to many researchers interested in identifying multiple 

water and foodborne pathogens simultaneously. Availability and cost-effectiveness are two key 

factors determining the usefulness of such approaches for laboratories with limited resources. In 

this study, we developed and validated a high-density microarray for simultaneous screening of 14 

bacterial pathogens using an approach that employs gold labeling with silver enhancement (GLS) 

protocol. In total, 8,887 probes (50-mer) were designed using an in-house database of virulence 

and marker genes (VMGs), and synthesized in quadruplicate on glass slides using an in-situ 
synthesis technology. Target VMG amplicons were obtained using multiplex polymerase chain 

reaction (PCR), labeled with biotin, and hybridized to the microarray. The signals generated after 

gold deposition and silver enhancement, were quantified using a flatbed scanner having 2-μm 

resolution. Data analysis indicated that reliable presence/absence calls could be made, if: i) over 

four probes were used per gene, ii) the signal-to-noise ratio (SNR) cutoff was greater than or equal 

to two, and iii) the positive fraction (PF), i.e., number of probes with SNR > 2 for a given VMG 

was greater than 0.75. Hybridization of the array with blind samples resulted in 100% correct 

calls, and no false positive. Because amplicons were obtained by multiplex PCR, sensitivity of this 

method is similar to PCR. This assay is an inexpensive and reliable technique for high throughput 

screening of multiple pathogens.
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Introduction

Hybridization-based screening or confirmation of multiple bacterial or viral pathogens often 

involves fluorescent labeling of the polymerase chain reaction (PCR)-based amplicons or 

extracted sample DNA, hybridization on a microarray with probes designed for the target 

genes, and signal quantification using a laser scanner (Cao et al., 2015; Miller et al., 2008; 

Stedtfeld et al., 2007). High cost of scanning equipment is a bottleneck for use in limited 

resource settings. Alternative strategies for labeling and signal quantification, e.g., gold 

nano-particles labeling with silver enhancement (GLS) followed by quantification with 

flatbed scanners can address this limitation (Grinev et al., 2017). Several studies have 

demonstrated its potential focusing on bacterial pathogens (Qi et al., 2010), swine viruses 

(Wang et al., 2013), and HIV-1 and Hep C (Tang et al., 2011), albeit using less than a dozen 

probes on the whole array (Table 1). Recently a microarray-based GLS approach 

demonstrated that it can also be used for detection of mutation in the epidermal growth 

factor receptor (Xue et al., 2014). Examples of antibody-based lateral flow assays using GLS 

are numerous (Ngom et al., 2010) but differ significantly in their performance compared to 

DNA-DNA hybridization.

From the studies conducted using GLS with DNA-DNA hybridization (Alexandre et al., 

2001; Liang et al., 2004; Liu et al., 2006; Storhoff et al., 2004; Taton et al., 2000), it is 

evident that the range of signal intensity produced by the GLS approach is smaller than the 

range of signals obtained by fluorescent dyes and laser scanners (Wilson et al., 2002). For 

GLS using flatbed scanners, it is between 0 and 255 on the gray scale (with 0 being black 

and 255 being white) while for fluorescent dyes with laser scanners is between 0 and 65,000 

arbitrary units. As signal-to-noise ratio (SNR), this may translate into 0 to 100 for GLS and 

0 to 1,000 for fluorescent dyes. Previous studies have used gray scale (Liang et al., 2004; 

Taton et al., 2000) or SNR (Wan et al., 2005) when using GLS. Because microarrays 

designed to screen for multiple pathogens generally use multiplexed PCR amplification step 

prior to hybridization to enhance detection limit (Call, 2005; Call et al., 2003; Loy and 

Bodrossy, 2006), and do not provide quantitative information about the detected target, the 

numerical value of the SNR is not critical. However, to make reliable presence/absence calls, 

the SNR for target probes must be completely separated from the SNR for non-target probes. 

Thus, when a large number of bacterial targets must be screened using the GLS approach, it 

is critical to experimentally establish the cut-off for positive fraction (PF) defined as the 

number of probes having a SNR greater than a given value.

The objective of this study was to develop and validate a GLS-based approach for 

simultaneous detection of 14 bacterial pathogens using an in situ synthesized microarray and 

a flatbed scanner. Probes for an additional pathogens were present on the microarray but 

they were not validated with target VMGs and served only as a control set to evaluate non-

specific hybridization. Reliable presence/absence calls were made based on a set of three 

filters related to the minimum number of probes per probe set, threshold SNR for positive 

signals, and a threshold for PF. Performance of the GLS approach was validated using blind 

samples containing mixtures of virulence and marker genes (VMGs) not known to the 

person hybridizing the array and performing data analysis. Because of the low-cost 

technologies used for scanning, the method represents a cost-effective approach (Table 2) to 

Srinivasan et al. Page 2

J Microbiol Methods. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



screen for multiple pathogens and provides a set of probes for many other pathogens that 

could be used after further validation. The bacterial pathogens chosen are common 

contaminants with a potential to be present in water and food globally (Logue et al., 2017).

Materials and Methods

Probe design and synthesis of VMG microarray

An in-house database containing 36 genera, 107 pathogens, 539 genes, and 3,183 VMG 

sequences obtained from GenBank was used to design 8,887 fifty-mer probes (Table S1–S3) 

using CommOligo (Li et al., 2005). The probe design criteria listed in Table S1 was similar 

to that reported in a previous study (He et al., 2005). These probes were synthesized in situ 
on a glass slide in quadruplicate (replicated four times) using a flexible in situ microarray 

technology described previously (Gao et al., 2004, 2001; LeProust et al., 2000). A 32-mer 

sequence (5′-CCTATAGTGAGTCGTATTAAGCAGCGCAGC-3′) was also synthesized in 
situ and replicated 1,214 times over the entire slide to serve as a control. A total of 551 

probes targeting 40 VMGs associated with 14 pathogens served as the target probes either 

during initial development or with blind mixtures. Non-targeted probes were not validated 

further as part of this study and therefore only served for evaluated the specificity of the 

microarray.

Design of sample with known VMG mixture for method development

During method development, 22 VMGs targeted by 228 probes associated with 10 

pathogens were used (Table 3; Known VMG mixture). Hybridization experiments to develop 

the protocol and data analysis scheme were carried out in triplicate. The 22 VMGs selected 

for method development were amplified from genomic DNA of the targeted pathogens by 

PCR. Target VMGs were amplified in five multiplexed reactions and the amplicons were 

labeled with biotin. It is worth noting that the overall VMG mixture also contained the 

amplicons for six additional VMGs that were filtered at the time of data analysis because 

only 1–2 probes per VMG were present on the array. A biotin labeled sequence 

complementary to the 32-mer in situ synthesized sequence was synthesized by Integrated 

DNA Technologies (Coralville, IA) and spiked in the hybridization mixture. This biotin 

labeled sequence served as a positive control for hybridization to the 32-mer in situ sequence 

mentioned above. The complete target mixture was hybridized to the microarray. Hybridized 

biotinylated targets were incubated with gold nano-particles using streptavidin-gold 

conjugate solution followed by silver enhancement to further amplify the generated signals. 

Thereafter, the VMG microarray was scanned using a conventional flatbed scanner and the 

data was analyzed using Genepix 5.0 software (Axon Instruments, Union City, CA).

Strategy for blind samples with unknown VMGs for method validation

Two separate blind samples were prepared using amplicons generated by monoplex PCR of 

multiple VMGs including four additional pathogens that were not hybridized during 

development (Table 3: Blind mixtures 1 and 2). All PCR amplicons were cleaned using a 

QIAGEN PCR clean-up kit (QIAGEN, Valencia, CA), and quantified using the NanoDrop® 

ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Approximately 

2.5 x 10−14 mol of each amplicon was added to the blind sample mixture, and 250 ng of the 
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final mixture was used for biotin labeling using Bioprime DNA labeling kit (Invitrogen, 

Carlsbad, CA). The blind samples targeted some VMGs that were included in the known 

VMG (Table 3, Blind VMG mixtures 1 and 2 marked as + for Spiked). The identity of the 

prepared samples in terms of pathogens targeted or VMGs mixture used was not revealed to 

the person carrying out the hybridization and data analysis for the blind samples until the 

after presence/absence calls were made.

DNA extraction from bacterial cultures

Target pathogens from which DNA was extracted for method development and validation 

included: Aeromonas hydrophila (ATCC 7966), Clostridium perfringens (ATTC 12916), 

Listeria monocytogenes (ATCC 15313), Vibrio parahaemolyticus (ATCC 43996), and 

Yersinia enterocolitica (ATCC 55075) -all obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). The cells were grown overnight according to the 

instructions provided by the ATCC for the respective organism. DNA was extracted using 

DNeasy Tissue Kit (QIAGEN, Valencia, CA) per the manufacturer’s instructions. For 

Staphylococcus aureus (ATCC 700699), Vibrio cholerae (ATCC 39315), Legionella 
pneumophila (ATCC 33152), Campylobacter jejuni (ATCC 700819), Helicobacter pylori 
(ATCC 700392), Cryptosporidium parvum (ATCC PRA-67D), Mycoplasma genetalium 
(ATCC 33530), Streptococcus agalactiae (ATCC BAA-611D), and Proteus mirabilis (ATCC 

49565), only purified genomic DNA was obtained from the ATCC.

Primer selection and PCR amplification

Gene-specific primer reported earlier (Miller et al., 2008) were designed to amplify the 

regions of VMGs with a high probe density on the microarray. The designed primers were 

synthesized by Integrated DNA Technologies (Coralville, IA). A Blast search was used to 

screen the GenBank database and primer specificity was confirmed by finding mismatches 

to corresponding non-target sequences near the 3′ end of the primer. In multiplex PCR, the 

primers were separated so that each set contained 10 primer pairs segregated per their 

annealing temperature (53 °C to 58 °C). The primers were combined so that each pathogen 

was targeted by at least two multiplex reactions. Additional details regarding the primer 

design can be obtained elsewhere (Miller et al., 2008).

A PCR reaction mixture (25 μl) for amplification of each target was prepared by adding 2.5 

μl of 10× PCR buffer, 2 μl of 2 mM MgCl2, 0.3 μl of AmpliTaq Gold (specified reagents 

purchased from Roche Molecular Systems, Pleasanton, CA), 2.5 μl of deoxynucleoside 

triphosphate (Invitrogen, Carlsbad, CA), 10 μM of each primer (forward and reverse) for 

each VMG, 0.5 μl of BSA (New England Biolabs, Beverly, MA), and 1 μl of template DNA. 

Enzyme activation was carried out at 94 °C for 10 min, followed by PCR amplification for 

40 reaction cycles. Each cycle included the following steps: denaturation at 94 °C for 60 s, 

annealing at 53 °C or 58 °C for 60 s, extension at 72 °C for 60 s and a final extension step at 

72 °C for 7 min. The fragment size of PCR amplicons was determined by using an agarose 

gel stained with SYBR Safe DNA gel stain (Invitrogen, Carlsbad, CA) and visualized under 

a UV light source. The PCR products were purified using QIAquick PCR purification kit 

(QIAGEN, Valencia, CA) and quantified using NanoDrop ND-1000 spectrophotometer prior 

to hybridization.
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Biotin labeling of VMG amplicons

The purified amplicons were labeled with biotin using Bioprime labeling kit (QIAGEN, 

Valencia, CA) as per the protocol described by the manufacturer with few modifications. 

Approximately 2.5 x 10−14 mol of each amplicon was added to prepare the known VMG 

mixture. To approximately 100 ng of this mixture in a microcentrifuge tube, 20 μl of 2.5× 

random primer solution (kept on ice) and water was added to obtain a total volume of 44 μl. 

This mixture was denatured by heating for 5 min at 95 °C and immediately cooled on ice for 

5 min. Thereafter, 5 μl of 10× dNTP and 1 μl klenow fragment were added into the reaction 

vial, followed by an incubation step at 37 °C for 90 min. This step allowed the incorporation 

of biotin-labeled dUTP into the target DNA sequence. After incubation, 5 μl of stop buffer 

was added and the biotin-labeled amplicons were purified and quantified. The samples were 

dried and stored at −20 °C until needed for hybridization.

GLS hybridization protocol

Labeled PCR products were hybridized on the VMG microarray using the following 

protocol. The slide was washed twice with 0.2% sodium dodecyl sulphate followed by two 

additional washes with distilled water and dried using a dust remover can (Fisher Scientific, 

Pittsburgh, PA). The area on the glass slide containing in situ synthesized probes was 

covered with 6× SSPE (pH 6.7) for 1 min to help reduce background signal. Hybridization 

solution was prepared by adding 150 μl of 20× SSPE buffer, 50 μl of 10 mg/ml acetylated 

bovine serum albumin (Sigma-Aldrich, St. Louis, MO), 0.5 μg of biotin labeled positive 

control, biotinylated target DNA (3,000 ng to 5,000 ng per slide) and distilled water to 

obtain a total volume of 500 μl. The solution was warmed at 65 °C for 5 min and target DNA 

was warmed at 95 °C for 5 min prior to hybridization.

The VMG microarray was hydrated by soaking in 450 μl hybridization solution and placed 

inside a hybridization cassette (ArrayIt, Sunnyvale, CA). The hybridization cassette 

contained two small wells along the edges which were filled with 6× SSPE to ensure that the 

moisture content inside the chamber was 100%. Pre-warmed targets and biotin labeled 

positive control were added to the remaining hybridization solution (50 μl) and loaded on the 

slide under a cover slip without leaving any air bubbles. The setup was incubated in a water 

bath at 40 °C for 6 hr. After hybridization, the slide was washed with 6× SSPE at 40 °C for 5 

min and quickly dipped in 4 °C water for 5 s and dried.

The hybridized slide was treated with a gold-labeling mixture containing 15 μl streptavidin-

gold conjugate solution (Sigma-Aldrich, St. Louis, MO), 15 μl 20× SSPE buffer (Invitrogen, 

Carlsbad, CA), 5 μl acetylated bovine serum albumin, 0.5 μl of 5% tween 20 and 14.5 μl 

water. The solution was applied on the slide under a cover slip and incubated for 1 hr at 

room temperature. The slide was dipped two times each in 6× SSPE kept in 3 separate tubes. 

This was followed by fixing the slide with 2.5% gluteraldehyde solution (Sigma-Aldrich, St. 

Louis, MO) for 15 min under a fume hood. The slide was thoroughly washed with distilled 

water to avoid high background caused by buffer salts (24) and was kept submerged in it 

prior to the silver enhancement step.
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The silver enhancement step was carried out in a darkroom (Newman and Jasani, 1998) 

since silver enhancer solutions are sensitive to light which leads to non-specific silver 

deposition (Alexandre et al., 2001). Equal volumes (12 ml each) of silver enhancer solution 

A containing silver salt and solution B used as the initiator (Sigma-Aldrich, St. Louis, MO) 

were mixed in a slide mailer (Fisher Scientific, Pittsburgh, PA) to obtain a total volume of 24 

ml. Solution B initiated the reduction of silver salt in solution, thereby resulting in the 

precipitation of silver. Proportions of initiator and silver salt solutions were optimized to 

achieve high SNR. The VMG microarray was submerged in the silver solution and allowed 

to incubate for 25 min at room temperature. A fresh stock of silver solution was used to 

replace the original stock and the slide was allowed to incubate for an additional 10 min 

because a longer enhancement time with older solutions are known to cause self-nucleation 

and high background (Alexandre et al., 2001; Zhang et al., 2004). The array was washed 

with distilled water and dried. Signal preservation was achieved by quickly dipping the slide 

in archive solution (QIAGEN, Valencia, CA) as suggested by previous researchers (Lin et 

al., 2005; Reichert et al., 2000) and stored for scanning.

Data acquisition and analysis

Hybridized slides were scanned using Epson Perfection 4990 Flatbed Scanner (Epson, Long 

Beach, CA) set with a 16-bit gray scale. The images were scanned at the maximum 

resolution of 12,800 dpi (2 μm per pixel) and saved as Tiff files. The files were imported into 

Genepix 5.0 and were analyzed at a default wavelength of 600 nm. An overlay (unique for 

every microarray) was prepared and the SNR was quantified using Genepix 5.0. SNR was 

calculated as (signal of feature or spot - mean local background)/(standard deviation of mean 

local background). The data was analyzed using Microsoft Excel (Microsoft, Redmond, 

WA) and plotted using SigmaPlot 9.0 (Systat Software, Point Richmond, CA).

Each probe was assigned a unique name (genus_species_gene_accession 

number_sequence_group/unique probe_ replicate number) and sorted as per its accession 

number resulting in different probe set for each VMG. Each probe set consisted of a group 

of probes targeting a gene and organism for one or more strains. A set of three filters were 

developed and used to make reliable presence/absence calls. The PF of each probe set was 

calculated as the number of positive probes (SNR ≥ 2) in each probe set divided by the total 

number of probes within that set (Wilson et al., 2002).

Results and Discussion

Choice of data quality filters for the GLS protocol

For parallel screening of multiple pathogens using a large number of probes, it is critical to 

eliminate the potential for false negative and positive calls. Use of redundant probes for the 

same amplicons and computation of a “positive fraction” i.e., fraction of probes for the same 

amplicons giving positive signal is common for such diagnostic arrays (DeSantis et al., 

2005; Miller et al., 2008; Wilson et al., 2002). Because GLS varies significantly in its 

labeling, hybridization, and data analysis methodology compared to the use of fluorescent 

labeling and laser scanner, the PF cut-off developed for the latter cannot be used directly for 

the GLS approach. These differences may be due to several reasons including: i) non-
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uniform silver deposition and manual hybridization, ii) use of local background signal to 

normalize the positive signals instead of using average background for the whole array or for 

selected spots as done in fluorescent-based techniques, and iii) cross-hybridization due to the 

presence of a large number of probes for closely related organisms.

A known VMG mixture containing 43 amplicons targeting a total of 22 VMGs was used to 

develop the GLS protocol. The targeted amplicons were hybridized to a glass array followed 

by gold labeling with a silver enhancement step (Fig 1). There were three filters used to 

make reliable presence/absence calls. The first filter was related to the minimum number of 

probes and required that only those VMGs that had four or more probe be considered for 

further data analysis. The second filter was related to SNR and required that each probe in a 

probe set had an SNR ≥ 2.0 for the probe signal to be considered positive. The third filter 

was related to PF and required that each probe set must have a PF ≥ 0.75 for the VMG to be 

considered as present. For the first filter, a threshold value of four was chosen because it 

clearly separated the true positive signals from the true negative signals (Fig S1 a & b). All 

targeted VMGs with less than 4 probes per set resulted in positive fractions lower than 0.75 

(Fig S1 c). All non-targeted VMGs had at least four or more probes per probe set. The PF of 

each probe set was used as an index to make final presence/absence calls. A clear separation 

between the targeted and non-targeted probe sets was achieved at a PF of 0.75 (Fig 2a). A 

similar PF cut-off value of 1.0 (DeSantis et al., 2005) and 0.8 (Wilson et al., 2002) were 

used in previous studies, but a lower PF cut-off value of 0.5 was also used (Miller et al., 

2008).

Although, the GLS approach exhibited a low range of positive SNR between 3.2 and 3.7, 

compared to the range of SNR obtained using fluorescent-based techniques, which was 

between 3 and 1000 (Miller et al., 2008), a clear separation between the targets and non-

targets was achieved with the GLS approach using an SNR cutoff value of two (Fig 2b). This 

low range of SNR may be due to several reasons including i) non-uniform silver deposition 

and manual hybridization, ii) use of local background signal to normalize the positive 

signals instead of using average background for the whole array or for selected spots as done 

in fluorescent-based techniques, and iii) cross-hybridization due to the presence of a large 

number of probes for closely related organisms.

Performance of targeted and non-targeted probes for known VMG mixture

Of the 22 VMGs targeted by 4 to 20 probes per VMG, 21 had a mean PF between 0.9 and 1, 

while one VMG had a mean PF of 0.8 (Fig 2a). All probe sets targeting VMGs exhibited a 

PF much higher than the cut-off of 0.75. Considered at the probe level after applying the 

filters, 95% of the total targeted probes generated signals with a mean SNR between 3.2 and 

3.7 (Fig 3b). Less than 0.3 % of non-targeted probes had a mean SNR greater than two (Fig 

2b). In studies related to GLS approach, the signal intensity using flatbed scanner may also 

be quantified on the gray scale (Alexandre et al., 2001; Liang et al., 2004), using 0 for black 

and 255 for white. Previous studies using gray scale reported a range of signal intensity 

ranging between from 0 to 100 (Liang et al., 2004) and 50 to 150 (Taton et al., 2000). In this 

study, signals were quantified based on SNR between 0 and 5 which was a similar approach 

adopted by Wan and coauthors (Wan et al., 2005). They used a sandwich hybridization assay 
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to detect hepatitis A virus and observed a maximum SNR of 2.7. A low range of SNR is 

rather normal for the GLS approach.

As mentioned before, there were six VMGs that targeted 1–2 probes per gene. Due to the 

smaller number of probes per VMG, PF calculation was erroneous and therefore these 

VMGs were filtered out from further analysis. These included plcB, inlA and inlB (L. 
monocytogenes), seC (S. aureus), ctxB (V. cholerae) and ail (Y. enterocolitica) (Table S4). 

This filter indicates that during probe design, care must be taken to design at least four 

distinct probes per VMG for reliable presence/absence calls by a combination of PF and 

SNR.

The performance of non-targeted probes sets was also evaluated to assess cross-

hybridization with the applied VMG mixture. All non-targeted probe sets had a PF below 

0.7. And only two probe sets had a mean PF between 0.61 and 0.7, the highest PF range for 

a non-target probe set. As such, the cut-off value of PF for making presence calls was set at 

0.75.

Presence/absence calls for blind samples

Validation of the GLS approach was accomplished by testing the microarray with blind 

samples containing spiked VMGs not known to the person performing hybridization 

experiments, processing data, and making calls. Presence/absence calls were made after 

applying the three filters described above. For the first blind sample, al spiked VMGs were 

found present with a SNR between 3.6 and 4.4 and a PF between 0.75 and 1 (Table 3). The 

lowest PF for a positive target was observed for nuc gene of S. aureus with a PF of 0.78 

(Table 3). Further measurement of amplicon DNA concentration indicated that this low PF 

was due to unintentionally spiking gDNA at a lower concentration than was initially 

intended. PCR results of the blind sample confirmed a lower DNA concentration of the gene, 

resulting in a PF that was lower than others. Previous studies have shown that lower target 

abundance may result in lower positive fractions due to variation in signal intensity for 

different probes (Miller et al., 2008). For the second blind sample, all spiked VMGs were 

detected with a SNR between 2.7 and 3.3, and a PF between 0.81 and 0.99 (Table 3). There 

were no false positive calls made in any sample hybridized in this study. This is one of the 

key strengths of this approach in part due to the use of multiple VMGs and 4 to 20 probes 

per VMG.

A cost comparison shows differences in initial and repetitive costs in terms of scanners and 

labeling, respectively (Table 2), while time to positive results with both methods is similar. 

Since the GLS microarray was used to confirm presence of amplicons following PCR, 

sensitivity of the method in terms of absolute and relative abundance or tests with gDNA 

spiked into realistic samples (e.g. food and water matrix) was not evaluated. However both 

sensitivity and spikes into water matrices was described in our previous studies using 

fluorescent labeling (Miller et al., 2008). In detail, the analytical sensitivity was between 

0.1% and 0.01% (relative abundance), depending on the pathogen and the marker gene, 

tested with river water, drinking water and tertiary effluent from a waste water treatment 

facility.
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Conclusions

The GLS approach was evaluated using a VMG microarray with a flatbed scanner for 

simultaneous detection of 14 pathogens. For quantifying signals using the GLS approach, 

the flatbed scanner with a similar resolution to the one described in this paper may be 

available at a fraction of the cost compared to more expensive laser scanner employing 

fluorescent dyes. Reliable presence/absence calls were made based on a set of three filters; i) 

four or more probes per probe set, ii) SNR of each probe greater than or equal to two and iii) 

a PF cut-off of 0.75 per probe set. Assay specificity can be achieved through reliable probe 

design criteria and increased redundancy in probe sets. The range of SNR for the GLS 

approach was found to be lower as compared to fluorescent-based techniques. However, a 

clear separation between the target and non-targets can be achieved. The main limitation of 

the approach is that it can only be used for making presence/absence calls of amplicons and 

not for obtaining expression ratios. In addition, there is a potential for making false negative 

calls when the amplicon abundance is low. Although there were 8,887 probes on the VMG 

microarray, no false positive calls were made, indicating that there was minimal cross-

hybridization on the array. Therefore, the GLS approach with VMG microarrays and a 

flatbed scanner can be used as a reliable and cost-effective tool for parallel screening of 

pathogens. The validated as well as theoretically designed probes can also be synthesized 

and used separately without the need for using a high density in situ synthesized array.
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Highlights

• A gold-silver labeling technique was validated for the presence of 14 

pathogens.

• The labeling method allows use of a low cost flatbed scanner for presence/

absence.

• The method is extendable to detection of other pathogens in limited resource 

settings.

• Hybridization of the 8,000 probe array with blind samples resulted in 100% 

correct calls.
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Figure 1. 
Close-up of ~600 spots out of 8,887 probes analyzed using Genepix 5.0. Spots are 

approximately 50 μm in diameter. The continuous vertical stretch of bright red spots is the 

biotin labeled positive control spots. These controls were distributed throughout the entire 

slide to assess the hybridization uniformity.

Srinivasan et al. Page 13

J Microbiol Methods. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Frequency distribution of PF and SNR observed for hybridization with known VMG 

mixture. A total of 228 probes targeting 10 pathogens and 8,659 non-target probes 

containing four or more probes per set were plotted. The targets and non-targets are 

indicated by grey and white bars respectively. (a) Distribution based on mean PF for target 

and non-target probe sets. (b) Distribution based on mean SNR for target and non-target 

probe sets. Mean SNR was calculated as the average of median SNR values from each of 

three replicate set of experiments.
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Table 1

Microarray-based studies using gold and silver labeling protocols with visual or flatbed-scanner-based signal 

quantification.

Target Organisms No. of probes Scanning device Max Grey Value Reference

Six bacterial pathogensa 6 Flatbed scanner 66±6 Qi et al., 2010

Seven swine viruses 9 Flatbed scanner ~100 Wang et al., 2013

HIV-1 and Hep-C 9 Visual NA Tang et al., 2011

EGFR gene mutationsb 16 Visual ~4000 Xue et al., 2014

a
Yersinia, Shigella, Salmonella, Brucella, E. coli O157:H7, and Cholera O139

b
epidermal growth factor receptor
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Table 2

Cost and time comparison between GLS method and fluorescent labeling for microarray based detection.

Fluorescent labeling GLS method

1. Scanning equipment cost $30,000–$60,000 $100–$400 (Flatbed Scanner)

2. Labeling cost per slide $50–$100 $10–$15

3. Time-to-result

 PCR amplification 1–2 hr 1–2 hr

 Fluorescent labeling 2–3 hr -

 Biotin labeling - 1–2 hr

 Hybridization 2–10 hr 2–10 hr

 Silver enhancement - 1 hr

 Scanning 10–20 min 10–20 min

 Total 5–15 hr 5–15 hr
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