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Abstract

Quantitative detection of molecules of interest from biological and environmental samples in a 

rapid manner, particularly with a relevant concentration range, is imperative to the timely 

assessment of human diseases and environmental issues. In this work, we employed the 

microwave-accelerated bioassay (MAB) technique, which is based on the combined use of circular 

bioassay platforms and microwave heating, for rapid and quantitative detection of Glial Fibrillary 

Acidic Protein (GFAP) and Shiga like toxin (STX 1). The proof-of-principle use of the MAB 

technique with the circular bioassay platforms for the rapid detection of GFAP in buffer based on 

colorimetric and fluorescence readouts was demonstrated with a 900 W kitchen microwave. We 

also employed the MAB technique with a new microwave system (called the iCrystal system) for 

the detection of GFAP from mice with brain injuries and STX 1 from a city water stream. Control 

bioassays included the commercially available gold standard bioassay kits run at room 

temperature. Our results show that the lower limit of detection (LLOD) of the colorimetric and 

fluorescence based bioassays for GFAP was decreased by ~1,000 times using the MAB technique 

and our circular bioassay platforms as compared to the commercially available bioassay kits. The 

overall bioassay time for GFAP and STX 1 was reduced from 4 hours using commercially 

available bioassay kits to 10 minutes using the MAB technique.
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2. INTRODUCTION

Biosensors are useful tools for the assessment and monitoring of environmental and 

healthcare issues caused by biological and chemical attacks in warfare and the accidental 

release of harmful chemicals and organisms into the water resources and food chain (Aslan 

and Geddes 2008; Chen Gui 2011; Jones et al. 2002; Kiilerich-Pedersen et al. 2011). 
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Various technologies have been combined to introduce a variety of biosensing devices, 

which can detect analytes of interest from biological fluids and environmental samples. 

Most biosensors have successfully utilized enzyme-based techniques to detect target analyte 

in a mixture of samples (Aslan and Geddes 2008; Aslan et al. 2005b; Aslan et al. 2006; 

Chen Gui 2011).

Enzyme-linked immunosorbent assay (ELISA) is the most common method used in health 

care and environmental industry for analyzing biological or environmental samples for 

specific proteins and autoantibodies, which can confirm the existence of a diseased state or 

microbial presence (Chen Gui 2011; Geginat et al. 2012; Liu et al. 2009; Mohammed and 

Aslan 2013a). Since its first publication in 1968, ELISA technique has been modified over 

the years to face new challenges of low assay sensitivity, assay linearity and cost efficiency 

(Aslan and Geddes 2008). ELISAs can be used for qualitative detection (such as pregnancy 

test, in food industry to detect allergens) or quantitative (such as blood glucose level test, 

HIV test, entero-toxin of E. coli in feces and water samples (Geginat et al. 2012). In this 

regard, colorimetric-based detection, which gives a visual conformation of the presence of 

an analyte of interest, is the most widely used detection technique for ELISA based systems 

(Dixit et al. 2010). Other detection methods, such as fluorescence and chemiluminescence, 

are routinely used due to the potential improvements in the detection limit of the bioassays 

compared to colorimetric detection (Aslan et al. 2005a; Aslan and Geddes 2006; Chowdhury 

et al. 2006a, b; Chowdhury et al. 2007a; Chowdhury et al. 2007b). Despite these latest 

developments, biosensors still require long processing times, especially for complex 

biological and environmental samples (Chen Gui 2011).

The Aslan Research group has demonstrated the proof-of-principle use of the MAB 

technique in conjunction with circular bioassay platforms and 900 W kitchen microwave for 

a biotin-avidin model bioassay and p53-MDM2 bioassay show significant improvement in 

LLOD (up to ~100 times) as well as reduction in total assay time (up to ~10 min) in 

comparison to traditional methods (4–8 hours) (Mohammed and Aslan 2014). The working 

principle of the MAB technique is based on Microwave-Induced Temperature Gradient 

(MITG) phenomenon and has been discussed previously (Grell et al. 2013; Mohammed and 

Aslan 2014). However, these studies were based on direct ELISA method which is 

qualitative in nature and required for diagnostic relevance. In this paper, we show results of 

an indirect sandwich-ELISA using two proteins:

1. GFAP: a protein that has been used as markers for many brain disorders and 

diseases such as Alexander’s disease (Jany et al. 2013; Messing 2011; Wada et al. 

2013), Wernicke’s encephalopathy, Down’s syndrome, schizophrenia and 

depression (Ilhan-Mutlu et al. 2013; Mayer et al. 2013; Serrano-Pozo et al. 2013). It 

has been used as an astrocyte marker protein to ascertain any traumatic brain 

damage and injury after potential nervous system insult caused by stress scenarios 

(PTSD, shockwave impact) (Kamnaksh et al. 2011; Xia et al. 2013), environmental 

contaminants or agents (Lotosh et al. 2013; Mondello et al. 2011; Storoni et al. 

2011; Wei et al. 2013; Yokobori et al. 2013), and exposure to harmful 

electromagnetic waves (Carballo-Quintas et al. 2011). GFAP levels are almost 

constant in the human body and slight increase in quantity may indicate impact of 
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an injury or damage, therefore it is essential to develop a sensitive assay that can 

detect minute changes in GFAP quantity. Currently, traditional ELISA is used and 

the LLOD for GFAP is reported to be 1.56 ng/mL.

2. STX 1: one of the most common environmental toxins. Shigella species are 

responsible for an estimated 122,800 deaths globally due to bacillary dysentery 

(Lozano et al. 2012). The cytotoxins produced by STEC are divided into STX1 and 

STX2 subgroups (Nyholm et al. 2015). STEC causes wide variety of diseases in 

young children and infants including severe dehydration, dysentery, hemolytic-

uremic syndrome (HUS) and hemorrhagic colitis (Franke et al. 1995; Lozano et al. 

2012; Ruggenenti et al. 2001). STX1 protein consists of one molecule of subunit A 

and 5 molecules of subunit B. Subunit A is responsible for the toxicity and subunit 

B molecules are responsible for binding to the target cell (Lumor et al. 2012; 

Shimizu et al. 2007).

Current methods for quantification of both these proteins are laborious, time consuming and 

require elaborate systems that are available only in laboratories of a hospital or biological 

testing facilities. These tests conducted in hospital or diagnostic laboratory are based on 

ELISA (Ahadi et al. 2015; Jiang et al. 2014) and RT-PCR (Andrievskaia and Tangorra 

2014), that have a turnaround time of 1–3 days, depending upon the availability of 

manpower and the medical emergency of the patient.

In this work, bioassays were conducted at room temperature using gold standard EIA kits in 

high-throughput screening plates and using the MAB technique (in 900 W multimode 

kitchen microwave and the iCrystal system (comprised of a 100 W solid state microwave 

source and a small mono-mode microwave cavity). In order to facilitate a direct comparison 

between various currently used methods of assay analysis and their compatibility with the 

MAB technique, detection of bioassays were carried out with two different methods: 1) 

colorimetric 2) fluorescence; and data was analyzed for assay linearity, LLOD of assay and 

enhancement of signal strength.

3. MATERIALS and METHODS

3.1 MATERIALS

Sodium phosphate, o-phenylene diamine HCl (OPD), citric acid, hydrogen peroxide (30%), 

sulfuric acid 98%, PMMA beads (120,000 Da molecular weight), methyl methacrylate 

(MMA), N,N-dimethyl-para-toluidine (DMPT), Tween 20 and phosphate buffer saline 

(PBS), Amersham Enhanced Chemiluminescence kit (ECL) was purchased from GE 

Healthcare, USA. Deionized water (DI) was obtained from Milli-Q water purifiers at 18.2 

MΩ.cm at 25 °C and filtered through 0.22 μm filter.

Glial Fibrillary Acidic Protein (GFAP) standards, anti-GFAP polyclonal antibody (rabbit), 

goat anti-rabbit polyclonal secondary antibody tagged with HRP and FITC were purchased 

Abcam, USA, Dako, USA and KPL, USA, respectively. GFAP EIA kits were purchased 

from Millipore Laboratories, USA. Homogenized Balb/cByJ mouse brain tissue samples in 

PBS were obtained from Dr. Michael Koban’s laboratory at Morgan State University, 

Baltimore, MD, USA. STX-1 Shiga toxin standard and anti-STX-1 monoclonal antibody 
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(mouse) was purchased from Toxin Technology, USA and goat anti-mouse polyclonal 

antibody tagged with HRP and FITC was purchased from KPL, USA. 900 W Frigidaire 

kitchen microwave (Model No-FCM09Z03KB, 900 W, duty cycle = seconds) was 

purchased from Walmart Inc., USA. The iCrystal system (Figure S1, Supplementary 

Material) was previously described.

3.2 METHODS

3.2.1 Preparation of circular PMMA platform—100 g of 120,000 Da (average 

molecular weight) PMMA beads were dissolved in 300 mL MMA maintained at 80 °C. 

After solution turns clear, 100 μl of DMPT was added and then the solution was poured in to 

5 cm circular polypropylene cups and left at room temperature to polymerize for 7 days. The 

circular platforms were taken out of the cups and stored in fry environment until use.

3.2.2 Deposition of SNFs—PMMA platforms were subjected to plasma cleaning for 2 

min and 10 nm thick SNFs are deposited selectively into the wells using a 21-well 

polypropylene mask using plasma sputtering technique as described previously (Mohammed 

and Aslan 2014). The SNFs deposited PMMA platforms (i.e., circular bioassay platforms) 

are rinsed with deionized water and air dried followed by the attaching of a 21-well silicone 

isolator.

3.2.3 Preparation of samples for bioassays

GFAP: Adult Balb C mice were sacrificed at post-natal day 90 and their brain cortex tissue 

was collected and stored in −80°C until further use. The cortex tissue was homogenized in 

PBS at pH 7 using an ultrasound tissue homogenizer for 30 seconds and subsequently 

centrifuged at 2°C and 6500 rpm for 10 min. The supernatant was carefully separated out 

into another Eppendorf tube, partitioned into aliquots and stored at −20°C until further use. 

The pellet was stored in −80°C freezer for further protein extraction when needed.

STX1: Water samples were collected from a stream flowing into Montebello waste water 

plant, Baltimore, MD, USA. Samples were spiked with known concentrations of STX1 

proteins to investigate feasibility of using MAB technique for environmental samples 

without any preparation method involved. STX1 protein standard solution was prepared in 

PBS at pH 7.4 with 5 mM NaCl, 2 mM KCl to replicate serum conditions.

3.2.4 Bioassay preparation—GFAP and STX 1 assay protocol was based on steps 

suggested by EIA kit manufacturers, however, with additional use of secondary antibody to 

enhance signal intensity. A standard curve was constructed with proteins with varying 

concentration between 0.001 ng/mL to 100 ng/mL for 900 W microwave experiments and 

for the iCrystal system experiments. In order to prevent damage to the samples, microwave 

power (900 W) was applied in two short durations of 10 seconds each with 2 seconds 

interval in between. In case of the iCrystal system, continuous microwave power (100 W) 

was applied for 1 min.

Scheme 1 depicts various steps for GFAP bioassays conducted on circular bioassay 

platforms and using commercial EIA kits. Detailed description of each step can be found in 
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the Supplementary Material. The total assay time for commercially available kits is 4 hours 

as recommended by the vendor, inclusive of protein incubation for 90 min, blocking step 

(using manufacturer supplied super block BSA) for 30 min, primary antibody incubation for 

75 min. and secondary antibody incubation for 45 min. We note that the experiments for all 

diluted and undiluted samples were repeated at least 10 times, and average values of each 

data point was plotted with the standard deviation for 10 repetitions of each sample.

3.2.5 Detection of bioassay—For colorimetric detection, substrate solution was freshly 

prepared using 4 mg OPD in 10 mL pH 5 buffer (solution of sodium dibasic monophosphate 

and citric acid) and 4 μL hydrogen peroxide (30% v/v). A 20 μL portion of the substrate was 

incubated in each well for 2 minutes at room temperature after which the solutions were 

transferred from the wells to a HTS plate with 200 μL of 2.5 M sulfuric acid in each well as 

stopping solution. The HTS plate was read using Agilent UV-Vis plate reader between 400–

600 nm with 200 μL of sulfuric acid solution as blank. The raw data was collected and 

normalized (to absorbance scale of 1) along with calculating standard deviation and plotted.

For fluorescence detection, FITC-tagged antibody was used instead of the enzyme complex. 

After immobilization of FITC-tagged antibody, 10–15 μL of deionized water was added to 

each well and excitation was carried out using 473 nm blue laser at 45° angle to the 

platform. The detection of emitted light from the enzyme complex in the well was captured 

using an Ocean optics flex fluorimeter at 90° to the platform.

3.2.6 Data analysis—Each protein concentration was run in triplicates using separate 

bioassay platforms and the data was collected at 95% confidence limit. Data was plotted and 

treated for 4-parameter fit using Sigma Plot statistical software.

4. RESULTS and DISCUSSION

4.1. Rapid and Sensitive Detection of GFAP

The proof-of-principle use of the MAB technique with circular bioassay platforms for the 

rapid and sensitive detection of a model protein (i.e., GFAP) in buffer was demonstrated 

with a 900 W kitchen microwave and a comparison of the results to a commercially 

available bioassay was made (Figure S2–S3, Supplementary Material). These observations 

clearly demonstrate a significant improvement in the LLOD and linearity of bioassays along 

with reduction of the background signal and false positives using the MAB technique 

powered by a 900 W multimode microwave. The total time for room temperature bioassays 

was found to be 27 hours (including assay preparation time), which was reduced to 10 

minutes using the MAB technique, without any alterations to the bioassay protocol.

Despite of these advantages, the use of kitchen microwave (i.e., a multimode system) results 

in the overheating of bioassay platform and in rapid evaporation of sample solutions, which 

were to be expected due to the uneven heating pattern as shown in previous publications 

(Aslan 2010; Aslan and Geddes 2005). Moreover, microwave heating using a kitchen 

microwave resulted in the deformation of the circular bioassay platforms due to prolonged 

heating in the multiple steps of the bioassays, which subsequently resulted in sparking of the 

SNFs (data not shown for the sake of brevity). The samples hitherto tested were based in 
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buffer, which does not necessarily replicate the conditions of a real biological samples that 

may contain numerous constituents along with the molecules of interest. Subsequently, it is 

important to evaluate the use of the iCrystal system and the circular bioassay platforms for 

the quantitative detection of target proteins from actual biological samples.

In order to compare the current “gold standard” methods and the MAB technique for rapid 

and sensitive detection of biologically relevant proteins, additional experiments were also 

carried out using commercially available EIA kits and the MAB technique. The 

manufacturer’s recommended protocol was employed in the MAB technique with 

modifications as specified in the Methods section. Brian cortex tissues of a minimum of 

three mice were homogenized and evaluated for total GFAP content. Due to the lower 

bioassay sensitivity of the MAB technique reported in Figure S2 and S3, the standard curve 

for the MAB was constructed using lower protein concentrations and the unknown samples 

were subsequently diluted further i.e., 1,000 and 10,000 times.

Figure 1 shows the absorbance values obtained from the colorimetric GFAP bioassay 

conducted using the commercially available EIA kit and using the MAB technique. The 

LLOD from the commercial EIA kit was observed to be 1.56 ng/mL and the assay linearity 

was in the range of 1.56 ng/mL to 100 ng/mL (Figure 1A) as suggested by the manufacturer. 

Figure 1B shows the absorbance data for GFAP bioassay conducted using the MAB 

technique and the iCrystal system. LLOD for the MAB bioassay was 0.001 ng/mL and 

linearity of bioassay was in the range of 0.001 ng/mL to 0.5 ng/mL The data points from the 

standard curve indicate the sensitivity of the MAB technique (~1,000 times) in comparison 

to the EIA kits and the background was also found to be significantly lower than the 

background observed with gold standard despite using 1/1000th of concentration for 

constructing standard curve. The overall time taken for the completion of bioassay was 

reduced to 10 minutes with the MAB technique as compared to gold standard. Figure 1C 

shows the concentrations of the unknown samples calculated from the plots (Figures 1A and 

1B). With the use of EIA kits the concentrations of unknown samples without dilution was 

found to be 33.22 ng/mL for cortex tissue 1, 37.38 ng/mL for cortex tissue 2 and 36.35 

ng/mL for cortex tissue 3. On 1:10 dilution of the unknown samples, the concentration was 

found to be 3.40 ng/mL for cortex tissue 1, 3.70 ng/mL for cortex tissue 2 and 3.57 ng/mL 

for cortex tissue 3. With the MAB technique, the concentrations of unknown samples diluted 

1:1000 times were 0.0343 ng/mL for cortex tissue 1, 0.0378 ng/mL for cortex tissue 2 and 

0.0357 ng/mL for cortex tissue 3. In experiments with further dilution to 1:10000, the 

concentrations were found to be 0.00341 ng/mL for cortex tissue 1, 0.00375 ng/mL for 

cortex tissue 2 and 0.00354 ng/mL for cortex tissue 3.

Figure 2 shows the fluorescence emission data of GFAP bioassay conducted using the 

commercially available EIA kit at room temperature and using the MAB technique. The 

LLOD for room temperature bioassay was 1.56 ng/mL and linearity of the bioassay was in 

the range of 1.56 ng/mL to 100 ng/mL with R2 value of 0.9947 (Figure 2A). For bioassay 

conducted using the MAB technique, LLOD value was found to be 0.001 ng/mL and the 

linearity of the bioassay was in the range of 0.001 ng/mL to 0.5 ng/mL with R2 value of 

0.9968. Figure 2C shows the concentrations of the unknown samples calculated from the 

standard curve plots. From the room temperature plot, the concentrations of the undiluted 

Mohammed et al. Page 6

Biosens Bioelectron. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



samples was calculated to be 34.43 ng/mL for cortex tissue 1, 37.98 ng/mL for cortex tissue 

2 and 35.92 ng/mL for cortex tissue 3. On dilution of this sample by 10 times (1:10), the 

concentrations were calculated to be 3.42 ng/mL for cortex tissue 1, 3.78 ng/mL for cortex 

tissue 2 and 3.60 ng/mL for cortex tissue 3. With the standard curve of the bioassay obtained 

by using the MAB technique, the concentrations of unknown samples after 1:1000 dilution 

were 0.0343 ng/mL for cortex tissue 1, 0.0375 ng/mL for cortex tissue 2 and 0.0354 ng/mL 

for cortex tissue 3.

4.2. Rapid and Sensitive Detection of STX 1

Figure 3 shows the absorbance values obtained from STX 1 bioassays conducted using EIA 

kits at room temperature and the MAB technique. LLOD of room temperature bioassay 

using EIA kits was 1 pg/mL and linearity of bioassay was in the range of 1 pg/mL to 100 

pg/mL with R2 value of 0.9958 (Figure 3A). Similarly, LLOD of 1 pg/mL was observed for 

bioassay conducted using MAB technique and its linearity was in the range of 1 pg/mL to 

100 pg/mL (Figure 3B). The concentration of STX 1 protein in buffer sample was calculated 

from the standard curves and found to be 2.52 pg/mL using both room temperature and the 

MAB bioassay. Concentration of STX1 protein in stream water was found to be 31.14 

pg/mL by EIA kit and 30.05 by MAB bioassay. In both these methods, no significant 

differences were found in terms of assay sensitivity, background and assay linearity. 

However, it should be noted that EIA kits used for these experiments (both colorimetric and 

fluorescence) were modified for signal enhancement, which is not the case with 

commercially available kits.

Figure 4 shows fluorescence emission data of STX 1 bioassays conducted at room 

temperature with EIA kits and using the MAB technique. As observed with colorimetric 

method (Figures 3A and 3B), the LLOD and linearity of both these methods were found to 

be same. However, there was significant signal enhancement observed with MAB technique 

due to the plasmon resonance effect (Aslan 2010; Aslan and Geddes 2005). The 

concentration of STX 1 protein in buffer was found to be 2.56 pg/mL with EIA kits and 2.55 

pg/mL with the MAB technique. In the case of the water sample taken from a stream near 

Morgan State University, STX 1 concentration with EIA kits was found to be 31.88 pg/mL 

and 30.60 pg/mL with the MAB technique (Figure 4C). Time taken for completion of STX 1 

bioassay using EIA kits was 28 hours including assay preparation whereas using the MAB 

technique the same bioassay was completed in 10 minutes. These results also highlight that 

the MAB technique afford for improved bioassay sensitivity for the detection of target 

proteins from unprocessed samples (brain tissue and lake water), unlike traditional methods 

that give false positives resulting in inaccurate analyte quantification.

It is important to compare the results obtained in this study with the commercially available 

gold-standard ELISA. Table 1 shows comparison between MAB technique using the 

iCrystal system and currently used traditional methods. In comparison to traditional 

quantitative methods, bioassays carried out using the MAB technique in the iCrystal system 

were found to be more sensitive (up to ~10-fold decrease in the LLOD as the lowest 

reported LLOD for biological samples and up to ~1,000-fold for GFAP) and rapid (~10 

min). We have also shown the advantage of using the iCrystal system over the 900 W 
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kitchen microwave, where mono-mode microwave heating in the iCrystal system resulted in 

significant decrease of LLOD (~1,000-fold for GFAP) and reduced the background signal 

obtained due to non-specific binding along with “zero” loss of samples or platforms due to 

overheating. The percentage variation between the concentrations of all diluted and 

undiluted samples after 10 repetitions were found to be less than 0.1%, indicating the 

consistency and reproducibility of the MAB technique using circular bioassay platform and 

the iCrystal system.

5. CONCLUSIONS

The successful application of the MAB technique using our circular bioassay platforms for 

the rapid and sensitive detection of two target molecules based on colorimetric and 

fluorescence detection schemes in a kitchen microwave and the iCrystal system 

demonstrates the wide applicability of our MAB technique. The bioassays conducted for 

proteins were completed in less than 10 minutes using the MAB technique and circular 

bioassay platforms, which is significantly faster (up to ~30 times) than the identical 

bioassays carried out at room temperature that required several hours to complete. Rapid 

processing times of critical biological and environmental samples provided with the MAB 

technique can help to initiate remedial measures for patients with life threatening internal 

injuries and safety and recovery procedures for the environment of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Circular bioassay platform and microwave heating was used in a biosensing scheme.

Glial Fibrillary Acidic Protein was detected in buffer and from mice brain tissue 

samples

Shiga like toxin was detected in buffer and from environmental samples

The overall bioassay time was reduced from 27 hours to 10 minutes

Lower limit of detection of bioassays was reduced up to 1,000-fold
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Figure 1. 
Colorimetric data obtained from GFAP bioassays conducted at room temperature using 

commercial EIA kit (A) and with the MAB technique (1 min MW heating for each step) (B). 
The unknown concentration values for all dilutions used calculated from the plot (C). GFAP 

samples were collected from mice brain cortex tissue. The MAB technique employed the 

iCrystal system.
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Figure 2. 
Fluorescence emission data obtained from GFAP bioassays conducted at room temperature 

using commercial EIA kit (A) and with the MAB technique (1 min MW heating for each 

step) (B) The unknown concentration values calculated for all dilutions used from the plot 

(C). GFAP samples were collected from mice brain cortex tissue. The MAB technique 

employed the iCrystal system
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Figure 3. 
Colorimetric data obtained from STX1 bioassays conducted at room temperature using 

commercial EIA kit (A) and with the MAB technique (1 min MW heating for each step) (B). 
The concentration values for all solutions used calculated from the plot (C). STX1 was 

detected in buffer and an environmental sample. The MAB technique employed the iCrystal 

system.
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Figure 4. 
Fluorescence emission data obtained from STX1 bioassays conducted at room temperature 

using commercial EIA kit (A) and with the MAB technique (1 min MW heating for each 

step) (B) The concentration values calculated for all solutions used from the plot (C). STX1 

was detected in buffer and an environmental sample. The MAB technique employed the 

iCrystal system.
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Scheme 1. 
Schematic depiction of GFAP and STX1 bioassays on 21-well circular bioassay platforms 

and using commercial EIA kits with colorimetric and fluorescence detection methods.
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Table 1

Comparison of various quantitative assessment methods currently used in diagnostic laboratories

Method LLOD Assay linearity Total assay time On-site analysis

Traditional ELISA 10 pg/ml* pg/ml to ng/ml 4–8 hours No

PCR-ELISA 1 pg/ml 1–500 pg/ml 3–8 hours No

ELISPOT Cell count (pg/ml) NA 6 hours No

MAB Technique 1 pg/ml 1–100 pg/ml 10 minutes Yes
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