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Abstract

Background: Beans serve as a significant source of protein, minerals, and plant-derived micronutrients, holding social and
economic importance. Their consumption is linked to numerous health benefits, including reducing the risk of cardiovascular
disease, obesity, and diabetes. Plant-based proteins are also environmentally advantageous, as their production requires fewer
natural resources and results in a smaller carbon footprint than animal-derived proteins. This study explores protein extraction
methods from beans and assesses analytical techniques for protein quantification.

Objective: To examine various protein extraction and quantification techniques from beans, focusing on four primary analytical
methods: SDS-PAGE, Bradford, Lowry, and spectrophotometry.

Methods: Proteins were extracted from bean samples using standardized cell disruption, solubilization, enrichment, and
digestion techniques. Four analytical methods were then applied to quantify the proteins: SDS-PAGE (for molecular weight
separation), Bradford (dye-binding assay), Lowry (colorimetric assay), and spectrophotometry (UV absorption at 280 nm). Each
method’s precision, sensitivity, and compatibility with bean protein extracts were evaluated.

Results: SDS-PAGE effectively separated proteins in the 5-250 kDa range with a 95% consistency in molecular weight
determination. The Bradford method detected protein concentrations as low as 1 pg/mL, while the Lowry method demonstrated
a 10-fold sensitivity increase over spectrophotometry, which was limited by UV interference. Both Bradford and Lowry were
modified for specific protein compositions, with Bradford showing less interference.

Conclusion: The Bradford method demonstrated the greatest adaptability and minimal interference in bean protein
quantification, whereas SDS-PAGE proved optimal for protein fraction analysis. These findings suggest the continued
development of extraction and quantification techniques to meet the increasing demand for plant-based proteins.

Keywords: Analytical Techniques, Beans, Bradford Assay, Environmental Impact, Plant-derived Proteins, Protein Extraction,
SDS-PAGE
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INTRODUCTION

Proteins are fundamental to biological function and serve as major structural components within cells. Distinctly more complex than
fats or carbohydrates, proteins form intricate polymer chains of amino acids that exhibit significant molecular diversity and complexity.
The molecular mass of these chains can vary, ranging from approximately 5000 Daltons to over a million (1). Structurally, proteins are
assembled from twenty amino acids connected by peptide bonds, involving elements like hydrogen, oxygen, carbon, sulfur, and nitrogen.
Nitrogen’s distinct presence is a basis for protein quantification in several analytical methods, including the Kjeldahl and Dumas methods
(1, 2). Proteins are categorized according to their structural conformation, amino acid composition, biological functions, and solubility
properties. While simple proteins are composed solely of amino acids, complex proteins may include additional, non-amino acid
components. Structural conformation and solubility of proteins can be altered by factors such as heat, detergents, organic solvents,
guanidine-HCI, alkali, and urea, leading to denaturation and changes in function (1). Key protein sources span both animal and plant
origins, including dairy, meat, eggs, and various grains and legumes. Beans and other legumes, known as a “poor man’s meat,” play a
pivotal role as a primary protein source in developing countries, where protein-energy malnutrition is prevalent. Besides protein, beans
provide a rich array of phytochemicals, antioxidants, and flavonoids (3-6). In Pakistan, beans and pulses are especially significant,
contributing around 25% of dietary iron, with widespread consumption of mung beans (7, 8).

Food Proteins and Proteomics

Food proteins are inherently complex, presenting challenges for proteomics, a field that aims to study and characterize protein diversity.
Proteomics can reveal insights into cellular functions and enhance environmental outcomes, especially through modern methods such
as two-dimensional (2D) electrophoresis and mass spectrometry (MS) (9). By integrating proteomics with genomics and transcriptomics,
a more holistic understanding of protein structure and function can be achieved (10). Current applications of proteomics include non-
thermal food processing, genetically modified organisms (GMOs), functional foods, and food irradiation (10-12).
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Protein Content of Beans

Beans are high in protein, primarily  Figure 1: Mechanisms involving reduction of cardiovascular diseases, obesity, and
comprising globulins and albumins, with  diabetes (18). Proteins, starch and fiber present in beans are involved in reducing
lesser amounts of protamines and glutelins  incidence of cardiovascular diseases and diabetes mellitus through various
(18, 19). Different beans exhibit varying  mechanisms.

protein concentrations, with soybeans, mung

beans, and peanuts ranking high in protein per 100 grams. Table 1 (not included here) lists the approximate protein composition in
various types of beans, demonstrating their nutritional value as compared to other plant sources (20-23). Notably, beans and legumes
from the Phaseolus vulgaris L. family are particularly rich in protein, although they are relatively low in sulfur-containing amino acids
like methionine and cysteine (24, 25).
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Protein Analysis: Extraction and Quantification Methods

Proteomics, which explores the protein composition of cells or organisms, relies on specific techniques to accurately assess protein
quantity and quality. The typical workflow for protein analysis includes four stages: extraction, separation and quantification,
enrichment, and data interpretation (26). Protein analysis methods vary according to the sample type and analytical principle, from
determining total nitrogen content to detecting the presence of aromatic amino acids, peptide bonds, and UV absorptive properties (1).
Figure 2 (not included here) illustrates the protein extraction and fractionation process, highlighting techniques for cell disruption,
solubilization, precipitation, enrichment, cleanup, and fractionation of proteins(27).

Table 1: Approximate Protein Composition of some Beans

Beans Proteins (g/100 g)
Kidney beans (Phaseolus vulgaris) 8.7
Bambara groundnut (Vigna subterranean) 14-24
Black bean (Phaseolus vulgaris) 8.86
Mung bean (Vigna radiate) 28.86
Peanut (Arachis hypogaea) 25
Soybeans (Glycine max) 36.49
White beans 7.20
Chickpea (Cicer arietinum) 7.82
Green lentils (Lens culinaris) 8.31
Brown lentils (Lens culinaris) 5.08
Pinto beans (Phaseolus vulgaris) 10.71
Pea (Pisum) 5.42
Flageolet 6.92
(20-23)

Methods of Protein Extraction and Fractionation

To analyze the protein content of food, proteins
or peptides must first be extracted from the food
source, ideally with minimal modification.
Extraction methods are carefully tailored to
different food types, aiming to maximize yield
while preserving protein structure (28). A
significant challenge in protein extraction from
plant sources is the presence of compounds that
may  hinder the extraction process.
Consequently, cell disruption is essential to
release proteins enclosed within plant cells
(29). Cell disruption methods vary depending
on the plant type, with specific techniques used
for different types of beans as outlined in Table
2 (not included here)(30).

Techniques for Protein Extraction

Several mechanical, chemical, and thermal
methods facilitate cell disruption for protein
extraction. Mechanical homogenization uses
tools like rotor-stator homogenizers and
blenders to break down plant cells, which have
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Figure 2: Extraction and Fractionation Techniques for Proteins (26). These
techniques involve various steps for cell disruption, solubilization and
precipitation of isolates, protein enrichment methods, cleanup and fractionation of
preliminary samples.
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robust cell walls (31). Wet-milling with sulfur dioxide is commonly employed for grains, utilizing chemicals like sulfur dioxide (SO-)
and sodium hydrogen sulfite (NaHSO3) to aid protein separation (32). Pressure homogenization is another widely used technique that
applies high pressure to release proteins from cells, yielding twice the amount of protein as atmospheric pressure methods. While
effective, high-pressure techniques may expose proteins to proteolytic enzymes, potentially causing denaturation and loss of function
(33, 34). Ultrasonic homogenization, or sonication, uses an acoustic transducer to break down proteins within cellular pellets. This
method has proven effective in increasing protein yield and is extensively used in commercial applications (35). Temperature treatment,
particularly the freeze-thaw method, also aids in cell disruption. Liquid nitrogen is often applied to flash-freeze cells, followed by
mechanical force to release proteins. This process boosts protein solubility, foaming, and emulsifying properties, though it may impede
overall extraction (36, 37). High temperatures are also applied in certain extraction processes, such as wet-milling, though heating can
compromise protein recovery (32, 38).

Table 2: Types of Cell Disruption methods corresponding to the type of beans and food

Type of cell disruption Procedure Food Referenced from

Mechanical Homogenization Centrifugal grinding and air | Pea, chickpea, and lentil (39)
dehulling

Mechanical Homogenization Wet-milling  with  sulfur | Sorghum (32)
dioxide

Ultrasonic Homogenization Acoustic Transducer Soybean (40)

Pressure Homogenization High-pressure homogenization | Peanut (33)

Pressure Homogenization High-pressure homogenization | Rapeseed (41)

Temperature treatments Mortar and Pestle with liquid | Peanut (36)
N2

Temperature Treatments Wet-milling with temperature | Sorghum 32)

Protein analysis is a multi-faceted process, where selective isolation and solubilization of proteins are crucial to obtaining accurate
results. This isolation step, known as protein solubilization, enables the removal of compounds that may interfere with quantification,
ensuring that the protein sample is of high quality and purity (26). Effective protein solubilization is pivotal for high-quality analysis, as
it directly influences the accuracy of subsequent analytical methods. Given the variability in plant tissue composition, the solubilization
process must be carefully tailored to the specific food sample, especially when handling samples from complex sources like beans.
These samples often contain numerous interfering substances that challenge complete protein solubilization, necessitating optimal
conditions to prevent protein modifications or degradation through proteolysis (31, 42).

Table 3: Organic solvents used against the different types of beans and food source

Organic Solvents Food Referenced from
Aqueous Isopropanol Soybean (28)
Aqueous Isopropanol Rapeseed (41)
Glacial Acetic Acid Sorghum (32)
Phenol Soybean (28)
TCA Bean (45)
TCA / Acetone Soybean (46)
Thiourea / urea Soybean (28)

Organic Solvents in Protein Solubilization

A variety of organic solvents are used for protein solubilization, selected based on the food source, with some effective options listed in
Table 3. Common solvents include trichloroacetic acid (TCA) and acetone, which, when used in combination, aid in extracting proteins
from beans, cereals, and other plants by inhibiting proteolytic enzyme activity due to TCA’s negative charge and extreme pH. Although
highly effective, TCA-treated proteins often pose challenges in re-dissolution, presenting a limitation of this solvent (43). In recent years,
phenol has gained attention for protein precipitation due to its superior clean-up capacity. Capable of dissolving nucleic acids and
polysaccharides to some extent, phenol exerts a potent solvent effect on proteins, though it is time-consuming and relatively toxic(44).
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Aqueous Solutions as Environmentally Friendly Alternatives

Driven by environmental concerns, aqueous solutions have become increasingly preferred over organic solvents for protein extraction.
Water-based solutions are neither toxic nor flammable, unlike organic and alcoholic solvents, making them safer for both the
environment and laboratory personnel. However, the effectiveness of these aqueous solutions depends on several factors, such as pH,
net charge, salt concentration, electrostatic repulsions, and ionic strength. Each of these parameters can significantly impact protein yield
and quality(47). A commonly used aqueous method, based on the Osborne method developed in 1924, involves the use of alkaline
solutions to extract plant proteins. However, this approach requires rigorous washing to eliminate excess alkali, which can generate large
amounts of wastewater (21, 48). The addition of enzymes in aqueous solutions, known as aqueous enzymatic extraction, is an emerging
approach that aids the solubilization process. Enzymes such as carbohydrases target the plant cell wall, enhancing protein yield by
facilitating cell wall breakdown (47). Aqueous enzymatic extraction is eco-friendly and minimizes protein damage during processing,
though its high cost and lengthy processing times can limit its scalability. Immobilizing enzymes for reuse offers a potential solution to
these economic challenges, helping to lower costs and reduce waste (26, 49).

Table 4: Enzymes used in Aqueous Enzymatic Extraction of proteins from various beans and seeds

Enzymes used Food Extracted protein Referenced from
Alcalase 2.4 L Rapeseed 66.7 % (50)
Alcalase 2.4 L Peanut 82.5% (29)
Alcalase 2.4 L Peanut 80.1 % (51)
Glucoamylase Lentil - (52)
Protex 6 L Soybean 84.6 % (53)
Protex 6 L Soybean 96.0 % (54)
Protex 7 L Sesame seed 87.1% (55)

Subcritical Water Extraction

Subcritical water extraction, using water at temperatures above its boiling point (100—374°C) but under pressurized conditions to
maintain its liquid state, has emerged as an effective and eco-friendly protein extraction method. This approach offers unique properties,
such as high ion concentration and low dielectric constant, enhancing protein yield from beans, seeds, and bran (56). As an innovative
and sustainable method, subcritical water extraction aligns with current priorities for minimizing environmental impact in laboratory
processes(57).

Protein Enrichment Methods

Following isolation, protein enrichment becomes a critical step to improve concentration before analytical techniques such as mass
spectrometry (MS) are applied. Despite advances in proteomics, no single method can measure specific protein concentrations
accurately, necessitating enrichment to address low protein levels within extracts (26). Protein enrichment encompasses various
techniques, including precipitation, centrifugation, electrophoresis, and chromatography, each playing a role in refining protein extracts
and removing residual contaminants(58). Precipitation or "salting out" involves adding salts, commonly ammonium sulfate, to increase
protein interactions, resulting in protein aggregation and subsequent precipitation. Ammonium sulfate is particularly advantageous due
to its high solubility and ability to form saturated solutions, although its acidic pH requires adjustment prior to use (31, 59).
Centrifugation offers a straightforward approach for protein enrichment, initially used in protein isolation to create a homo genized
mixture and separate cellular components. Later stages of protein solubilization and enrichment rely on centrifugation to refine and
isolate protein fractions by their density, allowing gradient centrifugation to optimize fractionation productivity (26, 60). Electrophoresis,
a method of separating proteins based on shape, charge, or size, serves as both a preparative and analytical tool. Generally performed as
one-dimensional separation, electrophoresis helps evaluate protein purity and molecular weight before proceeding to two-dimensional
analysis, like SDS-PAGE. In cases of high protein complexity, ampholytes are often removed prior to MS analysis to prevent interference
(61, 62). Chromatographic methods such as Liquid Chromatography (LC) and Ion-Exchange Chromatography (IEX) separate proteins
based on characteristics like size, charge, and hydrophobicity. Techniques like size-exclusion chromatography are valuable for refining
protein fractions from complex mixtures (63). Affinity chromatography may also be used to detect post-translational modifications such
as glycosylation or phosphorylation, enriching the proteomic analysis by revealing functional protein characteristics.
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Protein Hydrolysis and Digestion for Amino Acid Analysis

Protein hydrolysis, essential for determining amino acid composition, utilizes various methods including hydrochloric acid, sodium
hydroxide, performic acid, and proteolytic enzymes. Hydrolysis with 6 M hydrochloric acid is a common method, conducted at high
temperatures over extended periods to release amino acids, though amino acids like Valine and Isoleucine require longer hydrolysis
times to be accurately quantified (36, 64). Alternatively, sodium hydroxide hydrolysis at 110 °C for 16 hours is effective for amino acids
like Tryptophan and Leucine (36). Performic acid oxidation, followed by hydrochloric acid hydrolysis, provides accurate assays for
cysteine and methionine, while proteolytic enzymes such as trypsin and chymotrypsin are frequently used for targeted digestion of
specific peptide bonds. Trypsin, widely applied for its affordability and high purity, selectively cleaves peptide bonds at lysine and
arginine, generating peptides with strong C-terminal residues that are well-suited for MS analysis (65, 66). This comprehensive overview
highlights the significance of protein solubilization and enrichment techniques in analyzing plant-based proteins, specifically from
beans. The use of advanced methods such as subcritical water extraction and enzymatic approaches underscores the shift toward eco-
friendly practices in protein extraction. By evaluating various methods for protein solubilization, enrichment, and hydrolysis, this study
aims to determine optimal strategies for isolating and quantifying proteins from beans, offering a robust foundation for future research
in nutritional science and food proteomics(66).

METHODS

The methodology employed for protein analysis encompasses various spectrophotometric, colorimetric, dye-binding, and
electrophoretic techniques, each selected based on the specific requirements of protein quantification and molecular weight
determination. Each method aimed to accurately quantify or characterize proteins while considering the limitations and interferences
that may arise from specific sample types. The following sections outline the procedures used, adapted to standardize the process for
optimal precision and reliability.

Spectrophotometric Analysis

A spectrophotometer was utilized to determine protein content based on absorbance at specific wavelengths. Proteins containing tyrosine
and tryptophan residues exhibited strong absorption at 280 nm due to these aromatic amino acids, enabling the quantification of protein
concentration using Beer’s Law. For this analysis, proteins were solubilized in an alkaline solution or buffer, and their absorbance was
measured at 280 nm against a blank reagent. The protein concentration was calculated using the formula A=abcA = abcA=abc, where
AAA represents absorbance, aaa the absorption coefficient, bbb the cuvette path length, and ccc the concentration. Additionally, peptide
bonds absorbed between 190 and 220 nm; however, this lower UV range made quantification challenging for broader commercial
applications (1).
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ions (Cu?"), followed

by the reduction of the Folin reagent by the copper-protein complex to form molybdenum blue. The resulting color intensity was
measured at either 750 nm or 500 nm, with 750 nm suited for low protein concentrations and 500 nm for higher concentrations. A
standard curve of bovine serum albumin (BSA) was constructed to estimate protein concentration in unknown samples (1).
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While effective, the Lowry method had limitations due to
interference from various compounds, such as thiols, free OH-

amino acids, and chelating agents, which reacted with the R\é .
+ Cu*

Folin-Ciocalteu reagent. To mitigate interference, several Lrluin 'f-‘if',‘,;’r’,li;“
modifications were applied, including heating the sample
pre- and post-reagent mixing, removing lipids with organic ~ +

solvents, and adding SDS and chloramine-T (67). Despite
alternative advancements, the traditional Lowry method
remains widely used due to its high sensitivity.

Bradford Method

N Protein ; Folin-Ciocalteu (o
complex 2
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The Bradford method, a dye-binding technique, relied on
the color change of Coomassie Brilliant Blue G-250 upon
binding with proteins, shifting its absorbance from 465 nm
to 595 nm. This change was proportional to the protein
concentration in the sample. To prepare the sample,
Coomassie dye was mixed with ethanol and phosphoric
acid, then combined with the extracted protein solution.
The absorbance of the resulting mixture was read at 595 nm, and a BSA standard curve was generated to quantify protein levels (1). The
Bradford method offered simplicity, speed, and minimal interference from contaminants, as commonly seen with the Lowry method.
However, variations in protein composition influenced the dye’s affinity, requiring specific adjustments for different protein types.
Smaller peptides often went undetected due to weak interactions with the dye, while proline-rich proteins altered the dye color,
demanding customized calibration (68).

SDS-PAGE (Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis)

Figure 4: Principle of Lowry Method (The method relies on two
different reactions. The first reaction is the formation of a copper ion
complex with amide bonds, forming reduced copper in alkaline
solutions. The second reaction is the reduction of Folin-Ciocalteu
reagent giving an intense blue compound)

SDS-PAGE, an electrophoretic technique, was utilized to separate
proteins based on molecular weight, ranging from 5 kDa to 250 kDa.
Polyacrylamide gels, consisting of acrylamide and a cross-linker

methylene bisacrylamide, were catalyzed by ammonium persulfate (AP) LOX- - 94.000
and tetramethylethylenediamine (TEMED) to create a three-dimensional vicangizen]. 01000
network that facilitated protein migration. Sodium dodecyl sulfate (SDS), - B- ~43.006
an anionic detergent, provided a uniform negative charge to proteins, ,\1?34..

ensuring that migration depended solely on molecular weight. A known S A6T- o
molecular weight marker was included for relative comparison, and 2
proteins were visualized via staining (69). To ensure accurate migration, BI24,

SDS concentration was carefully maintained at 1.4 g per 1 g of protein. i DA
Deviations in SDS concentration resulted in rigid-rod conformations, > As- o

complicating separation. Proteins with high charge densities, like
histones, and low molecular weight proteins sometimes displayed
inconsistencies in migration. Adjustments to gel calibration standards
were applied as needed to address these anomalies. The SDS-PAGE
protocols followed foundational methods outlined by Shapiro et al. (70) and
Laemmli (71), which were later modified to accommodate low molecular
weight proteins ranging from approximately 1,400 to 25,000 Da.

Figure 5: SDS-PAGE patterns of proteins from
soybean varieties. o', o and B indicate subunits of B-
conglycinin. A and B indicate acidic and basic
polypeptides of glycinin, respectively. LOX,
lipoxygenase; KTI, Kunitz trypsin inhibitor; 1-7,
soybean varieties; M, molecular weight standards
(72).

RESULTS & DISCUSSION

The rising global demand for protein-rich foods necessitates a shift toward
plant-derived proteins, not only for their health benefits but also for
environmental sustainability. As awareness of the positive health impacts of plant proteins grows, an increased focus is anticipated on
developing techniques that maximize protein extraction from plant sources. Beans, pulses, and legumes are ideal for such extraction due
to their high protein content, ease of cultivation, and relatively efficient isolation techniques. Among beans, soybeans exhibit the highest
protein concentration, followed closely by peanuts and kidney beans. The extraction and purification of proteins from beans involve
steps similar to those used for proteins from other plant tissues, although analytical quantification techniques may vary based on the
specific protein source(30, 73).
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This study evaluated four primary analytical methods for protein quantification. The Lowry method, while historically popular, is often
limited by its sensitivity to interference from non-protein compounds in the sample. Despite its high sensitivity, this method's reactions
with other extract components complicate accurate quantification, reducing its suitability in complex mixtures. The Lowry method’s
steps and sensitivity are advantageous for some applications; however, its practical limitations suggest that alternative methods might
be preferable when quantifying protein in less controlled, plant-based extracts(34, 74). The Bradford method, a dye-binding technique,
emerged as an effective alternative due to its simplicity, rapidity, and reduced interference from other substances within the sample. It
demonstrated versatility by measuring protein concentrations down to the microgram level, a strength further amplified by recent
modifications that improve compatibility with various buffers. The Bradford method's high sensitivity and adaptability make it a
preferred choice for low-concentration protein assays, including enzyme characterization and quantification. While the Lowry method
remains widely used for specific applications due to its high sensitivity, the Bradford method’s resilience against interference and its
rapid process make it more favorable for a broader range of protein analysis tasks. Yet, the Bradford assay can be influenced by protein
composition, as certain proteins with high proline content may interact differently with the dye, indicating a potential need for
optimization depending on the sample(9, 38).

Spectrophotometric analysis at 280 nm, leveraging the absorbance of aromatic amino acids like tyrosine and tryptophan, offered another
approach to protein quantification. This method is generally less suitable for high-throughput analysis of plant-based proteins, as the
absorbance of peptide bonds in the lower UV range poses challenges in obtaining precise measurements. Due to its limitations with non-
animal sources, spectrophotometric analysis is often reserved for applications in milk and meat products rather than plant-derived
proteins. Although effective for these specific sources, it lacks the flexibility and broad applicability required for routine plant protein
analysis(2, 8). SDS-PAGE was also examined for its utility in protein analysis, particularly for its ability to separate proteins based on
molecular weight, allowing for the profiling of protein fractions within complex food extracts. SDS-PAGE provided clear advantages
in terms of its straightforward operation and its effectiveness in determining protein profiles, particularly when coupled with mass
spectrometry for more intricate analyses. However, SDS-PAGE’s relatively slower process limits its throughput, and the proteins’
susceptibility to denaturation due to the presence of SDS remains a notable drawback. This denaturation risk underscores the need for
improved electrophoresis methods or alternative approaches that reduce the dependency on SDS, thereby preserving protein structure
and activity(12, 17).

The Bradford method proved to be the most adaptable and interference-resistant for quantifying proteins in diverse food samples, while
SDS-PAGE excelled in separating and analyzing protein fractions from complex extracts. The Lowry and spectrophotometric methods,
though useful, were found to have limitations in the context of plant-derived protein analysis. These findings highlight the need for
continued development of protein quantification techniques that balance sensitivity, accuracy, and resistance to interference for reliable
analysis across a variety of food sources(25, 27).

CONCLUSION

The shift towards plant-derived proteins has the potential to impact both health outcomes and environmental sustainability. Embracing
these proteins, particularly from beans and legumes, offers a viable alternative to animal-based sources, promoting better nutrition and
reducing ecological strain. Developing functional foods and nutraceuticals from plant sources like beans could play a critical role in
addressing global health challenges. Although advancing food proteomics and related technologies will require significant investment,
consumers can contribute by making conscious food choices now. Current methods, such as phenol-based protein extractions, show
promise but require further refinement for optimized application in plant proteomics. While 2-D electrophoresis remains useful for
general protein analysis, advancements are needed to better handle the complex protein expression levels found in food systems.
Altogether, the continued development of these methods could accelerate progress in nutrition, health, and environmental preservation.
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