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A B S T R A C T   

Gluten consumption can lead to severe health conditions in certain individuals, and following a 
strict gluten-free diet is often the only effective treatment option. Therefore, it is crucial to 
develop a gluten detection method that is accurate, sensitive, and specific to ensure the absence of 
gluten. An important aspect of developing effective gluten detection tests is the implementation of 
an efficient gluten extraction method. In this study, we conducted an evaluation of various buffer 
conditions for gliadin extraction from both heat-treated and non-heat-treated food samples. These 
buffer conditions included ethanol, 2-mercaptoethanol, guanidine hydrochloride, detergents, 
chelating agents, and deep eutectic solvents. Among the tested conditions, a combination of 2- 
mercaptoethanol and guanidine hydrochloride demonstrated significantly higher extraction ef-
ficacy compared to most other conditions. Furthermore, we explored the use of a less toxic 
extraction buffer, choline chloride, which exhibited a 1.4-fold higher extraction efficiency than 
the combination of 2-mercaptoethanol and guanidine hydrochloride (p < 0.05). Choline chloride 
showed great potential as a preferred buffer for commercial gliadin extraction kits, suitable for 
both heat-treated and non-heat-treated food samples. Overall, our findings highlight the impor-
tance of optimizing the gluten extraction process to improve the accuracy and reliability of gluten 
detection methods, ultimately contributing to the development of effective tools for individuals 
following a strict gluten-free diet.   

1. Introduction 

Gluten, found in certain cereal grains, is a complex network of seed storage proteins. The majority of protein content in these grains 
is composed of gluten (approximately 85–90% in wheat kernels) [1,2]. Gluten primarily consists of gliadin and glutenin, which are 
categorized as prolamins—a class of water-insoluble proteins. Prolamins, including gliadin, hordein (in barley), and secalin (in rye), 
exhibit high levels of proline and glutamine amino acid residues and can be extracted using 60–70% ethanol. Notably, hordein and 
secalin, like gliadin, possess elevated levels of proline and amide nitrogen compared to the glutenin fraction of prolamins. Gliadins can 
be classified into alpha, beta, gamma, and omega (α, β, γ, and ω) structures based on their primary composition. The ω-gliadin contains 
significant cysteine levels. Cysteine is involved in the formation of disulphide bonds within or between proteins when oxidized. These 
disulphide crosslinks between gliadins are crucial for gluten polymerization and the baking process of bread [2,3]. Through covalent 
and non-covalent interactions, monomeric gliadins bind together. Due to these interactions, gluten is heat-stable and commonly used 
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as a binding and extending agent in processed foods for improved texture, flavor, viscosity, and moisture retention [1]. 
Certain populations can develop specific health conditions as a result of gluten consumption. These conditions include gluten 

intolerance, autoimmune celiac disease (CD), wheat allergy, and non-celiac gluten sensitivity. CD is characterized by inflammation in 
the upper small intestine triggered by gluten intake in genetically susceptible individuals [1,4]. In the United States, CD is highly 
prevalent, affecting approximately 1% of the population [5]. Symptoms of CD include weight loss due to impaired nutrient absorption 
in the intestine, diarrhea, anemia resulting from inadequate iron absorption, and bone pain due to calcium malabsorption [5,6]. 
Gliadins, primarily due to their epitopes containing glutamine and proline residues that resist digestion by gastric, pancreatic, and 
intestinal proteolytic enzymes, are the major contributors to gluten-related disorders [1]. Unfortunately, currently there is no effective 
treatment for gluten intolerance-related disorders other than following strict gluten-free diet [7,8]. 

Food products are considered gluten-free according to the U.S. Food and Drug Administration (FDA) and the international 

Fig. 1. Optimization of direct ELISA. A. Three coating buffers (70% ethanol, carbonate-bicarbonate buffer, and 70% ethanol + carbonate-bi-
carbonate buffer) and two blocking buffer conditions (1% BSA and SuperBlock) are tested in combinations to find the optimum ELISA condition. The 
signal intensities were read at 426 nm. 1 (●): 70% ethanol + SuperBlock, 2 (▴): 70% ethanol + BSA, 3(■): carbonate-bicarbonate buffer + Su-
perBlock, 4 (▬): carbonate-bicarbonate buffer + BSA, 5 (◆): 70% ethanol + carbonate-bicarbonate buffer + SuperBlock, 6 (X): 70% ethanol +
carbonate-bicarbonate buffer + BSA. B. Optimization of gliadin coating on 96-well plates: 20 μg/mL gliadin (black), 10 μg/mL gliadin (blue) and 5 
μg/mL gliadin (green). 

E. Güven and R.O. Azizoglu                                                                                                                                                                                         



Heliyon 9 (2023) e19432

3

standard, Codex Alimentarius, if they contain less than 20 parts per million (ppm) of gluten [9]. Foods such as bread, pasta, biscuits, 
cakes, breakfast cereals, soups, and bagels prepared using wheat, barley, and rye typically contain gluten [7]. Cross-contamination of 
gluten is a significant concern in other types of food due to the shared use of equipment with gluten-containing foods. Challenges in 
following a strict gluten-free diet arise from insufficient education, a lack of highly sensitive and specific gluten detection methods, and 
inadequate labeling [8]. 

To enhance the quality of life for individuals affected by gluten intolerance, there is an urgent need to implement precise, sensitive, 
and specific gluten detection tests [7,10]. Immune-based detection tests are commonly favored for gluten testing in food due to their 
simplicity, rapidity, sensitivity, and specificity [8]. Several commercially available enzyme-linked immunosorbent assays (ELISA) have 
been developed for gluten detection, utilizing different antibodies, such as polyclonal (pAb) or monoclonal (mAb), thereby exhibiting 
varying sensitivities and specificities [11]. However, a comparison of 14 commercially available ELISA kits demonstrated their 
inability to accurately quantify gluten across a wide range of food matrices, including the widely accepted R5 ELISA test endorsed by 
Codex Alimentarius [12]. This lack of accuracy in gluten testing and quantification is likely attributed to the inefficiency of gluten 
extraction during the sample preparation stage. Since gluten is insoluble in water, heat-stable, and capable of forming both covalent 
and non-covalent interactions within the food matrix, it is crucial to develop an effective method for gluten extraction. 

The conventional method for gluten extraction typically involves the use of 60% ethanol. Another commercially employed 
extraction method suggests the use of a cocktail solution, which contains 2 M guanidine hydrochloride as a disaggregating agent and 
250 mM 2-mercaptoethanol as a reducing agent. These agents aid in breaking down gliadin homopolymers and heteropolymers, 
thereby exposing more epitopes for antibody binding. Additionally, this cocktail solution has been found to be more effective than 60% 
ethanol in recovering gliadin from various heat-treated or heat-untreated food samples [13]. Another recently introduced method, as 
described by Hnasko et al. [14], involves the extraction of gliadin prior to a lateral flow immunoassay (LFIA). This method utilizes a 
non-ionic detergent, 1% Triton X-100, diluted in phosphate buffer for rapid gliadin extraction from different food matrices specifically 
for LFIA application [14]. Furthermore, a sustainable approach was explored by Svigelj et al. [15], involving the use of a green 
extraction buffer composed of deep eutectic solvents (DESs) for gluten extraction. DESs are biodegradable and have low toxicity. In this 
application, DESs like ethaline and reline demonstrated the ability to extract gliadin protein from both heat-treated and untreated food 
samples as efficiently as the conventional 60% ethanol solution, with results compatible with a commercial ELISA kit [15]. 

In this study, we aimed to address the ongoing need for optimizing gluten extraction methods. Specifically, we compared the 
efficiency of gliadin extraction using the previously mentioned methods and explored alternative extraction approaches. Furthermore, 
we assessed the compatibility of these extraction methods with the subsequent sandwich ELISA analysis. 

2. Materials & method 

2.1. Determination of gluten concentration 

The amount of gliadin in samples and the efficacy of the extraction methods are assessed using the in-house sandwich ELISA 
method. For the development of the sandwich ELISA, commercial antibodies, an anti-gliadin mouse monoclonal antibody 
(SAB42000864) and HRP-conjugated polyclonal antibody (Cat. No. A1052; Sigma-Aldrich, USA), are used. The sensitivity and 
specificity of these antibodies are initially assessed by direct and indirect ELISA by coating 96-well microtiter plates with gliadin (Cat. 
No. G3375; Sigma-Aldrich, USA). Since gliadin is an alcohol-soluble protein, gliadin stock solution is prepared in 70% ethanol and then 
diluted in a coating buffer. For coating buffer, we compared 70% ethanol, carbonate-bicarbonate buffer (0.1 M, pH 9.6), and a 
combination of both 70% ethanol and carbonate-bicarbonate buffer in direct ELISA. As the application of combination yielded superior 
results compared to the other two conditions (Fig. 1), this composition is used in subsequent ELISA experiments. For optimization of 
ELISA, two different compositions of blocking buffer (1% BSA (bovine serum albumin) (Sigma-Aldrich, USA) and SuperBlockTM (Cat. 
No. 37515; Thermo Scientific, USA) and three different starting gliadin concentrations (5, 10 and 20 μg/mL) in both direct and indirect 
ELISA are also tested. 

In the development of the sandwich ELISA, 96-well microtiter plates are coated with 50 μL of 1 μg/mL anti-gliadin mouse 
monoclonal antibody (SAB42000864) and incubated overnight at 4 ◦C. The plates are then washed three times with 250 μL of PBS-T 
(0.05% Tween20) and blocked with 250 μL of Superblock™, followed by an overnight incubation at 4 ◦C. For sample and standard 
addition, 50 μL of each sample and gliadin standards are added to their respective wells, followed by a 1-h incubation at room 
temperature. The reaction buffer in the sandwich ELISA is a 1:1 combination of PBS-T and Superblock™. Gliadin standards are diluted 
in the reaction buffer, while test samples undergo a food extraction procedure. After the sample incubation, the plates are washed three 
times with 250 μL of PBS-T. Next, 50 μL of a 1:1000 dilution of rabbit-anti-wheat HRP-conjugated polyclonal antibody (A1052) in 
reaction buffer is added to each well. The plates are incubated for 1 h at room temperature, followed by three washes with PBS-T. To 
initiate color development, 50 μL of the substrate, 3,3′,5,5′-Tetramethylbenzidine (TMB; Sigma-Aldrich, USA) is added to each well. 
The plates are incubated for approximately 15 min at room temperature. The reaction is stopped by adding 50 μL of a 1:10 dilution of 
sulfuric acid to each well. Finally, the plates are read at 426 nm using a microplate reader (SpectraMax iD3) to measure the absorbance 
and quantify the gliadin concentration in the samples. The in-house sandwich ELISA is compared with commercial R5 ELISA kit (R5 
Codex; INgezim 30.GLH.K2) to assess its efficacy to detect gliadin. 

2.2. Sample preparation and gluten extraction methods 

Heat treatment of foods can cause gluten aggregation and reduce protein solubility [16]. Therefore, it is crucial to assess both 
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heat-treated and heat-untreated samples to evaluate the effectiveness of gluten extraction protocols. In this study, we selected un-
bleached wheat flour as a representative heat-untreated sample and croutons as a representative heat-treated sample. To establish a 
reference method, we employed the gluten extraction protocol described by García et al. [13]. Additionally, we developed and tested 
derivatives of this protocol along with other extraction methods to assess their efficacy in gluten extraction. The efficiency of these 
extraction methods is evaluated using the sandwich ELISA method explained earlier. 

2.2.1. Gliadin extraction method using 2-mercaptoethanol and guanidine hydrochloride 
Briefly, 0.25 g of powdered food sample is weighed and added into a 15 mL polypropylene tube. Then, 2.5 mL extraction buffer is 

added and samples are vortexed for 5–10 s. Following 45 min of incubation at room temperature (Incubation-1), 7.5 mL of 80% ethanol 
is added and the sample is vortexed for up to 60 s. After 1-h incubation (Incubation-2), 600 μL of each sample is transferred to a vial and 
centrifuged at 2500 g for 5 min at room temperature [13]. Finally, the supernatants (~400 μL) are transferred into clean vials and 1:10 
dilution of each sample is tested in subsequent ELISA tests. 

2.2.2. Impact of incubation time in gluten extraction 
The length of exposure to extraction buffer and ethanol could impact the efficacy of the extraction of gluten. In the above- 

mentioned gluten extraction protocol, there are two incubation steps: Incubation-1 (with extraction buffer) and Incubation-2 (with 
ethanol). To evaluate the effect of incubation times with extraction buffer and ethanol, we evaluated 0, 15, and 30 min as alternatives 
for the 45 min (Incubation-1); and 5, 15, and 30 min as alternatives for the 1 h (Incubation-2) incubation steps. 

2.2.3. Optimization of extraction buffer 
The extraction buffer suggested by García et al. [13] contains; 250 mM 2-mercaptoethanol (Cat. No. 805740; Sigma-Aldrich, 

Germany) and 2 M guanidine hydrochloride (Cat. No. 59950; Sigma-Aldrich, Germany) (‘cocktail’), and this extraction buffer is 
recommended for the extraction of gliadin from heat-treated samples. In this study, the impact of the concentration of each component 
of this extraction buffer is also evaluated. Briefly, the gliadin extraction capacity of 2-mercaptaethanol (50 mM and 250 mM), gua-
nidine hydrochloride (1 M and 2 M), and the combinations of the two chemicals with different concentrations are compared. We tested 
the efficacy of each of the above-mentioned buffer conditions for the extraction of gliadin in wheat flour and crouton. 

2.2.4. Evaluation of detergents for extraction of gluten from food samples 
As alternatives to the 50 mM 2-mercaptoethanol and 2 M guanidine hydrochloride, we also test a chelating agent, ethyl-

enediaminetetraacetic acid (EDTA) (EDS, Germany), and three detergents (Tween® 20, Tween® 80 (P1754, France), and Triton™ X- 
100 (×100, USA)) for extraction of gliadin. These detergents and chelating agents are diluted in either PBS or 80% ethanol to a final 
concentration of 1%. These alternatives are tested using the above-mentioned extraction protocol, except that Incubation-1 is absent. 
The solutions and the samples are directly added into the corresponding tubes for 1-h incubation (Incubation-2). 

2.2.5. Rapid gliadin extraction method using Triton X-100 
In this extraction method, 0.1 g of sample is added into 4 mL of 1% Triton-X 100 dissolved in 0.2 M phosphate buffer. After the 

solution is mixed, the sample is incubated for 1 min [14] and the sandwich ELISA described above is performed to determine the 
gliadin concentration. 

2.2.6. Gliadin extraction method with pure choline chloride-based deep eutectic solvents (ChCl-DESs) 
For the ChCl-DESs-based method, we follow the protocol described by Svigelj et al. [15]. Briefly, 3.5 mL of the ChCI-DES solution is 

added into a tube and mixed with 0.35 g of the milled sample of wheat flour and crouton. Then, the tube is vortexed for 2 min followed 
by 45 min of incubation in a water bath at 55 ◦C. After one additional vortexing for 2 min, the sample is transferred into a vial and 
centrifuged at 2500 g for 10 min. The supernatant (~400 μL) is transferred into a new vial and diluted in PBS at 1:10 ratio for sub-
sequent ELISA analysis. In addition, each component of ChCl-DESs (choline chloride, ethylene glycol, and urea) is tested individually. 

2.3. Statistical analysis 

The statistical analyses are conducted utilizing SPSS Statistics 23 software. To ensure robustness, each treatment condition is 
replicated at least twice. The effects of the treatments are then compared using a one-way ANOVA test. A significance level of p < 0.05 
is used to determine statistical significance. 

3. Results and discussion 

3.1. Characterization of antibodies, optimization of assay conditions, and development of ELISA 

The performance of commercial anti-gliadin antibodies used in this study is tested using direct and indirect ELISA procedures. As a 
first step, the ELISA procedure is optimized by testing different coating buffers and blocking buffer conditions (Fig. 1). Gliadin is a 
water-insoluble protein and the coating buffer used in coating ELISA plates needs to be optimized for properly dissolving the gliadin. 
Three coating buffer conditions tested include; 70% ethanol, carbonate-bicarbonate buffer, and a mixture of both. In addition, two 
blocking buffer conditions, 1% BSA and SuperBlock™ are evaluated. We saw higher signals with the Superblock™ solution as a 
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blocking buffer compared to 1% BSA (p < 0.05), and no significant difference between different gliadin concentrations (p > 0.05). 
Therefore, Superblock™ was used as a blocking buffer and 10 μg/mL as starting gliadin concentration in subsequent ELISA tests 
(Fig. 1). 

The combination of 70% ethanol and carbonate-bicarbonate as coating buffer gave the highest signal with Superblock™ as 
blocking buffer (p < 0.05). This construct allows more efficient capture of anti-gliadin polyclonal antibody by the coated gliadin (10 
μg/mL) on the plate compared to the other test conditions (Fig. 1A). For example, the signal of this combination was 2.5-fold higher 
than that of BSA and bicarbonate-carbonate combination at 1:4000 dilution of the polyclonal antibody. Furthermore, the highest signal 
for detection of 10 μg/mL gliadin on the microtiter plate was obtained following the 70% ethanol plus carbonate-bicarbonate buffer 
with Superblock™ , which had a 1.97-fold higher signal than that of BSA and bicarbonate-carbonate combination (Fig. 1A). The reason 
behind this effect could be the need for 70% ethanol for properly dissolving the gliadin [17–19], yielding a homogenous solution, and 
effect of carbonate-bicarbonate buffer on adherence of gliadin onto the polystyrene plate surface by passive adsorption [20]. 

We further compared the blocking buffer conditions in indirect ELISA, where mouse monoclonal anti-wheat antibody was used as 
the capture antibody and the goat anti-mouse polyclonal antibody as the detector. The result of the assay showed that at three different 
starting concentrations of the coated gliadin (5, 10, and 20 μg/mL), using Superblock™ as the blocking buffer led to higher signals in 
all of the concentrations (Fig. 1B). Therefore, we optimized the coating and blocking conditions as 70% ethanol and carbonate- 
bicarbonate buffer and Superblock™, respectively in subsequent ELISA procedures. 

In sandwich ELISA, higher concentrations of monoclonal antibody (Mab) are required to cover the surface of each well of the 96- 

Fig. 2. Optimization of Mab coating concentration for sandwich ELISA. A. Four different Mab coating concentrations tested on 96-well plate: 
0.18, 0.5, 1, and 5 μg/mL. Absorbance was read at 426 nm. Columns for each Mab concentration represents the dilution rates of gliadin (5 μg/mL 
(black), 1.25 μg/mL (blue), 0.31 μg/mL (green), and blank (grey), respectively). B. Comparison of in-house sandwich ELISA (grey) and commercial 
R5 ELISA detection kit (black). 
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well plate for coating, compared to the above-mentioned procedure. Therefore, we tested four different coating concentrations of Mab 
(0.18, 0.5, 1, and 5 μg/mL), starting from the recommended concentration for the indirect ELISA by the manufacturer (0.18 μg/mL) 
(Fig. 2A). Coating of the wells with 1 μg/mL Mab yield significantly higher signals compared to 0.18 and 0.5 μg/mL coating for 
detection of 0.3 μg/mL gliadin (p < 0.05). The signal intensity for coating the plates with 5 μg/mL was statistically comparable to 
coating the plates with 1 μg/mL (p > 0.05). Therefore, coating the plates with 1 μg/mL Mab was selected as the coating concentration 
for the subsequent sandwich ELISA tests. 

The performance of in-house developed sandwich ELISA is compared with commercial R5 ELISA kit and it yielded similar detection 
efficacy for pure gliadin as the commercial gliadin detection kit (p > 0.05; Fig. 2B). 

Fig. 3. Evaluation of different gliadin extraction conditions using 2-mercaptoethanol and guanidine hydrochloride from wheat flour (A) 
and crouton (B). Gliadin extraction from wheat flour (A) and crouton (B) [1]: gliadin standard (starting concentration: 5 μg/mL) [2], combination 
of PBS and 60% ethanol [3], 1 M guanidine hydrochloride [4], 2 M guanidine hydrochloride [5], 50 mM 2-mercaptoethanol [6], combination of 50 
mM 2-mercaptoethanol and 1 M guanidine hydrochloride [7], combination of 50 mM 2-mercaptoethanol and 2 M guanidine hydrochloride [8], 250 
mM 2-mercaptoethanol [9], combination of 250 mM 2-mercaptoethanol and 1 M guanidine hydrochloride [10], combination of 250 mM 2-mercap-
toethanol and 2 M guanidine hydrochloride. Columns for each condition represents the dilution rates of gliadin. Dilution rates are 1:4 (black) and 
1:16 (blue) for gliadin standard and 1:10 (black) and 1:100 (blue) for other conditions. 
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3.2. Gliadin extraction from food samples by different methods 

3.2.1. Combination of 2-mercaptoethanol and guanidine hydrochloride 
The protocol reported by García et al. [13] using 2-mercaptoethanol and guanidine hydrochloride is evaluated for extraction of 

gliadin from wheat flour. In addition, the combination of the components with different concentrations is tested to evaluate the 
extraction efficiency of each. One of the main components of gluten, gliadin, which is used as a target analyte in the majority of gluten 
detection assays contain a number of intramolecular disulfide bonds within its structures. These disulfide bonds should be cleaved for 
effective extraction of gliadin from a sample and as a reductant 2-mercaptoethanol could serve this purpose [21]. 2-mercaptoethanol 
has formerly and extensively been used as a component of gliadin extraction buffers within a variety of gluten detection assays 
[22–24]. Guanidine hydrochloride can denature proteins and it is used for different applications, including DNA extraction. Especially, 
in heat-processed foods, extraction of the gliadins could not be achieved as effectively as in non-heated processed foods. This is mainly 
because of the denaturation of proteins (particularly most of the α/β- and γ-gliadins) due to exposure to high heat and the formation of 
insoluble aggregates. A few of the gliadin proteins are heat stable, including ω-gliadins that do not contain disulfide bridges. A simple 
ethanol-based extraction buffer is not sufficient for disintegrating the aggregation of denatured gliadin proteins (α/β- and γ-gliadins), 
therefore, additional reducing and disaggregating agents are needed in the extraction buffer [13,25,26]. The gliadin extraction method 
reported by García et al. [13] is used as the gold standard and other developed methods were compared to it. 

First, different concentrations and combinations of 2-mercaptoethanol and guanidine hydrochloride are tested. Specifically, 50 mM 
2-mercaptoethanol, 250 mM 2-mercaptoethanol, 1 M guanidine hydrochloride, 2 M guanidine hydrochloride, and combinations of 
them are tested for the extraction of gliadin from wheat and crouton (Fig. 3). In the extraction of gliadin from a wheat sample, the 
inclusion of guanidine hydrochloride as a denaturing agent into extraction buffer has a significant effect on the extraction of gliadin 
compared to other tested conditions (p < 0.05; Fig. 3A). On the other hand, the inclusion of 2-mercaptoethanol doesn’t impact the 
gliadin extraction efficacy of the extraction buffer (p > 0.05; Fig. 3A). These findings are expected as there is no heat denaturation of 
the gluten molecules within the wheat flour samples that would negatively impact gliadin extraction from this sample. The inclusion of 
guanidine hydrochloride only improves the extraction by denaturing the gliadin molecules that wouldn’t otherwise dissolve in the 
extraction buffer. 

In a heat-processed food sample (crouton), the inclusion of 2-mercaptoethanol and guanidine hydrochloride significantly improve 
the extraction of gliadin from the sample (p < 0.05; Fig. 3B). Compared to ethanol only extraction method, the inclusion of only 
guanidine hydrochloride to the extraction buffer doesn’t significantly improve the gliadin extraction efficacy (p > 0.05; Fig. 3B). On 
the other hand, the inclusion of the reducing agent 2-mercaptoethanol significantly improves gliadin extraction from the heat- 
processed sample (p < 0.05; Fig. 3B). Moreover, when the combination of guanidine hydrochloride and 2-mercaptoethanol is 
applied in the extraction buffer the gliadin extraction is significantly enhanced compared to other tested conditions (p < 0.05; Fig. 3B). 
This improvement on the extraction efficacy is observed even in the lowest tested concentrations of guanidine hydrochloride and 2- 
mercaptoethanol. These observations on the impact of these two reagents on the extraction of gliadin are parallel to the previous 
studies [13,25,26]. Based on these results, we select the PBS solutions with 1 M guanidine hydrochloride, 50 mM 2-mercaptoethanol 
and the PBS solution with 2 M guanidine hydrochloride and 50 mM 2-mercaptoethanol as the optimum conditions for improved 
extraction for both heat-processed and non-heat-processed food. 

3.2.2. Evaluation of detergents and chelating agent 
Based on the above-mentioned tests, 50 mM 2-mercaptoethanol with 2 M guanidine hydrochloride was selected as the control 

extraction buffer composition to compare the subsequent extraction methods. In this section, a chelating agent (EDTA) and three non- 
ionic detergents (Tween-20, Tween-80, and TritonX-100) were utilized. Chelating agents mainly interact with metal ions and enable a 

Table 1 
Comparison of gliadin extraction conditions: Gliadin extraction ability of different buffer conditions prepared with detergents assessed in wheat 
flour are measured by OD at 426 nm. Different letters indicate significant differences between treatments. Treatment conditions include [1]: PBS [2], 
combination of PBS and ethanol [3], combination of 50 mM 2-mercaptoethanol and 2 M guanidine hydrochloride [4], 0.1% EDTA in PBS [5], 0.1% 
EDTA in ethanol [6], 0.1% Tween 20 in PBS [7], 0.1% Tween 20 in ethanol [8], 0.1% Tween 80 in PBS [9], 0.1% Tween 80 in ethanol [10], 0.1% 
Triton X-100 in PBS [11], 0.1% Triton X-100 in ethanol. Columns for each condition represents the dilution rates (1:10 and 1:100 for other 
conditions).  

Sample Dilution 
Extraction Buffer 

1:10 1:100 

1- only PBS 1.36 ± 0.28 b 0.77 ± 0.26 b, 
2- PBS and EtOH 1.21 ± 0.25 b, c 0.69 ± 0.13 b, c 
3–50 mM 2-mercaptoethanol and 2 M guanidine hydrochloride in EtOH 2.54 ± 0.08 a 1.59 ± 0.09 a 
4–0.1% EDTA in PBS 0.75 ± 0.13 d, e 0.44 ± 0.05 b, c 
5–0.1% EDTA in EtOH 0.92 ± 0.13 c, d 0.78 ± 0.12 b 
6–0.1% Tween-20 in PBS 0.58 ± 0.06 d, e 0.37 ± 0.10 c 
7–0.1% Tween-20 in EtOH 0.57 ± 0.02 d, e 0.53 ± 0.01 b, c 
8–0.1% Tween-80 in PBS 0.43 ± 0.09 d, e 0.36 ± 0.10 c 
9–0.1% Tween-80 in EtOH 0.70 ± 0.11 d, e 0.60 ± 0.23 b, c 
10–0.1% Triton X-100 in PBS 0.37 ± 0.19 e 0.51 ± 0.13 b, c 
11–0.1% Triton X-100 in EtOH 0.47 ± 0.04 d, e 0.42 ± 0.02 b, c  
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stable, water-soluble complex. EDTA particularly binds to divalent metal ions (including calcium and magnesium). Detergents are 
amphiphilic by their nature and could interact with hydrophobic and hydrophilic compounds and improve their dispersion [27]. 
Therefore, both chelating agents, EDTA, and detergents are readily used in a variety of different extraction buffers to improve 
extraction efficacy. To see if the similar efficiency of gliadin extraction from the heat-processed food sample (crouton) could be 
achieved with chelating agents or detergents, we compare four different solution compositions (EDTA, Tween-20, Tween-80, and 
Triton X-100). These chelating agents and detergents are diluted in either PBS or 80% ethanol. All of the tested solutions yielded very 
low signals compared to the controls (p < 0.05; Table-1). Therefore, the application of EDTA or these detergents didn’t provide any 
improvement in the extraction of gliadin from heat-processed foods. Moreover, we could not obtain an efficient extraction of gliadin 
from a heat-processed food sample by using the extraction method recently reported by Hnasko et al. [14], although it is reported to be 
well compatible with the developed lateral flow assay (Fig. 3A). All of these extraction conditions yield low signals in gluten-free food 
sample (Fig. 4). 

3.2.3. Evaluation of choline chloride-based deep eutectic solvents (ChCl-DESs) 
We further tested an alternative method developed by Svigelj et al. [15] that utilizes choline chloride-based deep eutectic solvents 

(ChCl-DESs) to make a green and effective gluten extraction. This approach includes the use of ethaline and reline due to their op-
timum viscosity and dipolar and hydrogen bond donor properties, which result in high gliadin recovery from unprocessed and 
heat-treated food samples without affecting the subsequent immunoassay-based detection [15]. DESs are safe green solvents composed 
of a hydrogen bond acceptor and a hydrogen bond donor that end up with a lower melting point when mixed. While ethaline is the 
mixture of choline chloride as the acceptor and ethylene glycol as the donor in a 1:2 M ratio, reline is composed of choline chloride as 
the acceptor and urea as the donor in a 1:2 M ratio [15]. We tested combinations of ChCI-DESs, which are reline (1:2 choline chloride: 
urea), ethaline (1:2 choline chloride: ethylene glycol), 2 M ethylene glycol, 1 M choline chloride, and 2 M urea. Based on our results, all 
the combinations of ChCI-DESs gave superior signals compared to the controls that include an efficient extraction buffer composed of 
50 mM 2-mercaptoethanol and 2 M guanidine hydrochloride (Fig. 5). Using 1 M choline chloride; 1.4-fold more signal than the control 
extraction method using 50 mM 2-mercaptoethanol, 2 M guanidine hydrochloride and ethanol, and 3-fold more signal than the 
controls using PBS-only and PBS plus ethanol is achieved. This is a promising finding in an effort to make less toxic and efficient gluten 
extraction from heat-treated food samples for detection and this method could be incorporated in commercial ELISA kits or rapid 
gluten detection tests upon further optimizations. 

4. Conclusion 

In conclusion, this study aimed to optimize the ELISA procedure and develop effective gliadin extraction methods for gluten 
detection. The results demonstrate the following key findings: Firstly, the ELISA procedure was successfully optimized by selecting the 
combination of 70% ethanol and carbonate-bicarbonate buffer as the coating buffer and Superblock™ as the blocking buffer. These 

Fig. 4. Gliadin extraction from gluten free food sample. (1) gliadin standard (starting concentration: 10 μg/mL) [2], only PBS [3], combination 
of PBS and ethanol [4], combination of 50 mM 2-mercaptoethanol, 2 M guanidine hydrochloride and ethanol [5], 0.1% EDTA in PBS [6], 0.1% 
EDTA in ethanol [7], 0.1% Tween 20 in PBS [8], 0.1% Tween 20 in ethanol [9], 0.1% Tween 80 in PBS [10], 0.1% Tween 80 in ethanol [11], 0.1% 
Triton X-100 in PBS, and [12] 0.1% Triton X-100 in ethanol. Dilution rates are 1:1. 
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conditions provided higher signals compared to other tested conditions, ensuring reliable and reproducible measurements. Secondly, 
the combination of 2-mercaptoethanol and guanidine hydrochloride proved to be an efficient extraction method for gliadin from both 
heat-treated and non-heat-treated food samples. The inclusion of guanidine hydrochloride as a denaturing agent and 2-mercaptoetha-
nol as a reducing agent significantly improved gliadin extraction efficacy, particularly in heat-treated samples where protein dena-
turation and aggregation occur. 

Furthermore, the evaluation of detergents and chelating agents did not show significant improvements in gliadin extraction effi-
ciency compared to the control extraction buffer. Excitingly, the use of choline chloride-based deep eutectic solvents (ChCl-DESs) 
showed promising results, with significantly higher signals obtained compared to the control extraction method. ChCl-DESs, such as 
reline and ethaline, proved to be effective in extracting gliadin from both heat-treated and non-heat-treated food samples, offering a 
greener and less toxic alternative for gluten extraction. 

Overall, the optimized ELISA procedure and the identified effective gliadin extraction methods hold great potential for improving 
gluten detection accuracy and efficiency. These findings contribute to the development of reliable gluten detection techniques, 
benefiting individuals with gluten-related health conditions who rely on strict gluten-free diets. Future studies should further optimize 
these extraction methods and explore their integration into commercial gluten detection kits or rapid tests. 
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