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Preface

Electrophoresis is a classic molecular biology technique for analyzing biomolecules 
including DNA, RNA, protein, and their complexes. The straightforward yet effective 
idea of electrophoresis is to physically separate biomolecules according to their sizes 
and charges. Combined with other technologies such as chromatography, mass spec-
trometry, and nucleic acid sequencing, electrophoresis has been applied to achieve 
various purposes such as sample purification, molecule identification, and species 
identification. 

This book showcases the applications of electrophoresis in a broad spectrum of 
research fields. The highlighted research fields include single-cell technology, vet-
erinary diagnosis, dental research, biodiversity study, and soil research. Single-cell 
technology features a high resolution of an individual cell. Due to the small amount of 
sample input, delicate products are required to prepare the samples for downstream 
analyses. Examples of electrophoresis-aided procedures include molecule separa-
tion and ionization. In veterinary diagnosis, electrophoresis is an important tool for 
analyzing serum protein fractions. The serum protein profile is then used for animal 
health assessment. In the field of dentistry, electrophoresis has been widely employed 
to evaluate dental cement and composite materials. Moreover, electrophoresis is 
applied to detect dental disease biomarkers. 

Electrophoresis is also applied in biodiversity study and soil research. Coupled with 
another classic molecular biology technique, polymerase chain reaction (PCR) and 
DNA sequencing, electrophoresis is involved in the generation of molecular barcodes 
for diverse species. For soil research, coupled with other techniques such as chroma-
tography, mass spectrometry, PCR, and DNA sequencing, electrophoresis is useful for 
analyzing compounds, microbes, plants, and animals in soil. 

Electrophoresis is a versatile technique suited for various purposes. In addition to 
summarizing the current applications of electrophoresis in different research fields, 
we hope this book will inspire readers to unravel the potential and appreciate the 
beauty of this classic technique.

Yee-Shan Ku
School of Life Sciences, 

 Centre for Soybean Research,
State Key Laboratory of Agrobiotechnology,

 The Chinese University of Hong Kong,
 Hong Kong SAR, China
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Chapter 1

Application of Electrophoresis 
in Single-Cell Analysis by Mass 
Spectrometry
Hui Li and Jiaquan Xu

Abstract

The cell serves as the fundamental building block of life, yet it operates as an 
extremely sophisticated chemical system. Single-cell analysis holds the potential to 
provide novel insights into cellular heterogeneity and their corresponding subpopu-
lations at the genomic, transcriptomic, proteomic, and metabolomic levels. Mass 
spectrometry (MS) is a label-free technique that enables the multiplexed analysis of 
proteins, peptides, lipids, and metabolites in individual cells. By now, the applica-
tion of electrophoresis in single-cell analysis by MS has become widespread. In this 
chapter, we will summarize the recent application advancements of electrophoresis in 
single-cell analysis by MS, with a particular focus on sampling, separation, and ion-
ization. Additionally, we will discuss potential future research directions for  utilizing 
electrophoresis in single-cell analysis by MS.

Keywords: single-cell analysis, capillary electrophoresis mass spectrometry, ambient 
ionization, single-cell sampling, separation

1. Introduction

Cell is the basic unit of the organism’s structure and function [1], which has a close 
relationship with the occurrence, development, and treatment of diseases. Individual 
cells exhibit significant diversity due to a variety of factors, including genetic variations, 
fluctuations in biochemical processes, and differences in their microenvironment. 
Despite the homology between two cells, there can be significant variations in their intra-
cellular material composition and content [2]. The conventional assessment of cell popu-
lation can solely provide an average outcome regarding homeostasis and fails to depict 
the variances among individual cells. Consequently, single-cell investigation not only 
enhances our comprehension of cellular nature and life but also furnishes a more potent 
mechanism for disease diagnosis, categorization, therapy, and prognosis. However, the 
minute dimensions of the cells pose a challenge in terms of isolating individual cells and 
preparing samples for analysis. Due to the minuscule size, substances present within 
single cells are extremely scarce and exhibit significant concentration disparities span-
ning nine orders of magnitude [3], thereby exacerbating detection difficulties.

Among the single-cell analysis methods, fluorescence detection methods are 
highly sensitive and can detect single molecules with dynamic tracking ability [4–7], 
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but their detection flux is limited. Electrochemical detection has high temporal-
spatial resolution [8–11], but it cannot detect multiple molecules simultaneously 
due to the limitations imposed by the electrochemical window and the requirement 
for electrochemically active molecules. Mass spectrometry (MS) is a conventional 
method for molecule analysis with the advantages of high sensitivity, high through-
put, and the ability to identify molecular structures [12, 13]. By leveraging an existing 
database, this method can qualitatively and quantitatively analyze tens of thousands 
of molecules at the same time while providing abundant information on their 
structure characters. However, the application of direct MS in single-cell detection 
faces challenges in terms of sample complexity and single-cell sensitivity due to the 
diverse range and limited content of chemical components within cells. Therefore, it 
is imperative to employ appropriate separation technology to improve the method's 
detection sensitivity and qualitative/quantitative accuracy.

Typically, in various omic studies, liquid chromatography (LC) and its deriva-
tives, such as high performance liquid chromatography (HPLC), ultra performance 
liquid chromatography (UPLC) and nano liquid chromatography (nanoLC), are 
common separation techniques [14, 15]. However, LC may not be suitable for samples 
with limited volume due to the requirement of a larger injection volume (typically 
several microliters) [16]. On the contrary, electrophoretic separations like capillary 
electrophoresis (CE) possess distinct advantages compared to chromatographic 
methods. Since the late 1980s, CE has emerged as an exciting and promising micro-
electric separation technique due to its benefits such as minimal sample consumption, 
high resolution, rapid separation time, and cost-effectiveness. Various modes of CE 
including capillary zone electrophoresis (CZE), capillary isotachophoresis (CITP), 
capillary isoelectric focusing (CIEF), micellar electrokinetic capillary chromatogra-
phy (MEKC), and capillary electrochromatography (CEC) have proven beneficial in 
pharmacology, food analysis, biomarker research, and biomolecular analysis [17, 18].

In this chapter, we will provide a comprehensive overview of the application 
of electrophoresis in single-cell MS, encompassing three main aspects. The first 
part starts with an introduction to the application of electrophoresis technology in 
single-cell sampling for MS analysis. The second part further describes how to utilize 
electrophoresis technology to separate the components within single cells, which are 
subsequently analyzed using MS. The final part provides a detailed explanation of the 
application of electrophoresis in the ionization source, enabling simultaneous separa-
tion and ionization of components within single cells.

2. Application of electrophoresis in sampling single cells for MS analysis

Sampling analytes from a single cell in MS analysis is a highly challenging task 
due to the small sizes of cells (usually several tens of micrometers in diameter for 
mammalian cells), limited cellular content volume, complex intracellular matrix, 
and rapid turnover. As a result, there have been numerous advancements aimed at 
enhancing sampling and extraction efficiency before conducting MS analysis.

2.1 Sucking contents from single cells for MS analysis

Sucking contents from individual cells for MS analysis is a commonly employed 
technique, typically involving the use of a nanospray/capillary tip to extract cell 
contents through either negative pressure or cellular pressure. For instance, Mizuno 
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et al. devised a video-MS method for real-time single-cell analysis. In their investiga-
tion, they utilized a micromanipulator-mounted nanospray tip (with a diameter of 
1–2 μm and coated with gold) to access the cytoplasm or organelles of live mammalian 
cells under microscopic observation. By connecting a tube-connected piston syringe, 
several hundreds of femtoliters of cellular contents were aspirated into the nanospray 
tip during sampling procedures [19]. To achieve direct analysis of target organelles 
in single cells, a method by combination of fluorescence imaging and live single-cell 
MS was developed Esaki et al. [20]. Initially, a mitochondria-specific fluorescent 
marker was utilized to visualize the location and condition of mitochondria within 
living cells. Subsequently, the stained mitochondria were selectively captured with 
a nanospray tip under fluorescence microscopy, enabling predominantly metabolite 
detection by live single-cell MS. Zhang et al. [21] utilized capillary microsampling in 
combination with electrospray ionization (ESI) MS and ion mobility separation to 
conduct metabolic analysis of various types of epidermal cells in Arabidopsis thaliana. 
Their research involved the use of a nanospray tip (with a diameter of 1 μm, uncoated 
with metal) to extract cytoplasm from individual plant cells through capillary action 
and turgor pressure.

The precise control and measurement of the volume sampled from single cells is 
essential for accurate quantitation of the analytes at the single-cell level. Thus, Yin 
et al. developed a technique for sampling single cells using electroosmotic extraction 
with meticulous control [22]. The extraction nanopipette, with a tip diameter of less 
than 1 μm, was prepared by using a capillary puller, followed by the insertion of a Pt 
electrode. A counter electrode Pt was connected to the sample. In a typical sampling 
process (Figure 1), the nanopipette was filled with 5 μl of hydrophobic electrolyte 
solution, and during the piercing procedure, a voltage of +2 V (with electrode 1 as the 
positive pole) was applied between the two electrodes to effectively prevent solution 

Figure 1. 
Schematic diagram of electroosmotic suction of single cells for MS analysis. Electrode 1 was inserted into the 
nanopipette, while Electrode 2 was connected to the sample. The initiation of sucking contents from a single cell 
(yellow) involved applying a negative voltage between Electrode 1 and Electrode 2. Subsequently, a solution 
containing an internal standard (green) with a known volume was introduced into the nanopipette using 
electroosmotic extraction. Finally, the extracted analytes were analyzed by nESI-MS [22].
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aspiration into the tip. The nanopipette was then guided toward the cell at a speed of 
400 nm/s using micromanipulation and microscopy while monitoring ion current 
between the electrodes. The moment the cell membrane was approached, a discern-
ible modification in ion current became evident. After inserting the nanopipette 
into the cell, a voltage of −2 V (with electrode 1 as the negative pole) was applied 
between the two electrodes. This allowed for precise control over the suction volume 
of cytoplasm, facilitating subsequent analysis through nanoelectrospray ionization 
(nESI) MS. By incorporating an isotope internal standard, this technique facilitated 
quantitative analysis of metabolites from individual cells.

2.2 Extraction of analytes from single cells for MS analysis

The extraction strategy of analytes from single cells for MS analysis can be cat-
egorized into two methods. One method utilizes the solid-liquid microextraction 
(SLME) technique, while the other relies on liquid-liquid microextraction (LLME). 
The single-cell MS analysis techniques based on SLME involve probe electrospray 
ionization (PESI)-MS [23], direct sampling probe (DSP)-MS [24], and surface coated 
probe (SCP)-nESI-MS [25], and all of these procedures involve the utilization of a 
metal needle that has undergone surface treatment/modification/coating, which is 
then employed for the purpose of extracting and enriching analytes from an indi-
vidual cell. The advantages of SLME are high spatial resolution and selectivity, while 
the disadvantage of SLME is low throughput. Nanomanipulation-coulped nanospray 
MS [26] and single-probe MS [27] are typical LLME-based single-cell MS techniques, 
which involve the utilization of solvent to extract and isolate analytes from individual 
cells. The strength of SLME lies in its high-throughput capability, while its limitation 
lies in the relatively lower level of selectivity.

In cellular environments, the majority of biomolecules possess either positive or 
negative charges, which are determined by their biophysical characteristics and sur-
rounding conditions. Consequently, when exposed to an external electric field, these 
charged biomolecules have the ability to migrate. Positively charged biomolecules 
tend to move toward the cathode, while negatively charged metabolites tend to move 
toward the anode, resulting in a polarity-specific separation process. As a result of 
this phenomenon, Song et al. [28] introduced probe electrophoresis as a sampling 
technique for single cells (Figure 2). To prepare the probe, a stainless steel needle 
coated with gold and featuring a 100 nm tip was inserted into a capillary with a 2 μm 
tip that had been pulled by laser. The distance between the tip of the needle and capil-
lary was approximately 5 μm. Before the sampling procedure, the single cells were 
already deposited onto an indium-tin oxide (ITO) substrate that had been positioned 
correctly under the microscope. The probe containing 9 pl of water was then carefully 
inserted into a single cell using micromanipulation techniques under the microscope. 
After remaining in a state of quiescence for several seconds, during which any poten-
tial perturbations were eliminated, low DC voltage (±2 V) between the probe and 
conductive substrate was applied to generate strong electric fields (around 106 V/m) 
inside the cell due to their close proximity (about 5 μm).

An electric field gradient with a magnitude of 1019 V2m−3 was created near the tip 
of the probe. This resulted in the movement of biomolecules with opposite charges 
in different directions: either upward toward the probe or downward toward the 
conductive substrate. To prevent electroosmotic flow, the back end of the probe 
was subjected to air pressure generated by a microinjector during electrophoretic 
sampling. Following extraction, the probe was taken out from the cell and directly 
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utilized as a nESI emitter. The application of a high voltage (±2 kV) to the probe facili-
tated the generation of analyte ions for MS analysis. The findings indicated that the 
extraction efficiency was influenced by factors such as the magnitude and duration of 
extraction voltage, concentration of analytes, and dielectric constant of the elec-
trolyte. Under optimal conditions, the method can achieve high throughput (≥200 
peaks) and enhanced sensitivity (≥10-times signal enhancement for [Choline+H]+, 
[Glutamine+H]+, [Arginine+H]+, etc.) compared to direct nESI-MS.

3.  Application of electrophoresis in separation of the analytes from single 
cells for MS analysis

The enhanced resolving abilities of CE have been effectively employed in intrigu-
ing biological studies conducted at the individual cellular level. These advancements 
in CE have significantly broadened our understanding of metabolites, proteins, and 
other relevant components. Currently, numerous literature reviews have comprehen-
sively documented the utilization of CE-MS for analyzing single cells [29, 30].

3.1 Metabolites

Cellular metabolic analysis plays a crucial role in the examination of cells, offer-
ing insights into the physiological state of organisms and providing a fundamental 
understanding of their overall health. By utilizing the CE-MS technique, researchers 
have successfully established cell metabolism analysis as an effective tool for address-
ing various biomedical and clinical challenges. These include unraveling underlying 
physiological mechanisms, identifying pathogenic factors contributing to disorders, 
analyzing intricate biological samples, conducting drug screening experiments, 
discovering diagnostic biomarkers, and elucidating the mechanisms behind drug 
action and resistance.

Nemes et al. [31] proposed a detailed protocol for investigating and quantifying 
metabolites in individual isolated neurons through the utilization of single-cell 

Figure 2. 
The schematic diagram of single-cell analysis by probe electrophoresis MS. The charged metabolites in a single 
cell were first extracted via electrophoresis by applying a voltage between Pt electrode and ITO conduction glass, 
followed by nESI-MS analysis. [28]
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CE combined with electrospray ionization time-of-flight MS (Figure 3). The 
procedure necessitated approximately 2 hours for preparing the sample, isolating 
neurons, and extracting metabolites, and an additional hour for measuring metab-
olism. By utilizing this method, over 300 distinct compounds within the mass 
range of typical metabolites were detected in various individual neurons ranging 
from 25 to 500 μm in diameter. A subset of identified compounds was found to be 
adequate for revealing metabolic differences among freshly isolated neurons of 
different types as well as changes in the metabolite profiles of cultured neurons. 
Using the CE-MS approach combined with whole-cell patch clamp, Aerts et al. 
successfully detected 60 metabolites from only 3 pl of cytoplasm within a single 
cell. This technique allowed them to observe differences in the metabolome of 
heterogeneous cells within the brain by analyzing samples obtained from specific 
cellular structures [32].

Onjiko et al. [33] developed a CE-ESI-MS method to analyze metabolites in the 
genome expression of various cell types. They identified 40 metabolites from Xenopus 
laevis embryos at the 16-cell stage, which had distinct tissue fates. The findings 
indicated that certain metabolites exhibited varying levels of activity among wild-
type and unperturbed embryos’ cell types. Advancements also have been achieved 
by this research group in the analysis of embryo metabolism, which is a difficult task 
due to its diminishing cell sizes and intricate three-dimensional transformations. 

Figure 3. 
Experimental setup of the single-cell CE-ESI-MS system. (a) the front view of the CE platform: (1) the enclosure 
equipped with a safety door; (2) platform for sample loading; (3) a holder that allows manual positioning of the 
separation capillary; (4) the separation capillary; (5) a resistor connected in series to a stable high-voltage power 
supply and the CE platform; (6) a digital multimeter connected in parallel to measure voltage drop on the resistor. 
The scale bar is 10 cm. (b) A magnified view of the sample-loading platform includes (7) a sample-loading 
vial and (8) an electrolyte-containing vial with the separation capillary positioned 2 mm below the electrolyte 
meniscus. The scale bar is 1 cm. (c) A distant view of the CE-ESI-MS ion source consists of (9) the CE-ESI 
interface equipped on (10) a three-axis translation stage; (11) CCD camera; and (12) inlet of mass spectrometer. 
(d) A magnified view shows (16) the stable Taylor cone (17) and the orifice of the mass spectrometer sampling 
plate. The scale bar is 500 μm. (e) Close-up view of the CE-ESI-MS ion source highlighting a T-union that houses 
fused silica capillaries for CE separation and (13) ESI sheath solution delivery, as well as (14) a metal emitter 
grounded through (15) a copper wire. The scale bar is 1 cm [31].
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They successfully conducted metabolic analysis on live frog embryos by incorporating 
capillary microsampling, micro-scale metabolite extraction, and CE-ESI-MS tech-
niques, resulting in the identification of 230 distinct molecular characteristics. This 
approach has expanded the potential for acquiring more profound understanding of 
the process of embryonic development [34].

CE-MS also has been utilized in the metabolism analysis of plants and microbes. 
The physiological metabolism of these organisms is greatly influenced by environ-
mental conditions, but there remains limited knowledge regarding the impact of such 
factors on their dynamic metabolic changes. To address this gap, a CE-MS approach 
was employed to analyze the transcript and metabolism of Synechocystis sp. PCC 
6803 under nitrogen starvation [35]. The simultaneous analysis of 161 metabolites in 
Synechocystis sp. PCC 6803 was conducted before and after nitrogen depletion. The 
study revealed that the levels of glycogen and downstream metabolites involved in 
sugar breakdown increased during nitrogen starvation in Synechocystis sp. PCC 6803, 
thereby reconciling the discrepancy between upregulated sugar catabolic genes and 
glycogen accumulation observed in this unicellular cyanobacterium.

3.2 Proteins

The utilization of CE has greatly enhanced our understanding of the proteome in 
individual cells. Lombard-Banek et al. [36] conducted a pioneering quantitative pro-
teomics investigation on blastomeres, identifying and quantifying 438 protein groups 
across three distinct types: D11, V11, and V21. Interestingly, it is noteworthy that the 
majority of proteins found in individual blastomeres of the same cell type (such as 
D11) exhibited a significant degree of overlap. However, there were a few instances 
where protein expression did not coincide, which could potentially indicate divergent 
developmental paths for the daughter cells originating from these specific blasto-
meres. Moreover, their research focus then shifted toward examining blastocyst cells 

Figure 4. 
Microanalytical process that allows for the simultaneous quantification of multiple proteins in individual cells 
within the 16-cell Xenopus embryo. This approach involves microdissection, micro-scale bottom-up proteomics, 
and a specially designed single-cell CE-μESI platform coupled with a high-resolution tandem mass spectrometer 
(HRMS2). HVPS: high-voltage power supply; Syr. Pump: syringe pump. Scale bars: 150 μm (embryo and μESI, 
left-middle panels), 250 μm (microcentrifuge vial), 1.5 mm (separation, right panel) [37].
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within the 16-cell Xenopus embryos (Figure 4) [37]. The single blastocyst cells were 
isolated through microdissection and underwent pre-treatment procedures, including 
cell lysis, protein reduction, alkylation, and overnight enzymatic hydrolysis. The pro-
teins were then analyzed qualitatively and quantitatively using CE, microelectrospray 
ionization, and high-resolution mass spectrometry (CE-μESI-HRMS). The study 
achieved coverage of approximately 30% of the predicted proteome for individual 
X. laevis blastomeres, with the identification of 1630 proteins from only 20 ng of 
non-vitelline proteins in a single blastocyst cell measuring about 150 μm in diameter. 
Figure 5 presented an alternative approach developed by this team, which involved 
the integration of subcellular capillary microsampling, one-step protein extraction 
and digestion, peptide separation using CE, ionization through electrokinetically 
pumped nanoelectrospray, and detection using high-resolution Orbitrap MS. This 
method enabled the direct analysis of proteomics in individual live cells, specifically 
in vertebrate embryos. This breakthrough represented a significant advancement as it 
overcame the limitation that MS was not compatible with complex tissues. The study 
eventually identified and quantified approximately 750–800 protein groups with 
exceptional sensitivity and accuracy in detection. Moreover, this technology demon-
strated its scalability for application in live zebrafish embryos [38].

The recent advancements in CE-MS have significantly improved its detection 
capabilities by introducing a reversed-phase C18 microcolumn for pre-separation 
prior to CE, enabling the identification of 141 proteins from a protein digest 
sample as low as 500 pg and up to 737 proteins from a protein digest sample of just 
1 ng [39]. And the PANC-1 cells (around 20 μm in diameter) have been among 
the tiniest cell types examined using CE. During analysis, researchers noted slight 
variations in the phosphorylation rates of protein kinase B among individual 
cells [40].

Figure 5. 
Proteomic analysis of a single cell in a live X. laevis embryo without the use of labeling techniques. The given 
example demonstrates the optical recognition of the midline animal-dorsal cell (D11, indicated by a white arrow) 
in the 16-cell embryo. Approximately 20 nl of cellular content were extracted using capillary microsampling 
techniques employing a microprobe. The aspirated sample containing proteins was subjected to extraction and 
digestion processes. Subsequently, peptides were separated utilizing a microanalytical CE platform and ionized 
through a custom-designed electrokinetically pumped nanoelectrospray ionization (EK-nESI) source. This source 
was continuously monitored using a long-working distance camera to ensure stable operation within the cone-jet 
regime (referred to as Taylor cone or Tc), thereby facilitating efficient ionization. The resulting peptide ions were 
then analyzed utilizing an Orbitrap MS with high-resolution capabilities. Scale bars are provided for reference: 
200 μm in black and 1 mm in white [38].
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4.  Application of electrophoresis in the ionization of the analytes from 
single cells for MS analysis

Ensuring that the protein states detected in single-cell MS are consistent with 
those within the cell is a crucial issue. Huang’s research team postulated that the 
optimal accuracy can be achieved by promptly detecting proteins within a time 
frame of 100 ms after their release from the cell. Consequently, they developed an 
“in-cell” MS method for on-site analysis of proteins and protein complexes in living 
cells [41–43]. Figure 6a illustrates the integration of online electroporation-induced 
protein release and millisecond-scale micro-electrophoretic separation into a stan-
dard nanospray needle. A low-frequency pulsed high potential, generated in-house, 
is applied through a ring silver electrode mounted outside the needle to initiate online 
electroporation, fast separation, and nESI successively without any physical contact 
between the electrode and cells. In a typical experiment, living cells are injected into 
the needle via a syringe preloaded with cell suspensions. The cells pass through an 
area with high potential due to nanospray force and targeted proteins are released 
through online electroporation (Figure 6b). This procedure is crucial for extracting 
protein samples from cells without the need for conventional sampling techniques. 
Instead, protein extraction in “in-cell” MS occurs automatically and continuously, 
resembling electroporation when high potential is applied. Following this automated 
release-based protein extraction, ultrafast electrophoresis is implemented to address 
or mitigate any potential matrix effects that may arise from the simultaneous release 

Figure 6. 
Schematic diagram of (a) "in-cell" MS online electroporation, (b) following millisecond microelectrophoresis 
setups, and (c) its application for in-situ monitoring of dynamic protein-ligand. As demonstrated, the enhanced 
desolvation effectiveness in the all-ion-fragmentation mode allows for the identification of individual proteins 
and detection of larger protein complexes within living cells using "in-cell" MS. It is important to acknowledge 
that various factors, such as cell penetration efficiency, reaction rates, concentration, and intracellular 
constituents, influence the binding states between proteins and ligands. AIF-MS refers to all-ion-fragmentation 
MS [41].
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of cellular components, such as inorganic salts and organic small molecules. It is 
important to mention that both the online electroporation and separation procedures 
can be completed within a very short time frame of milliseconds. Moreover, “in-cell” 
MS utilizes nESI as an ionization technique to promptly convert proteins in solution 
released from living cells into the gas phase, followed by high-resolution Orbitrap 
mass identification.

In conclusion, the unique features of “in-cell” MS encompass the avoidance of 
offline lysis and protein sampling, elimination of offline separation, and minimal 
manipulation processes on cells. These characteristics facilitate the characterization of 
larger proteins and protein complexes within intact living cells (Figure 6c), making 
high-throughput analysis achievable. The utilization of this approach has facilitated 
the detection of a broader range of protein complexes, including 17 proteins with 
molecular weights ranging from 4 to 44 kDa. Additionally, the “in-cell” MS technique 
allows for real-time monitoring of dynamic protein interactions in live cells, and its 
feasibility has been demonstrated through the test of the interaction between cal-
cium-regulated calmodulin and melittin. This innovative method for protein analysis 
shows significant potential applications in various fields, such as biochemistry labs, 
protein engineering, and the protein industry.

5. Conclusions and future directions

5.1 Conclusions

As mentioned earlier, the incorporation of electrophoresis and MS into experi-
mental workflows has greatly promoted the development of single-cell analysis. 
Electrophoresis plays an important role in all stages of single-cell MS analysis, 
including the sampling process, separation of analytes, and ionization (Table 1). 
By integrating with single-cell MS in various ways, electrophoresis can effectively 
enhance the accuracy, substance coverage, analysis speed, and other properties of 
single-cell MS, thus playing a crucial role in the fields of metabolomics, proteomics, 
metallomics, and beyond.

5.2 Future direction

In the future, the combination of electrophoresis and MS will become more 
diverse, particularly with the advancement of ambient ionization MS [44, 45]. 
Coupling electrophoresis with atmospheric pressure ionization sources will be a 

Category Application References

Sampling Suction of contents from single cells [22]

Extraction of analytes from single cells [28]

Separation Separation of the metabolites from single cells [31–35]

Separation of the proteins from single cells [36–40]

Ionization Ionization of the proteins in situ [41–43]

Table 1. 
Summary of the application of electrophoresis in the single-cell MS analysis.
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crucial direction for development. Building upon this, the creation of stable electro-
phoresis-MS instruments is another important area to focus on as it can enhance the 
stability, reproducibility, automation, programming capabilities, analysis speed, and 
accuracy of the analytical process.
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Chapter 2

Advantages of Serum Bovine Blood 
Electrophoresis in Veterinary 
Diagnosis
Ahmed Khiredine Metref

Abstract

The veterinary practitioner, for the diagnosis of diseases, needs practical tools, fast, 
inexpensive, and, above all, available. The importance of this chapter lies in the reduc-
tion of various para-clinical examinations known in bovine medicine, which are often 
difficult to handle during a displacement in rural areas and which are also expensive. 
For this reason, serum protein electrophoresis (SPE) is an important component of 
laboratory diagnostic evaluations for serum protein measurement. Electrophoresis is 
based on the movement of charged particles through a buffered medium subjected to 
an electric field. Some variations that can be noticed in the SPE depend on some physi-
ological and pathological cases. Early diagnosis of diseases is particularly important 
because treatments are no longer effective when the degree of consequences damages 
are too severe; because the clinical signs are not specific, the general clinical examina-
tion of the dairy cow can only lead to a suspicion of disease without a necessary tool, 
for confirmation or discover an insidious inflammatory process.

Keywords: electrophoresis, blood serum variations, bovine medicine, diagnosis, 
pathology

1. Introduction

Electrophoresis is the most widely used technique for standard fractionation of 
serum proteins in clinical biochemistry and molecular biology [1]. By this technique, 
serum proteins can be separated into albumin and globulin fractions by electropho-
resis. This method consists of an electrical charge applied to agarose or cellulose gel 
matrix; electrophoresis capillary proteins are currently the most practiced, allowing 
serum proteins to migrate through the matrix and separate into bands based on their 
charge and size. The separation of protein fractions occurs in a free liquid medium 
created by the low-viscosity buffer, in which the application of high voltage generates 
an electro-osmotic flow, causing a rapid movement of proteins toward the cathode 
[2]. The matrix of migration is stained to detect the protein bands and read via 
densitometry to generate a tracing.

This allows a better separation of proteins with similar physicochemical charac-
teristics, generating multiple subpeaks or narrower peaks [3]. Serum protein electro-
phoresis has been studied in animal and equine medicine, in particular for the clinical 
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diagnosis of diseases characterized by dysproteinemia (leishmaniasis, ehrlichiosis, 
and feline infectious peritonitis) or to identify the presence of inflammation [4]. 
Electrophoresis is based on the movement of charged particles through a buffered 
medium subjected to an electric field [5]. Agarose gel is combined with an alkaline 
buffer solution (pH 9.1). A semi-automatic system usually does this. The separated 
proteins are stained with an “Amidoschwarz” solution, and the excess dye is removed 
in an acidic solution. The electrophoretic profiles are analyzed visually using a den-
sitometer that gives an accurate relative quantification of each individualized area to 
detect anomalies. The densitometer reads the gel to define the relative concentrations 
(percentages) of each fraction. Agarose gel electrophoresis has several advantages 
over cellulose acetate (better reproducibility of results and greater clarity of electro-
phoretic strips). The migration takes place at 20 Watt (through two electrodes, one 
negative, the other positive), at 20°C (for about 7 minutes). The system performs all 
coloring, bleaching, and drying sequences. Then, we wait until the tank cools. The 
dry gel is removed for its final treatment: the reading will be done through a densi-
tometer, which allows the relative concentrations (percentages) of each fraction to be 
defined. Serum proteins have a negative charge, so in an electric field, they migrate to 
the positive pole, and they are separated from each other by different bands depend-
ing on their size [6]. The speed of their movement depends on the characteristics of 
the isolated protein, including its electric charge, size, shape, strength of the electric 
field, type of medium used for separation, and temperature. After separation, the 
protein fractions are fixed in an acidic solution to denature the proteins and immobi-
lize them on the support [7]. The proteins are then stained and quantified by density 
measurement, also providing graphical data so that they can be analyzed by computer 
depending on the electrophoretic system used [4].

2. The normal value of serum blood electrophoresis in cattle

In cattle, the normal profile of an SPE includes albumin and α-, β-, and γ-globulins 
(see Figure 1). The α-fraction is the most rapidly migrating protein relative to all 

Figure 1. 
Example of healthy bovine serum protein electrophoresis.
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globulins, and in most species, it migrates as the α-fraction1 (fast) and α2 (slow). Many  
proteins of the acute phase of inflammation, considered diagnostically important, 
migrate in this fraction. Alpha1-antitrypsin, α1-acid glycoprotein, α1-antichymotrypsin, 
α1-ketoprotein, serum amyloid A, and α1-lipoprotein have been identified in the 
α1-globulin area, whereas haptoglobin, α2-microglobulin, α2-macroglobulin, ceru-
loplasmin, α2-antiplasmin, and α2-lipoprotein in the α2-globulin fraction [8]. This 
method (SPE) is also recommended to determine the distribution of globulins and 
quantify several fractions accurately (α-, β-, and γ-globulins), [9–11].

(A/G ratio ≈ 0.70/0.72) from [12].

3. The physiological variations of serum blood electrophoresis in cattle

The animal is considered clinically healthy if it does not show any decline in its 
zootechnical value, or expresses any sign of disease and influence of biological varia-
tions (the state of stress of an animal, the biological rhythm specific to each animal), 
the administration of drugs or tranquilizers [13]. We obtained a standard electropho-
retic tracing, comprising five fractions: The first fraction is represented by albumin 
(Alb), followed by α1-, α2-, β-, and γ-globulins. In the physiological state, there is a 
clear dip between the end of the α2 fraction, and that of β-globulin (see Figure 1). 
This result corroborates with that found by authors [14–17]. Other authors describe 
a six-fraction separation using agarose gel electrophoresis: albumin, α1- and α2-, β1- 
and β2-, and γ-globulins [18]. The interpretation of the biochemical parameters mea-
sured can only be significant for an individual because each organism has a specific 
reactivity toward its environment, and a diagnostic opinion remains exclusively the 
domain of the clinician. The value of different components is described in Table 1.

3.1 Proteinogram variation in relation to age

The influence of age on proteinogram values has been studied by other authors 
and does not corroborate our results. Each author finds the age of the animals is one 
of the important factors that can affect the concentrations of the different serum 
protein fractions or their electrophoretic pattern, especially in the early months of life 
[20], and showed that in young and adult cattle, there is also the existence of an age-
related influence for α- and γ-globulin fractions namely, the values of α1-globulins 
were higher in calves, while for adult animals they presented higher concentrations 
of γ-globulins [21].

Section Value

Ratio: A/G 0.7

Albumin (Alb) 25–42 g/l

α1-globulins 6–12 g/l

α2-globulins 3.5–9.5 g/l

Β-globulins 4–11 g/l

Γ-globulins 7–26 g/l

Table 1. 
The normal value of different sections in bovine serum blood electrophoresis [19].
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3.2 Proteinogram variation in relation to body condition score

The body condition of the animals is one of the indicators of the efficiency and 
safety of a ration, so for this reason, they directly impact the different components of 
SPE, especially the negative marker like albumin [16].

3.3 Variation of the proteinogram in relation to the physiological stage

The body condition varies significantly according to the physiological stage [22]; 
hence, the interest in the conduct of the dry period, which is a strategic and determin-
ing period for the nutritional future of the animal and the herd, his impact on SPE is 
significant by nutrition condition [17].

4. The pathological variations of serum blood electrophoresis in cattle

4.1 Albumin to globulin ratio (A/G)

Albumin is a small protein with a molecular weight of 69 kDa. The main 
functions of albumin are the maintenance of homeostasis by regulating oncotic 
pressure, blood pH buffering, and the transport of substances (fatty acids, fat-
soluble hormones, and unconjugated bilirubin). It also acts as a free radical captor 
[23]. The liver is the principal site of albumin synthesis. Its degradation takes place 
in the liver, but other tissues may be involved: muscles, kidneys, and skin. The 
plasma concentration of albumin is determined by the intensity of hepatic synthe-
sis, which is generally in balance with its elimination. It is responsible for about 
75% of the plasma osmotic pressure and is a major source of amino acids that can 
be used by the animal’s body when needed [24]. Hypoalbuminemia may therefore 
be caused by a lack of synthesis, which may be an indication of severe hepatic 
disorders. However, hypoalbuminemia may result from renal leakage caused by 
glomerulopathy. It may also be the result of severe inflammation of the intestine, 
leading to protein loss. Hypo-albuminemia is therefore not specific to liver disease. 
It is also not very sensitive since it only appears at the end of the evolution of a 
hepatic disease [8].

However, it is a consequence of poor rationing associated or not with parasitic 
infestation. This confirms that it is a good negative marker of inflammation, as 
previously established [8, 25]. The normal A/G ratio is between 0.6 and 0.9 in cows, 
but the relative concentrations of albumin and globulins can be changed in many 
conditions or diseases, resulting in changes in their ratio. Also, considers that in 
chronic and severe liver diseases, there is usually an increase in immunoglobulins 
(gamma-globulins: IgM, IgG, and IgA) together with a decrease in serum albumin 
concentration [25]. There may also be an increase in inflammatory proteins such as 
α2 and β-globulins. In the case of evolving abscesses, an increase in fibrinogen may 
be noted along with a decrease in the A/G ratio. Unfortunately, the decrease in the 
A/G ratio is not specific to liver damage: it can fall in many infectious or autoimmune 
diseases [26, 27], for that only serum protein electrophoresis (SPE) is of real interest 
in interpreting a drop in the A/G ratio (see Figure 2).
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4.2 α1-globulins

The alpha 1 zone is constituted by alpha 1 antitripsin, orosomucoid, and alpha 1 
antichymotripsin. The usual value is 6 gr/l [19]. Most of the cattle present a low value 
[28]. This abnormality in comparison with normal range [19], we had a low wave, 
without specific clinical manifestations. This anomaly reported in humans, has not 
been previously revealed in ruminants. The studies at this time has not been able to 
determine the cause of these cases. We suggested the hypothesis of a congenital origin 
of α1 antitrypsin deficiency [the major protein of α1 zone] [8], like for humans, 
because of the similarities of the role and origin in the two species. However, in 
cattle, the serum levels of α1-antitripsin can be so low that their systemic detection is 
difficult [29]. This case is described in humans [30], also, it is the result of an impair-
ment of the respiratory system [31–34]. However, only the CSF (cerebrospinal fluid) 
in cattle contained α1-antitripsin, with detectable value [29].

4.3 α2-globulins

The alpha 2 zone is constituted by haptoglobin, ceruloplasmin, Gc globulin, alpha 
2 macroglobulin, and alpha-lipoproteins. We have a presence of peaks for the cases 
that present bronchopneumonia with a state of thinness [28]. The latter is suspected 
of developing chronic inflammatory conditions without clinical expression that 
would prevent them from gaining weight. It was noted that this coincides with an 
increase in total protein levels and acute phase proteins [35]. The α2 fraction obtained 
by electrophoresis is always increased during an inflammatory or infectious process 
since the majority of acute phase proteins (APPs) migrate to this area. It would there-
fore be wise to take this fact into account rather than using separate APP assays that 
require more expensive techniques. Alpha2-globulins are most often increased during 
bronchopneumonia [8].

Figure 2. 
Electrophoresis pattern of a 6-year-old cow with hypo-proteinemia [28].
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4.4 β-globulins

They are composed of fractions: transferin, heopexin, betalipoprotein, and 
complement C3. This fraction has recorded an increase in its area in liver diseases [19, 
36] because it is associated with an increase of specific enzymes to the liver function 
and total proteinemia (including the gamma-globulin fraction, alpha2globulin) with a 
pattern characterized by the formation of a block (β-γ) when the chronic development 
(see Figure 3). The cases of hypo-beta-globulins (small wave) appeared simultane-
ously with the cases of hypo-albuminemia, and this was in the absence of an increase 
of the enzymes of the hepatic function and without particular clinical signs. In these 
cases, we believe that there is a lack of food intake in relation to the physiological state 
and real needs of these animals [36]. alteration and bronchopneumonia [28].

4.5 γ-Globulins

They constitute the group of immunoglobulins (IgG, IgA, IgD, IgE, and IgM): 
we noticed that their increase is permanent during clinical conditions such as lame-
ness, bronchopneumonia, and mastitis [28]. They could not be revealed by the 
other biochemical parameters assayed independently of the clinic; this makes them 
a good indicator of inflammation. We distinguish two representative groups of 
hyper-gammas-globulins: Those with monoclonal peaks (narrow and homogeneous): 
monoclonal gammopathy (MG) is characterized by the increase of a single type of 
Ig belonging to a well-defined class and subclass [37]. It is a synthesis of antibodies 
directed against possible specific antigens caused by viral, bacterial, or parasitic 
attacks [20]. As a result, the poor weight status of these cases of cattle, which do not 
express clinical manifestations, is explained [28]. Other authors have described these 
monoclonal peaks in this species for older subjects (exceeding 6 months) for lympho-
cytic leukemia or reticuloendothelial system tumors [8, 12]. Monoclonal gammopathy 
is characterized by a sharp, homogeneous, spike-like peak in the focal region of the 
γ-globulin area (see Figure 4).

Figure 3. 
Plot of blood serum electrophoresis of cow with liver.
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The second group includes polyclonal hyper-gamma-globulins (diffuse increase). 
This is the case of cattle that develop general or organ-specific inflammatory diseases 
(see Figure 5) [38].

5. Conclusion

Electrophoresis alone can provide an answer to many clinical diagnostic prob-
lems. Its interpretation, in combination with the data collected for each individual, 
has made it possible to confirm clinically apparent cases and to discover other 

Figure 4. 
Plot of blood serum electrophoresis of a young bull, 6 months old, delayed growth (monoclonal peak) [28].

Figure 5. 
Plot of blood serum electrophoresis of cow with chronic mastitis (poly clonal peak) [28].
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asymptomatic cases. We can consider serum protein electrophoresis as a practical tool 
for diagnosis in rural medicine: the ease of its realization, the simplicity of its method, 
the rapidity of its response (less than 1 h), and the quality of its information. The 
interpretation of the biochemical parameters measured can only be meaningful for an 
individual (a diagnostic choice remains exclusively the domain of the clinician). The 
study of the tracings allowed us to discover that electrophoresis alone can provide an 
answer to a large number of clinical diagnostic problems. Its interpretation in combi-
nation, with all the data collected for each individual, allowed us to confirm clinically 
apparent cases and to discover other asymptomatic cases. Electrophoresis should 
be combined with the clinical examination and other complementary examinations 
(Biopsy, Hematology, Bacteriology). It should be associated with other more specific 
biochemical assays (specific functional exploration of organs) in order to avoid the 
veterinary practitioner having to recommend uncertain treatments. The abnormal 
electrophoretic profile of serum proteins may be characteristic of certain disorders 
or diseases but, in other cases, may indicate only nonspecific pathological processes. 
Despite this low specificity in the diagnosis of certain diseases, the determination of 
serum protein profile in ruminants and the correct interpretation of their results are 
very useful for clinicians in the diagnosis of healthy and diseased animals and can 
serve as a basis for other specific laboratory examinations. We can consider serum 
protein electrophoresis as a practical tool for diagnosis in rural medicine: the ease of 
realization, the simplicity of its method, the rapidity of its response (less than 1 h), 
the quality of its information; electrophoresis constitutes, therefore, a practical and 
economical alternative in the semiology exploration of ruminant’s medicine.
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Chapter 3

Evaluation of Dental Materials 
and Oral Disease-Related 
Proteins in Dentistry: Efficacy of 
Electrophoresis as a Valuable Tool
Aida Meto and Agron Meto

Abstract

Electrophoresis is a versatile technique that allows for the separation of molecules 
based on their size and electrical charge. In the field of dentistry, electrophoresis is 
widely used in various applications, including the analysis of dental materials and 
proteins associated with diseases of the oral cavity. Through electrophoresis, it is 
possible to evaluate the size and distribution of filler particles within resin matrices, 
providing valuable information on the mechanical properties and durability of com-
posite materials used in dental restorations. Furthermore, this technique has signifi-
cantly contributed to the study of proteins implicated in oral diseases, such as dental 
caries and periodontitis. By effectively identifying and separating these proteins, 
researchers gain a deeper understanding of the mechanisms underlying these condi-
tions, facilitating the development of innovative therapeutic strategies. Overall, the 
application of electrophoresis in dentistry has emerged as an indispensable tool for 
comprehensive analysis of dental materials and characterization of proteins associ-
ated with oral diseases.

Keywords: dental materials, electrophoresis in dentistry, oral diseases, proteins, 
biomarkers

1. Introduction

Shortly, electrophoresis is a powerful analytical technique widely used in dental 
research for the separation and analysis of various biomolecules [1]. In this chapter, 
we will mention how electrophoresis is employed to study proteins, nucleic acids, gly-
cosylated proteins, phosphorylated proteins, and other relevant molecules in dental 
materials and oral health research. Understanding the composition, modifications, 
and interactions of these biomolecules is critical for unraveling the molecular mecha-
nisms underlying dental diseases, identifying potential biomarkers, and improving 
dental materials’ performance.
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1.1 Overview of electrophoresis

Electrophoresis is a widely used technique in dentistry research for the separation 
and analysis of dental materials and oral disease-related proteins [1, 2]. It is based on the 
principle of applying an electric field to migrate charged molecules in a medium, such 
as a gel or a capillary, according to their size, charge, or isoelectric point. Electrophoresis 
allows the separation, identification, and quantification of various components in 
complex mixtures, including proteins, nucleic acids, carbohydrates, and ions [3]. 
Different electrophoretic techniques are employed in dental research, depending on 
the specific objectives and requirements of the analysis. Gel electrophoresis, such as 
polyacrylamide gel electrophoresis (PAGE) and agarose gel electrophoresis, is commonly 
used for the separation of proteins and nucleic acids based on their size and charge [4]. 
Capillary electrophoresis (CE) offers high resolution and efficiency for the separation 
of small molecules and ions [5]. Two-dimensional electrophoresis (2DE) combines two 
separation dimensions, such as isoelectric focusing (IEF) and sodium dodecyl sulfate 
(SDS)-PAGE, enabling more comprehensive protein profiling [6]. Electrophoresis 
has revolutionized dental material analysis by allowing the assessment of material 
components, such as monomers, additives, and degradation products. It aids in the 
determination of molecular weight distribution, polymerization kinetics, and leaching 
characteristics of dental materials. Additionally, electrophoresis techniques have been 
instrumental in protein analysis, allowing the identification, characterization, and 
quantification of disease-related proteins in oral fluids, tissues, and biofluids [7].

1.2 Significance of dental material analysis

Dental material analysis plays a crucial role in dentistry research and clinical 
practice [8]. The selection and evaluation of dental materials are essential for the 
success and longevity of various dental treatments, including restorative procedures, 
prosthetic devices, and orthodontic appliances [8–10]. Dental materials must possess 
desirable physical, chemical, and biological properties to ensure their safety, biocom-
patibility, and effectiveness in clinical applications. Therefore, thorough analysis and 
characterization of dental materials are necessary to assess their quality, performance, 
and potential risks. By employing analytical techniques, researchers and clinicians 
can examine the composition, structure, and properties of dental materials [11]. This 
analysis helps in identifying any potential flaws, defects, or limitations in the materi-
als, as well as understanding their behavior under different conditions. It allows for 
the development of improved dental materials with enhanced properties, such as 
increased strength, improved esthetics, and reduced toxicity [12]. Moreover, the 
analysis of dental materials aids in standardization, quality control, and regulatory 
compliance in the dental industry, as follows:

1.2.1 Analysis of proteins in dental research

Proteins play a pivotal role in dental research, serving as key structural compo-
nents and orchestrating various biological processes. Electrophoresis techniques 
are commonly used to analyze proteins in dental materials and biological samples. 
Several classes of proteins are of particular interest [13–15]:

• Dental tissue proteins: Dental tissues, such as enamel, dentin, and cemen-
tum, have unique protein compositions. Electrophoresis can be used to study 
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the protein profiles of these tissues, providing insights into their structural 
and functional properties. For example, amelogenins are essential enamel 
matrix proteins involved in enamel formation and can be analyzed using 
electrophoresis.

• Salivary proteins: Saliva contains a diverse array of proteins with various 
functions, including antimicrobial properties and lubrication of oral tissues. 
Electrophoresis can help identify and quantify specific salivary proteins associ-
ated with oral health and disease.

• Inflammatory proteins: Inflammatory responses are critical in periodontal dis-
ease and dental caries. Identifying and quantifying inflammatory proteins, such 
as cytokines and chemokines, in gingival crevicular fluid (GCF) or dental plaque 
can help elucidate the molecular basis of these diseases. Electrophoresis can be 
used to analyze the expression levels of these inflammatory proteins.

• Matrix metalloproteinases (MMPs): MMPs are involved in tissue remodeling 
and degradation of extracellular matrix components. Dysregulation of MMPs 
is associated with periodontal tissue destruction. Electrophoresis can be used to 
analyze MMP expression levels in diseased tissues.

1.2.2 Analysis of nucleic acids in dental research

Nucleic acids, including DNA and RNA, are essential biomolecules in dental 
research, providing information about genetic factors, microbial presence, and gene 
expression in oral health and disease. Electrophoresis is commonly used to study 
nucleic acids in dental research [16, 17]:

• Analysis of dental microbiome: Electrophoresis-based methods, such as 
polymerase chain reaction (PCR) and gel electrophoresis, can be used to study 
the oral microbiome by identifying specific bacterial DNA sequences associ-
ated with dental diseases. For instance, 16S rRNA gene sequencing can be 
performed on gel-separated PCR products to characterize the oral microbial 
community.

• Genetic analysis of dental conditions: Nucleic acid electrophoresis can aid in 
the identification of genetic variations associated with dental conditions such as 
amelogenesis imperfecta and dentinogenesis imperfecta. Genetic testing using gel 
electrophoresis can reveal specific mutations linked to these dental disorders.

1.2.3 Other biomolecules of interest in dental research

Beyond proteins and nucleic acids, other biomolecules are relevant in dental 
research. Electrophoresis can be applied to study [18, 19]:

• Glycosylated proteins: Glycosylation is an essential posttranslational modifica-
tion that influences the functions of dental proteins. Lectin-based electrophore-
sis techniques can be employed to analyze glycosylated proteins in dental tissues. 
For example, lectin blotting can detect specific carbohydrate structures on 
proteins separated by gel electrophoresis.
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• Phosphorylated proteins: Phosphorylation is crucial in signal transduction path-
ways in dental cells. Phospho-specific antibodies or Phos-tag SDS-PAGE can be 
used to detect and analyze phosphorylated proteins. Electrophoresis combined 
with immunoblotting allows the detection of phosphorylated protein bands.

1.3 Role of protein analysis in oral disease research

Proteins play a vital role in the pathogenesis, progression, and diagnosis of various 
oral diseases. Understanding the protein composition and alterations associated with 
oral diseases is essential for advancing our knowledge of their underlying mechanisms 
and developing effective diagnostic and therapeutic strategies [20]. Protein analysis pro-
vides valuable insights into disease-related biomarkers, protein-protein interactions, and 
signaling pathways involved in oral diseases. Oral diseases, such as periodontal diseases, 
dental caries, and oral cancers, involve complex molecular processes that impact the 
composition and expression of proteins. Biomarker discovery and validation are crucial 
for early detection, prognosis, and monitoring of oral diseases [21]. Proteomic analysis 
techniques allow the identification and quantification of disease-specific proteins, 
providing potential targets for intervention and personalized treatment approaches. 
Furthermore, protein analysis facilitates the evaluation of treatment outcomes, the 
assessment of disease progression, and the monitoring of therapeutic responses [22, 23].

1.4 Preparing samples for electrophoresis

Preparing samples for electrophoresis involves specific steps depending on the 
type of electrophoresis and the type of samples you are working with (e.g., DNA, 
RNA, proteins) [24, 25]. Here’s a general guide on how to prepare samples for differ-
ent types of electrophoresis:

1.4.1 DNA electrophoresis (agarose gel electrophoresis)

Agarose gel electrophoresis is commonly used to separate DNA fragments based 
on their size [24]. Here’s how to prepare samples for this type of electrophoresis:

Materials needed:

• DNA samples

• DNA ladder (molecular weight markers)

• Agarose powder

• Tris acetate EDTA (TAE) and tris borate EDTA (TBE) buffer

• Ethidium bromide or a DNA-specific stain

• Gel loading buffer

Steps:

1. Sample extraction: Extract DNA from your biological material using appropriate 
DNA extraction methods.
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2. Quantification: Measure the concentration of your DNA samples using a spec-
trophotometer or fluorometer.

3. DNA denaturation (if needed): For double-stranded DNA, denature the samples 
by heating them at around 95°C for a few minutes and then cooling them on ice. 
This step converts double-stranded DNA into single-stranded DNA.

4. Prepare the agarose gel: Mix agarose powder with TAE or TBE buffer and heat 
the mixture to dissolve the agarose. Pour the liquid agarose into a gel tray and 
insert a comb to create wells.

5. Prepare loading buffer: Mix your DNA samples with a gel loading buffer. The 
loading buffer will add density to your samples, helping them sink into the wells.

6. Load the samples: Carefully load the DNA samples and the DNA ladder (molecu-
lar weight markers) into the wells of the agarose gel using a micropipette.

7. Electrophoresis: Submerge the gel tray in an electrophoresis tank filled with TAE 
or TBE buffer. Apply an electric field and run the electrophoresis until the DNA 
bands have separated according to their size.

8. Visualization: Stain the DNA with ethidium bromide or a DNA-specific stain and 
visualize the separated bands under UV light.

1.4.2 Protein electrophoresis (SDS-PAGE)

SDS-PAGE is used to separate proteins based on their molecular weight [25]. Here’s 
how to prepare protein samples for SDS-PAGE:

Materials needed:

• Protein samples

• Protein molecular weight markers

• SDS-PAGE running buffer

• SDS-PAGE sample buffer

• Reducing agent (e.g., β-mercaptoethanol or DTT)

Steps:

1. Sample extraction: Extract proteins from your biological material using appro-
priate protein extraction methods.

2. Protein quantification: Determine the protein concentration using methods, 
such as the Bradford assay or the BCA assay.

3. Protein denaturation and reducing: Mix your protein samples with an SDS-PAGE 
sample buffer containing a reducing agent (e.g., β-mercaptoethanol or DTT). 
The reducing agent helps to denature the proteins and break disulfide bonds.
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4. Boiling: Heat the protein samples in the SDS-PAGE sample buffer at around 95°C 
for a few minutes to ensure complete denaturation.

5. Prepare the SDS-PAGE Gel: Assemble the SDS-PAGE gel according to the manu-
facturer’s instructions or your lab’s protocol.

6. Load the samples: Load the denatured protein samples and the protein molecular 
weight markers into the wells of the SDS-PAGE gel.

7. Electrophoresis: Submerge the gel in an electrophoresis tank filled with SDS-
PAGE running buffer. Apply an electric field and run the electrophoresis until 
the protein bands have separated according to their size.

8. Visualization: Stain the proteins with Coomassie Brilliant Blue or other compat-
ible protein stains, or use silver staining for more sensitive applications.

It’s important to note that electrophoresis protocols can vary depending on the 
specific application and the type of samples being analyzed. Always follow estab-
lished protocols and optimize the procedure for your particular experiment to ensure 
accurate and reliable results.

1.4.3 Separation and purification steps

Before performing electrophoresis, separation, and purification steps are often 
necessary to obtain high-quality samples and accurate results. The steps for separation 
and purification depend on the type of sample and the target molecules you are work-
ing with (e.g., DNA, RNA, proteins) [19, 24, 26]. Here are some common separation 
and purification methods used before electrophoresis:

DNA electrophoresis (agarose gel electrophoresis): For DNA electrophoresis, the fol-
lowing separation and purification steps are commonly performed:

1. DNA extraction: This is the initial step to isolate DNA from the biologi-
cal material (e.g., cells, tissues, blood). Various extraction methods, such as 
phenol- chloroform extraction, column-based purification, or commercial DNA 
 extraction kits, can be employed.

2. PCR or DNA digestion (optional): If you are working with specific DNA frag-
ments, you may need to perform polymerase chain reaction (PCR) or DNA 
digestion (restriction enzyme digestion) to amplify or cut the DNA into the 
desired fragments.

3. DNA cleanup: After PCR or DNA digestion, it’s common to perform a DNA 
cleanup step to remove any leftover primers, enzymes, or other impurities that 
could interfere with the electrophoresis results. DNA cleanup can be done using 
purification kits or by precipitation methods.

RNA electrophoresis: For RNA electrophoresis, the following steps are typically 
performed:
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1. RNA extraction: RNA is extracted from the biological material (e.g., cells, tis-
sues, bacteria, or viruses) using methods, such as phenol-chloroform extraction, 
column-based purification, or commercial RNA extraction kits.

2. RNA integrity check: Before proceeding with electrophoresis, it is essential to 
assess the integrity of the RNA. This can be done using techniques such as gel 
electrophoresis or capillary electrophoresis with RNA-specific dyes.

3. RNA cleanup: Similar to DNA cleanup, RNA cleanup is performed to remove 
 impurities that might interfere with the electrophoresis results. Various purifica-
tion methods can be used, such as column-based cleanup or precipitation methods.

Protein electrophoresis (SDS-PAGE): For protein electrophoresis, the following 
steps are typically performed:

1. Protein extraction: Proteins are extracted from the biological material using 
 appropriate protein extraction methods, such as cell lysis, tissue homogenization, 
or subcellular fractionation.

2. Protein quantification: The concentration of proteins in the samples is deter-
mined using methods, such as the Bradford assay or the BCA assay.

3. Protein denaturation and reduction: Proteins are denatured and reduced 
using an SDS-PAGE sample buffer containing a reducing agent (e.g., 
β-mercaptoethanol or DTT). This step ensures that the proteins are in a linear, 
denatured state for electrophoresis.

4. Protein cleanup: Sometimes, a protein cleanup step is performed to remove 
unwanted contaminants or interfering substances that could affect the electro-
phoresis results. Cleanup methods can include precipitation, dialysis, or column-
based purification.

These separation and purification steps are critical for obtaining pure and concen-
trated samples of DNA, RNA, or proteins, which will ultimately lead to successful and 
interpretable electrophoresis results. The choice of specific methods and techniques 
will depend on the experimental requirements and the quality of the starting biologi-
cal material.

1.5 Preparation of samples for electrophoresis of dental materials

Preparing samples for electrophoresis of dental materials involves specific steps to 
ensure accurate and reliable results. The preparation process may vary depending on 
the type of dental material you are working with, such as dental composites, cements, 
or adhesives [1, 2, 8–12]. Here’s a general outline of the sample preparation process:

1. Sample collection: Collect the dental material you want to analyze. This could be 
a cured dental composite, set dental cement, or a specific component of a dental 
adhesive. Ensure that the sample is representative of the material you want to 
study.
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2. Homogenization or grinding: If the dental material is in a solid form, you may 
need to homogenize or grind it to create a homogeneous sample. This step is cru-
cial for ensuring even distribution and consistent results during electrophoresis.

3. Solubilization or extraction: Depending on the type of dental material, you 
might need to extract or solubilize the relevant components. For instance, if you 
are working with dental composites or adhesives, you might need to extract the 
monomers or polymer matrix. Some dental cements may need to be dissolved to 
release the proteins or other components of interest.

4. Protein precipitation (if analyzing proteins): If analysis focuses on proteins pres-
ent in the dental material, it may need to perform a protein precipitation step 
to concentrate the proteins and remove interfering substances. This step helps 
improve protein detection and separation during electrophoresis.

5. Protein denaturation and reduction (For SDS-PAGE): If you are using SDS-
PAGE to analyze proteins, the samples need to be denatured and reduced before 
loading onto the gel. This step involves heating the samples in the presence of a 
denaturing agent (such as SDS) and a reducing agent (such as β-mercaptoethanol 
or DTT) to ensure that the proteins are in a linear, denatured state for 
 electrophoresis.

6. Size separation (electrophoresis): Load the prepared samples onto the appro-
priate electrophoresis gel. The choice of gel (agarose or polyacrylamide) and 
the electrophoresis conditions (e.g., voltage, buffer system) will depend on the 
specific objectives of your study.

7. Staining or detection: After electrophoresis, you may need to stain the gel to 
visualize the separated components. Coomassie Brilliant Blue, silver staining, or 
specific protein stains are commonly used for protein detection. For other types 
of dental materials, alternative staining methods or detection techniques may be 
employed.

8. Data analysis and interpretation: Analyze the gel images to identify and quantify 
the components of interest. Compare the results with appropriate controls or 
standards to validate your findings.

It’s essential to optimize the sample preparation process to obtain reliable and 
reproducible results. The specific steps and conditions will depend on the dental 
material you are studying and the objectives of your analysis. Additionally, some 
dental materials might require additional purification steps, depending on their 
complexity and the presence of interfering substances. Always follow established 
protocols and adapt them as needed for your specific research.

2. Electrophoresis principles and techniques

2.1 Gel electrophoresis

Gel electrophoresis is one of the most commonly used techniques in electropho-
resis. It involves the migration of charged molecules through a gel matrix under the 
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influence of an electric field. The gel matrix provides a medium for size-based separa-
tion of molecules, with smaller molecules migrating faster than larger ones [26].

2.1.1 Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) is widely used for protein separation. 
It utilizes polyacrylamide gels with different concentrations, which create sieving 
properties suitable for separating proteins based on their size. Two commonly used 
variants of PAGE are native PAGE and sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). Native PAGE preserves the protein’s native structure, 
while SDS-PAGE denatures proteins and allows for separation based on molecular 
weight [4, 6]. In dentistry, PAGE is utilized to analyze dental materials, such as 
composite resins and adhesive systems, to assess their polymerization efficiency, 
molecular weight distribution, and the presence of impurities or residual monomers. 
Additionally, PAGE is employed in protein analysis for the identification and charac-
terization of disease-related proteins in oral tissues and fluids [27].

2.1.2 Agarose gel electrophoresis

Agarose gel electrophoresis is commonly used for the separation of nucleic acids, 
such as DNA and RNA. Agarose gels are formed by the polymerization of agarose, a 
polysaccharide derived from seaweed. The porosity of the gel matrix can be adjusted 
by varying the agarose concentration, allowing for the separation of nucleic acid frag-
ments of different sizes [28]. While agarose gel electrophoresis is primarily employed 
for nucleic acid analysis, it can also be utilized in dental research for the examination 
of genetic factors related to oral diseases or the evaluation of antimicrobial agents 
targeting oral pathogens [29].

2.2 Capillary electrophoresis

Capillary electrophoresis (CE) is a high-resolution technique that utilizes a narrow 
capillary tube as the separation medium. The capillary is typically coated with a polymer 
or has a charged inner surface to facilitate the separation of analytes based on the charge-
to-size ratio. CE offers advantages such as high separation efficiency, short analysis time, 
and small sample requirements [30]. In dentistry, CE is employed for the analysis of 
ions, small molecules, and biomarkers in oral fluids and dental materials. It allows for 
the quantification of metal ion release from dental alloys, the evaluation of antimicrobial 
agents, and the assessment of salivary biomarkers for oral diseases [31, 32].

2.3 Two-dimensional electrophoresis

Two-dimensional electrophoresis (2DE) is a powerful technique that combines 
two separation dimensions to achieve increased resolution and separation capacity 
[33]. The first dimension typically involves isoelectric focusing (IEF), which separates 
proteins based on their isoelectric points (IP). In the second dimension, proteins are 
separated based on their molecular weights using SDS-PAGE [34]. The 2DE technique 
enables the separation and visualization of complex protein mixtures, providing a 
comprehensive protein profile. In dentistry, 2DE is utilized to analyze oral disease-
related proteins, identify biomarkers, and compare protein expression patterns in 
healthy and diseased oral tissues [35].
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2.4 Isoelectric focusing

IEF is a technique that separates proteins based on their IP, which is the pH at 
which a protein has no net charge. IEF utilizes a pH gradient gel or a capillary with a 
pH gradient, and proteins migrate until they reach their isoelectric point and become 
focused in a narrow band [36]. IEF is often used as the first dimension in 2DE to 
achieve high-resolution separation based on IP. In dentistry research, IEF is employed 
to study protein charge heterogeneity, identify protein isoforms, and analyze protein 
modifications [37].

3. Electrophoresis analysis of dental materials

In dentistry, the degradation products can vary depending on the specific dental 
materials used. Dental materials such as dental composites, dental cements, and 
dental adhesives may undergo degradation over time due to factors such as oral pH, 
mechanical stresses, and exposure to saliva and other oral fluids [38]. Here’s an 
overview of some common dental materials and their potential degradation products:

3.1 Dental composites

Dental composites are tooth-colored restorative materials used to fill cavities and 
repair teeth. They typically consist of a resin matrix (monomers) and filler particles 
(such as glass or ceramic) [39]. Electrophoresis analysis of composite materials 
provides valuable insights into their composition, polymerization characteristics, 
and degradation products [2, 6, 7]. Electrophoresis techniques, such as PAGE or CE, 
are utilized to analyze the monomers present in composite materials. The analysis 
helps in assessing the efficiency of the polymerization process, the presence of 
unreacted monomers, and the identification of potential leachable components [40]. 
Additionally, electrophoresis can be used to investigate the degradation products of 
composite materials over time, providing information on their long-term stability and 
biocompatibility [41]. The charges and sizes of degradation products in dentistry are 
highly specific to the materials used. Electrophoresis can be used to analyze the degra-
dation products, but it is not a common method in dental research or clinical practice. 
Dental materials are typically analyzed through other methods, such as spectroscopy, 
chromatography, scanning electron microscopy, and mechanical testing. While elec-
trophoresis is a powerful tool for analyzing the degradation products of biomolecules 
such as DNA, RNA, and proteins, it is not commonly used for analyzing degradation 
products in dental materials. Dental materials have different chemical compositions, 
and their degradation products are typically assessed using other specialized analyti-
cal techniques [42]. Degradation of dental composites may result in:

• Leaching of monomers: Some monomers used in dental composites, such as 
bisphenol A glycidyl methacrylate (Bis-GMA), triethylene glycol dimethacrylate 
(TEGDMA), and urethane dimethacrylate (UDMA), may undergo leaching into 
the oral environment over time.

• Filler particle breakdown: The filler particles in dental composites may 
undergo wear or degradation, leading to the release of fine particles into the 
oral cavity.
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These monomers are polymerized to form dental materials, which play a crucial 
role in their mechanical and adhesive properties [42]. It’s important to note that 
dental materials and their degradation mechanisms are continuously being studied 
and improved to enhance their performance and longevity in dental restorations and 
treatments. Dental research aims to develop materials that withstand the oral envi-
ronment and minimize potential adverse effects from degradation products.

3.2 Dental cements

Dental cements are materials used to bond various dental restorations to teeth, 
essential in various dental applications, including cementation of crowns, bridges, 
and orthodontic appliances [43]. They can be classified into different types, such 
as resin-based cements, glass ionomer cements, and zinc phosphate cements. 
Electrophoresis analysis aids in the evaluation of the composition, setting reaction, 
and mechanical properties of dental cements. Electrophoretic techniques, such as 
PAGE or CE, are employed to assess the composition of dental cements and identify 
the presence of various components, such as resin monomers, initiators, fillers, and 
additives. This analysis helps in understanding the role of each component in the 
cement’s properties and performance. Furthermore, electrophoresis can be utilized to 
study the setting reaction of dental cements, allowing for the identification and quan-
tification of reaction by-products and the assessment of the cement’s final properties 
[44]. In addition, the degradation products may include [45]:

• Ion release: Glass ionomer cements, for example, can release fluoride and 
other ions over time, which can have beneficial effects on the adjacent tooth 
structure.

• Chemical reactions: Some cements may undergo chemical reactions leading to 
changes in their properties over time.

3.3 Impression materials

Impression materials are used to capture the precise dental structures for fabri-
cating prosthetic devices and dental restorations [46]. Electrophoresis analysis of 
impression materials enables the evaluation of their composition, polymerization 
characteristics, and potential leakage [47]. Electrophoretic techniques, such as PAGE 
or CE, are employed to analyze the composition of impression materials, includ-
ing the identification and quantification of various components, such as polymers, 
initiators, and accelerators. The analysis helps in assessing the material’s consistency, 
stability, and performance. Additionally, electrophoresis can be used to study the 
polymerization process of impression materials, evaluating the efficiency and com-
pleteness of the polymerization reaction [48].

4. Electrophoresis analysis of oral disease-related proteins

4.1 Periodontal disease biomarkers

Periodontal diseases, including gingivitis and periodontitis, are characterized 
by inflammation and destruction of the periodontal tissues [49]. Biomarkers are 
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specific molecules, proteins, or genes that can indicate the presence or severity of 
a disease. In the context of periodontal disease, biomarkers can help in diagnosis, 
prognosis, and monitoring of the progression of the disease. Protein patterns 
depict the collective arrangement of proteins within a biological sample, such as 
GCF or saliva [50]. In the study of periodontal diseases, techniques such as 2D gel 
electrophoresis and mass spectrometry are commonly employed to examine the 
protein patterns within GCF or saliva samples [51]. By comparing protein profiles 
from healthy individuals and those with periodontal disease, researchers can spot 
potential biomarkers linked to the condition. Electrophoresis analysis aids in the 
identification and characterization of biomarkers associated with periodontal 
diseases. This analysis allows for the identification of disease-specific proteins or 
protein patterns that can serve as potential biomarkers for periodontal diseases [51, 
52]. Here are some example proteins and genes that have been studied as potential 
biomarkers for periodontal disease:

4.1.1 Example proteins as biomarkers

• Matrix metalloproteinases (MMPs): MMPs are enzymes that play a role in tissue 
remodeling and degradation of extracellular matrix components. Elevated levels 
of certain MMPs, such as MMP-8 and MMP-9, have been associated with peri-
odontal tissue destruction [53].

• C-reactive protein (CRP): CRP is an acute-phase protein produced by the liver in 
response to inflammation. Increased levels of CRP have been linked to periodon-
tal disease and may indicate systemic inflammation [54].

• Interleukins (ILs): Various interleukins, such as IL-1β, IL-6, IL-8, and IL-17, 
are involved in the immune response and have been implicated in periodontal 
inflammation [55].

• Tumor necrosis factor-alpha (TNF-α): TNF-α is a pro-inflammatory cytokine that 
plays a role in the inflammatory process of periodontal disease [56].

4.1.2 Example genes as biomarkers

• Interleukin-1 gene cluster (IL1): Genetic variations in the IL1 gene cluster have 
been associated with increased susceptibility to severe periodontitis [57].

• Toll-like receptor genes (TLRs): TLRs are involved in recognizing microbial 
components and initiating the immune response. Genetic variations in TLR 
genes have been linked to periodontal disease susceptibility [58].

• Human leukocyte antigen (HLA) Genes: Certain HLA genotypes have been 
associated with increased susceptibility to periodontal disease [59].

Quantitative analysis by electrophoresis is valuable for comparing protein 
expression levels between different groups of samples, such as healthy and dis-
eased individuals, and for identifying potential biomarkers associated with specific 
conditions such as periodontal disease [60]. However, it’s essential to ensure that 
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the quantification process is accurate and reliable by using appropriate controls 
and validation methods. There are different methods for quantitative analysis in 
electrophoresis [1, 2, 60]:

1. Densitometry: In traditional gel electrophoresis, such as SDS-PAGE or 2DE, den-
sitometry can be used to measure the intensity of protein bands on the gel. The 
densitometry data can be quantified using imaging software, providing relative 
information about protein abundance.

2. Western blotting (Immunoblotting): In Western blotting, after electrophoresis, 
the separated proteins are transferred to a membrane, and specific antibodies 
are used to detect and quantify the target proteins. The signal intensity of the 
protein bands on the membrane corresponds to their abundance in the sample.

3. Difference gel electrophoresis (DIGE): DIGE is a technique that allows for the 
simultaneous comparison of multiple samples in a single gel run. Different 
samples are labeled with different fluorescent dyes, and their protein patterns 
can be quantified and compared.

4. Capillary electrophoresis: In CE, samples are separated in a capillary tube, and 
the detector measures the migration times and peak heights of the analytes. This 
information can be used for quantitative analysis.

4.2 Dental caries biomarkers

Dental caries, commonly known as tooth decay, is a prevalent oral disease caused 
by the demineralization of tooth structures [61]. Electrophoresis analysis facilitates 
the identification and characterization of biomarkers associated with dental car-
ies [62]. Electrophoretic techniques, such as PAGE or CE, are employed to analyze 
proteins present in dental plaque, saliva, or biofilms. This analysis helps in identify-
ing specific proteins or protein profiles associated with cariogenic bacteria or host 
response to dental caries. By comparing the protein expression patterns between 
caries-free individuals and those with active caries, potential biomarkers for dental 
caries can be identified. Electrophoresis analysis of dental caries biomarkers contrib-
utes to the development of diagnostic tools for early caries detection, risk assessment, 
and personalized preventive strategies [63].

4.3 Oral cancer biomarkers

Oral cancer encompasses a range of malignancies affecting the oral cavity, including 
the lips, tongue, gingiva, and oral mucosa [64]. Electrophoresis analysis plays a crucial 
role in the identification and characterization of oral cancer biomarkers [65]. Using 
techniques such as PAGE or 2DE, researchers can separate and analyze proteins present 
in oral cancer tissues, saliva, or serum. This analysis aids in the identification of differen-
tially expressed proteins that are associated with oral cancer development, progression, 
or metastasis. By comparing protein expression patterns between healthy individuals and 
those with oral cancer, potential biomarkers can be discovered. Electrophoresis analysis 
of oral cancer biomarkers contributes to the development of early detection methods, 
prognostic indicators, and targeted therapies for oral cancer management [66].
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5. Advantages and limitations of electrophoresis in dentistry research

5.1 Advantages

5.1.1 High separation efficiency

Electrophoresis offers high separation efficiency, allowing for the resolution 
of complex mixtures of molecules based on their charge, size, or IP. This enables 
researchers to analyze and identify individual components within dental materials or 
disease-related proteins with precision [1].

5.1.2 Versatility

Electrophoresis techniques, such as PAGE, agarose gel electrophoresis, CE, and 2DE, 
provide a range of options for different types of analyses. This versatility allows research-
ers to adapt the technique to specific research objectives and sample requirements [1].

5.1.3 Quantification and comparison

Electrophoresis can be used for the quantification of proteins or other analytes 
present in dental materials or biological samples. By comparing the expression levels 
of specific proteins or the presence of certain components, researchers can assess 
differences between healthy and diseased states, evaluate the effectiveness of dental 
treatments, and monitor disease progression [2]. Quantifying dental materials and 
biological samples using electrophoresis typically involves measuring the intensity of 
bands or peaks on the electrophoresis gel or capillary. The quantification process can 
vary depending on the type of electrophoresis and the specific materials or biomol-
ecules being analyzed [60]. Here are general steps for quantifying dental materials 
and biological samples using two common types of electrophoresis:

Quantification using SDS-PAGE for protein analysis [2, 4]:

1. Gel electrophoresis: Perform SDS-PAGE to separate the proteins in the sample. 
Use appropriate molecular weight markers to estimate the size of protein bands.

2. Gel staining: After electrophoresis, stain the gel with a protein-specific stain, 
such as Coomassie Brilliant Blue or a fluorescent dye. The stain will bind to the 
proteins, allowing them to be visualized.

3. Gel imaging: Capture an image of the stained gel using a gel documentation sys-
tem or a high-resolution scanner.

4. Densitometry: Use image analysis software to quantify the intensity of protein 
bands. Select the region of interest (band) on the gel, and the software will cal-
culate the integrated optical density or intensity of the band.

5. Standard curve: For more accurate quantification, create a standard curve using 
known concentrations of purified protein standards. The standard curve can be 
used to convert the measured intensity of protein bands into protein concentrations.
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Quantification using agarose gel electrophoresis for nucleic acid analysis [1, 2]:

1. Agarose gel electrophoresis: Run the DNA or RNA samples on an agarose gel to 
separate the nucleic acids based on size.

2. Gel staining: After electrophoresis, stain the gel with a DNA-specific dye (e.g., 
ethidium bromide or SYBR Green) to visualize the DNA bands.

3. Gel imaging: Capture an image of the stained gel using a gel documentation sys-
tem or a high-resolution scanner.

4. Densitometry (optional for DNA): For more accurate quantification of DNA 
bands, you can use densitometry software to measure the intensity of DNA 
bands. However, densitometry is not commonly used for DNA quantification; 
instead, DNA quantification is typically performed using spectrophotometry or 
fluorometry before electrophoresis.

Quantification of other biomolecules (e.g., RNA, proteins, or DNA in capillary 
electrophoresis) [1, 24, 25].

For some advanced techniques such as capillary electrophoresis, quantification 
can be performed using specialized software that analyzes the migration times and 
peak heights of the analytes. The software can compare the migration times and 
peak areas of the sample peaks with those of standard solutions of known concen-
trations. It’s important to note that the accuracy of quantification using electro-
phoresis depends on several factors, such as the quality of the gel or capillary run, 
the staining and detection methods, and the selection of appropriate standards 
for calibration. Always validate the obtained quantification results and consider 
using multiple complementary methods for quantification to ensure accuracy and 
reliability.

5.1.4 Protein characterization

Electrophoresis facilitates the characterization of proteins by providing infor-
mation on their molecular weight, IP, and charge heterogeneity. This informa-
tion aids in the identification of disease-related proteins, protein modifications, 
and protein-protein interactions, contributing to a deeper understanding of the 
molecular mechanisms underlying oral diseases [20]. Identification of disease-
related proteins, protein modifications, and protein-protein interactions using 
electrophoresis often involves a combination of electrophoretic techniques with 
other analytical methods [67, 68]. Here’s an overview of how each of these aspects 
can be achieved.

5.1.4.1 Identification of disease-related proteins

Electrophoresis alone does not provide direct identification of disease-related 
proteins. Instead, it is often used as a first step to separate complex protein mixtures, 
followed by additional methods for protein identification [1, 67]. Two commonly 
used techniques for protein identification after electrophoresis are mass spectrometry 
and Western blotting.
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• Mass spectrometry (MS): After gel electrophoresis, the proteins of interest are 
typically extracted from the gel, digested into peptides, and analyzed by MS. The 
latter can provide information about the masses and sequences of the peptides, 
allowing researchers to identify the corresponding proteins through database 
searches.

• Western blotting (Immunoblotting): Western blotting is used to detect and 
quantify specific proteins in a complex mixture. After gel electrophoresis, pro-
teins are transferred to a membrane and probed with specific antibodies against 
the  proteins of interest. The antibodies bind to their targets, and the presence 
of the protein is detected through chemiluminescence or fluorescence.

5.1.4.2 Identification of protein modifications

Electrophoresis can be combined with specific staining or immunodetection 
techniques to identify protein modifications, such as posttranslational modifications 
(PTMs) [60]. Some examples of PTM identification are:

• Phosphorylation: Phosphorylated proteins can be detected using phospho-spe-
cific antibodies in Western blotting or specific stains, such as Pro-Q Diamond, in 
2D gel electrophoresis.

• Glycosylation: Glycosylated proteins can be identified using lectin staining in gel 
electrophoresis or through glycoprotein-specific antibodies.

5.1.4.3 Identification of protein-protein interactions

Electrophoresis itself is not a direct method for identifying protein-protein inter-
actions. However, it can be used as a preliminary step in techniques that investigate 
protein-protein interactions [1, 25]. Two commonly used methods for this purpose 
are co-immunoprecipitation (Co-ip) and pull-down assays.

• Co-immunoprecipitation (Co-ip): In Co-ip, proteins are first cross-linked or 
stabilized to preserve protein-protein interactions. The target protein is immuno-
precipitated using specific antibodies, and the co-immunoprecipitated proteins 
are then separated by gel electrophoresis and identified using MS or Western 
blotting.

• Pull-down assays: Pull-down assays use affinity chromatography to isolate one 
protein from a complex mixture, along with its interacting partners. After elec-
trophoresis, the interacting proteins can be identified using mass spectrometry 
or Western blotting.

5.1.5 Biomarker discovery

Electrophoresis plays a crucial role in the discovery of biomarkers associated with 
dental diseases. By analyzing protein expression patterns or identifying disease-
specific proteins, researchers can identify potential biomarkers for early detection, 
diagnosis, prognosis, and monitoring of oral diseases. This information has the poten-
tial to improve patient outcomes and guide personalized treatment approaches [21].
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5.2 Limitations

5.2.1 Sample complexity

One of the main limitations of electrophoresis is the complexity of samples, 
particularly in biological fluids or tissues. The presence of a wide range of proteins, 
nucleic acids, and other biomolecules can hinder the separation and identification of 
specific components. Additional sample preparation steps, such as protein enrich-
ment or fractionation, may be required to overcome this limitation [69].

5.2.2 Sensitivity

The sensitivity of electrophoresis techniques can vary depending on the type of 
analysis and detection method employed. Some low-abundance proteins or analytes 
may be challenging to detect, especially in complex samples. Sensitivity limitations can 
affect the ability to identify specific biomarkers or quantify analytes accurately [70].

5.2.3 Interpretation of results

Electrophoresis provides a visual representation of separated components, but the 
interpretation of results requires expertise and careful analysis. The identification 
of specific proteins or analytes often requires additional techniques, such as mass 
spectrometry or immunoassays, to confirm their identity. Additionally, the presence 
of posttranslational modifications or protein isoforms can complicate the interpreta-
tion of electrophoresis results [71].

5.2.4 Standardization and reproducibility

Achieving consistent and reproducible results in electrophoresis can be challeng-
ing due to variations in gel preparation, running conditions, staining methods, and 
data analysis. Standardization of protocols and rigorous quality control measures 
are necessary to ensure reliable and comparable results across different studies and 
laboratories [72].

5.2.5 Technical expertise and equipment requirements

Electrophoresis techniques require specialized equipment, such as gel electropho-
resis apparatus, power supplies, and imaging systems. Additionally, the interpretation 
of results and data analysis often necessitate expertise in molecular biology, biochem-
istry, and biostatistics. These requirements may limit the accessibility of electropho-
resis to certain research settings or require collaboration with experienced researchers 
or core facilities [73].

6. Discussion

The use of electrophoresis in dental research brings notable advantages and 
potential applications for analyzing dental materials and proteins linked to oral 
diseases. The prior sections of this chapter have presented how electrophoresis 
enhances our comprehension of dental materials, oral diseases, and personalized 
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patient care in dentistry. Electrophoresis emerges as an effective technique for 
dental materials analysis. Employing diverse methods such as PAGE, agarose gel 
electrophoresis, and 2DE, researchers have effectively separated and characterized 
dental material components based on their charge, size, or IP [1, 2]. This insight 
has proven invaluable in understanding the composition, purity, and structural 
attributes of dental materials, offering an assessment of their quality, perfor-
mance, and compatibility.

Furthermore, electrophoresis techniques have facilitated the identification of 
specific components within dental materials, such as resin composites, cements, 
and impression materials, contributing to the development of improved dental 
materials with enhanced properties and clinical outcomes [63]. Apart from dental 
materials, electrophoresis has played a significant role in investigating proteins 
connected to oral diseases [65]. By examining protein expression patterns and 
identifying disease-specific proteins, researchers have been able to discover and 
validate potential biomarkers related to oral issues such as periodontal disease, 
dental caries, and oral cancer. Techniques such as 2DE and IEF have enabled the 
dissection and characterization of intricate protein mixtures, furnishing crucial 
insights into protein modifications, interactions, and deviations during disease 
states. This knowledge has the potential to transform clinical practice by aiding 
early detection, diagnosis, monitoring of oral problems, and guiding tailored 
treatment plans for individual patients [69].

While electrophoresis has demonstrated great efficacy in dentistry research, it’s 
essential to recognize its limitations. The intricacy of samples, especially in biological 
fluids or tissues, poses challenges in segregating and identifying specific components 
using electrophoresis techniques [69]. Overcoming this challenge might require pre-
paratory steps such as protein enrichment or fractionation. Moreover, the sensitivity 
of electrophoresis techniques can fluctuate, making the detection of low-abundance 
proteins or analytes challenging, particularly in complex samples. Therefore, supple-
mentary techniques such as MS or immunoassays might be necessary to validate and 
confirm the identity of specific proteins or biomarkers [62, 71].

To propel the field forward, upcoming research should address these limita-
tions and explore novel applications of electrophoresis in dentistry [74]. Integrating 
multi-omics approaches, encompassing genomics, transcriptomics, proteomics, and 
metabolomics, can furnish a more comprehensive grasp of the molecular mechanisms 
behind dental issues and the influence of dental materials [75]. Validating identified 
biomarkers across larger patient groups and diverse populations is pivotal for their 
practical use and integration [76]. Moreover, incorporating artificial intelligence (AI) 
and machine learning algorithms can enhance data analysis, pattern recognition, and 
predictive modeling, leading to more precise and individualized diagnostic and treat-
ment strategies in the realm of dentistry [77, 78].

7. Future perspectives and conclusions

7.1 Future perspectives

Electrophoresis has been a valuable tool in dentistry research, enabling the analy-
sis of dental materials and oral disease-related proteins. Looking ahead, several future 
perspectives can be envisioned for the application of electrophoresis in dentistry.
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7.1.1 Advancements in electrophoresis techniques

Electrophoresis techniques are continually evolving, driven by technological 
advancements. Future improvements may include the development of novel gel 
matrices, better detection methods, and enhanced automation. These advance-
ments would lead to increased sensitivity, resolution, and throughput, enabling 
more comprehensive and efficient analysis of dental materials and oral disease-
related proteins [74].

7.1.2 Integration of multi-omics approaches

The integration of different omics approaches, such as genomics, transcrip-
tomics, proteomics, and metabolomics, holds great potential for advancing den-
tistry research. By combining electrophoresis analysis with other high-throughput 
technologies, researchers can obtain a more comprehensive understanding of 
the molecular mechanisms underlying dental diseases and the effects of dental 
 materials [75].

7.1.3 Biomarker validation and clinical translation

The discovery of potential biomarkers through electrophoresis analysis requires 
further validation and translation into clinical practice. Future studies should focus 
on validating the identified biomarkers in larger patient cohorts and diverse popula-
tions. Moreover, efforts should be made to develop reliable and user-friendly diagnos-
tic assays that can be readily implemented in dental clinics [76].

7.1.4 Integration of artificial intelligence and machine learning

The integration of AI and machine learning algorithms can enhance data 
analysis, pattern recognition, and predictive modeling in dentistry research. 
AI-driven approaches can aid in the identification of complex protein patterns, 
the prediction of disease progression, and the optimization of dental material 
 properties [77, 78].

8. Conclusions

Electrophoresis has emerged as a valuable asset in dentistry research, shedding 
light on dental materials and proteins linked to oral diseases. Its benefits encompass 
efficient separation, versatility, quantification capabilities, protein understanding, 
and biomarker discovery. Nonetheless, it’s essential to acknowledge limitations such 
as complex samples, sensitivity, result interpretation, standardization, and techni-
cal expertise. Looking ahead, progress in electrophoresis techniques, incorporating 
multi-omics methods, validating biomarkers, clinical adaptation, and utilizing AI and 
machine learning offer exciting avenues to amplify electrophoresis’ role in dentistry 
research. By embracing these forthcoming possibilities and tackling current chal-
lenges, researchers can further leverage electrophoresis as a potent tool for studying 
dental materials and oral disease-related proteins. This, in turn, will advance diagnos-
tics, treatments, and patient care in the field of dentistry.
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Chapter 4

Molecular Techniques for Analysis 
of Biodiversity by Agarose Gel 
Electrophoresis
Estefanía García-Luque, Ana del Pino-Pérez  
and Enrique Viguera

Abstract

Molecular techniques based on DNA analysis have become an indispensable tool 
for the identification and classification of organisms, addressing the limitations 
of taxonomy based on morphological characters. There are different methods for 
the analysis of the variability of DNA which can provide unique genetic signatures 
capable of distinguishing closely related species, hybrid specimens or even individu-
als within the same species. Here we describe two methods that allow species iden-
tification by agarose gel electrophoresis separation techniques. DNA barcoding is a 
method of identifying any species based on a short DNA sequence amplified by PCR 
from a specific region of the genome, as most species have distinct genetic markers, 
or “barcodes”, that are unique to them. By performing a bioinformatic analysis of the 
PCR-amplified barcode of an unknown sample against a database of known barcodes, 
it is possible to identify the species to which the sample belongs. On the other hand, 
Random Amplified Polymorphic DNA (RAPD) is used to detect genetic variation 
within a species. It is a PCR-based method that employs short, random primers to 
amplify DNA fragments from genomic DNA. The amplified fragments are then 
separated by gel electrophoresis and visualized as a banding pattern on the gel.

Keywords: DNA barcode, cytochrome oxidase, COI, RAPD, taxonomy, genetic 
diversity, STR

1. Introduction

DNA barcoding and RAPD (Random Amplified Polymorphic DNA) are two 
molecular biology techniques based on PCR used to analyze genetic variability within 
populations and species. These methods rely on the presence of genetic variation, 
which originates from mutation and recombination processes together with genetic 
drift and gene flow. Examining genetic variation within and between species provides 
insight into how organisms are related to each other and how they have evolved over 
time. Genetic variation can help determine the degree of relatedness between different 
species, identify common ancestors and reveal patterns of diversification and adapta-
tion. It also helps to understand the genetic distinctiveness and uniqueness of different 
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species, thus contributing to our understanding of biodiversity and the processes that 
shape it. We will discuss the application of these molecular markers along with others 
that can be used as alternatives in genetic studies. Among the most common options 
are those based on enzymatic digestion, such as RFLP (Restriction fragment length 
polymorphism), based on PCR, such as ISSR (Inter Simple Sequence Repeat), or on the 
combination of both procedures, such as AFLP (Amplified fragment length polymor-
phism). In this work we show the usefulness of using the DNA barcoding technique to 
identify food fraud in frozen fish samples. In addition, we use the RAPD technique for 
the identification of different Quercus species as an alternative technique in case there 
is not enough genetic variability to use the DNA barcoding technique.

2. DNA barcoding and uses

DNA barcoding is a molecular technique consisting of the amplification of short 
DNA sequences, between 400 and 800 bp, which allows the taxonomic identification 
of the genetic material under study [1, 2]. DNA barcoding is based on the analysis of 
a tissue sample for short DNA sequences of specific genes that act as genetic markers. 
Although there may be minor variations in highly conserved regions of DNA during 
evolution, the main idea of DNA barcoding is to identify a standardized region or “bar-
code” that shows enough variation between species to distinguish them. By comparing 
the DNA barcode sequences of unknown samples to a reference database, species can 
be identified and classified, even when traditional morphological identification is chal-
lenging or not feasible because of the sample scarcity or damaged samples. DNA bar-
coding is the preferred technique due to its cost-effectiveness and time requirements.

The great versatility of the barcoding technique makes it a very useful tool in dif-
ferent fields such as conservation biology, ecology, evolutionary biology and forensic 
analysis, among others. It has multiple applications such as species identification from 
any of the life stages of an organism (eggs, larvae, mature individuals or seeds), from 
damaged specimens, fecal or gut samples, to identify cryptic species (species that look 
similar but are genetically different), to promptly identify invasive species, to trace the 
biogeography of the species under study, studies on plant ecology, to control fraudulent 
trafficking of species or agricultural pests [3, 4]. It is also used by the pharmaceutical 
industry as a quality control or to check the correct labelling of foods in order to combat 
food fraud. Figure 1 shows an analysis of DNA barcoding of fish species from several 
samples of small frozen fish fragments from a commercial supplier. DNA extraction, 
PCR amplification, barcode sequencing and comparison with molecular databases were 
performed to match the resulting species with the one marked on the sample labelling.

The use of short DNA sequences for species identification was first proposed by 
Hebert et al. [1] in 2003 at the University of Guelph, Canada. The mitochondrial cyto-
chrome oxidase I (COI) gene was proposed as a candidate for establishing a global system 
for animal identification. The primer pair LCO1490 and HCO2198 (see Table 1) amplified 
a 658 bp region of this gene, sufficient for the identification of the specimens under study.

Subsequently, numerous studies were carried out to search for new genes for the 
use of the technique in other taxonomic groups such as plants [4, 7, 8] or fungi [9]. 
When studying plant DNA barcodes, three chloroplastidic genetic regions (rbcL, 
matK and trnH-psbA) and one nuclear region such as the Internal Transcribed 
Spacer (ITS) were selected as the standard barcode of choice for most plant and 
fungal [4, 7, 9]. Molecular markers used as barcodes in the identification of different 
taxonomic groups have been established by the Barcode of Life (CBOLD) or iBOLD 
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Consortium. The main steps of DNA barcoding are: (1) Sample collection, (2) Tissue 
sampling, (3) DNA isolation, (4) PCR amplification, (5) Sequencing and (6) analysis 
of the sequence obtained.

2.1 DNA barcoding technique

The DNA barcoding technique is based on the amplification of a DNA fragment 
by PCR with a primer pair complementary to the genomic region used as barcode. 
The amplification product is visualized by agarose gel electrophoresis. If a single 

Figure 1. 
Use of DNA barcoding to identify food fraud. (A) Agarose gel electrophoresis of COI amplification products from 
different commercial samples of frozen fish analyzed with primers FISHCOILBC_ ts and FISHCOIHBC_ts (See 
Table 1). Lane 1: molecular marker. Lanes 3, 4: Xiphias gladius; Lanes 6, 7: Gadus morhua; Lanes 9, 10: Lophius 
vomerinus; Lanes 12, 13: Genypterus blacodes. Lanes 2, 5, 8, 11: respective negative control samples. (B) Multiple 
sequence alignment of the barcodes used in this study by Seaview software [5].
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specific fragment of the expected size is obtained, the amplification product is 
sequenced by Sanger for subsequent bioinformatic analysis and taxonomic identifica-
tion (Figure 2).

2.1.1 Extraction and quantification of genomic DNA

After sample collection and photographic documentation, DNA is extracted 
using standardized protocols or specific kits, which yield good quality, inhibitor-free 
genomic DNA for PCR amplification. Tissue lysis is performed with Proteinase K to 
degrade proteins such as nucleases that could degrade DNA during purification.

For the extraction of genomic DNA from animals, the use of the Edwards 
Buffer (200 mM Tris–HCl, pH = 7.5; 200 mM NaCl; 25 mM EDTA, 0.5% SDS; 0.1% 
β- Mercaptoetanol 1 μl/ml) [10, 11] is recommended. Because the high amount of 
phenolic compounds in plants, the DNA extracted with the Edwards Buffer proto-
col sometimes contains numerous PCR inhibitors, and the use of the commercial 
DNeasy® Plant ProKit (Qiagen N.V, Hilden, Germany) or CTAB buffer (0.1 M 
Tris–HCl (pH 8.0), 1.4 M NaCl, 0.02 M EDTA, 0.2 g/mL cetyltrimethyl-ammonium-
bromide) (CTAB) [11, 12] is recommended.

Figure 2. 
DNA barcoding technique. Top: 1) DNA extraction and quantification. 2) amplification of a short DNA 
sequence by PCR with previously designed primers. 3) visualization of the amplified fragment by agarose gel 
electrophoresis. 4) Bioinformatic analysis of short DNA sequences or ‘barcodes’ and identification of the sample. 
Bottom: Schematic representation of the barcode amplification and visualization after agarose gel electrophoresis 
from species A and B. Created with Biorender.com.
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DNA is quantified by spectrophotometer (NanoDrop ND-1000) and the ratio of 
absorbances 260:280 and 260:230 is used as a measure of the quality of DNA extrac-
tion. The former provides information on the purity of DNA and RNA in the sample: 
a ratio of ∼1.8 is considered as acceptable for DNA analysis and a ratio of ∼2.0 is 
accepted as acceptable for RNA. If compounds such as proteins, phenols or other 
contaminants that absorb at 280 nm are present in the sample, this ratio will be lower. 
Similarly, the presence of contaminants that absorb at 230 nm, such as carbohydrates, 
guanidine HCl or phenolic solutions [13], will result in values below ∼2.0 in the 
260:230 ratio.

2.1.2 Design and selection of primers

Table 1 shows the different primers selected and tested for different taxonomic 
groups. Although they are functional for many taxa, for certain groups it is necessary 
to design specific primers that allow the amplification of the desired sequences [14]. 
Table 2 shows the PCR conditions for each pair of primers.

2.1.3 PCR amplification

We have performed PCR amplifications in 50 μl of reaction volume in the pres-
ence of 1.25 units of GoTaq® G2 Flexi DNA polymerase 5 u/μl (Promega, Wisconsin, 
USA), 0.2 mM each dNTP, 0.2 μM of each primer and less of 0.2 μg of template DNA.

The PCR amplification program depends on the primers chosen (Table 2). PCR 
reactions were heated 5 min. at 94°C, followed by 35 cycles under the following condi-
tions: 15–30 secs. at 94°C (Denaturation step); 15–40 secs. at 50–60°C (Annealing 
step), 1–3 min. at 72°C (Elongation step).

2.1.4 Agarose gel electrophoresis

Samples are analyzed by standard agarose gel electrophoresis in 1% agarose 
in TBE buffer run at 3 V/cm at room temperature for 60–90′. Gels are prestained 
with 0.5 mg/ml ethidium bromide or GreenSafe© 1:20000. The HyperLadder 1 kb 
(Meridian Bioscience, Ohio, USA) or the Invitrogen DNA 1 kb Plus Ladder (Thermo 
Fisher Scientific, Massachusetts, USA) were used as molecular weight marker. A 
sample is shown in Figure 3.

PCR 
program

Initial 
step

Number 
of Cycles

Denaturation 
step (A)

Annealing 
step (B)

Extension 
step (C)

Additional 
extension 

step

(1) 94°C 4′ 35 94°C 1′ 54°C 30′ 72°C 1′ —

(2) 94°C 4′ 35 94°C 15′ 54°C 15′ 72°C 30′ —

(3) 94°C 3′ 35 94°C 30′ 48°C 40′ 72°C 1′ 72°C 10′

(4) 95°C 2,5′ 35 95°C 30′ 56°C 30′ 72°C 45′ 72°C 10′

(5) 94°C 3′ 35 94°C 30′ 52°C 30′ 72°C 45′ 72°C 10′

Table 2. 
PCR protocol for the amplification of the different group of organisms described in Table 1. Modified from [6].
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2.1.5 DNA sequencing and bioinformatic analysis

PCR products are purified to remove components of the PCR reactions, resuspended 
in TE buffer and reverse and direct sequences are obtained by standard Sanger 
sequencing. To identify the species to which the obtained sequence corresponds, 
bioinformatic analysis involves the following steps: (1) Data preprocessing: quality 
control of the raw sequence data (.ab1 file format), which may include filtering out 
low-quality reads, trimming the end of the sequences, and removing any artifacts 
or contaminants. Free licensed software such as SnapGene Viewer can be used for 
this purpose. (2) Sequence alignment: preprocessed DNA sequences are aligned to 
a reference database. Alignment algorithms such as BLAST (Basic Local Alignment 
Search Tool) are used. Identification is performed based on sequence similarity. (3) 
Data analysis, which may include the calculation of genetic distances and phyloge-
netic trees.

It is particularly interesting to work with specific databases such as the Barcode 
of Life Data Systems (BOLD, www.boldsystems.org), which provides a repository of 
DNA barcode sequences of various species using the DNA Barcoding technique [14]. 
BoldSystem compiles all the information necessary for the taxonomic identification 
of an individual, short DNA sequence or “barcode”, taxonomic descriptions, photo-
graphs of specimens, geolocation and the sequences of other individuals of the spe-
cies. The database itself, when including the problem sequence/s in the system, will 
return a phylogenetic tree based on the Neighbor-Joining statistical method, in which 
the species can be included within the corresponding phylogenetic group by compar-
ing it with the sequences collected in the database. Furthermore, the phylogenetic tree 
obtained clearly includes the locations of all the sequences of the species with which 

Figure 3. 
Analysis by agarose gel electrophoresis of the PCR products obtained for DNA barcoding analysis. Reactions were 
performed as described in the text. Lane 1: HyperLadder 1 kb. Lane 2: amplification of Gibbula divaricata 
COI barcode using LCO1490 and HCO2198 primers specific for invertebrates. Lane 3: amplification of Lophius 
vomerinus COI barcode using FISHCOILBC_ ts and FISHCOIHBC_ts primers specific for fish. Lanes 4, 5, 6: 
amplification of barcodes rbcL (rbcLa f and rbcLa rev primers), matK (matk-3F and matk-1R primers) and 
nrITS2 (nrITS2-S2F and nrITS2-S3 Rev. primers) respectively from the plant Nerium oleander.
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the problem sequence has been identified, making it possible to study intraspecific 
diversity by inferring the phylogeographic character of the different variants of a 
species. This process is of great importance for studies of biogeography, invasive alien 
species or population ecology [15].

3. Random amplified polymorphic DNA and uses

Random Amplification of Polymorphic DNA (RAPD) is a molecular biology 
technique that can be used for genetic analysis and identification of organisms when 
DNA barcoding is not feasible due to the absence of reference sequences in the data-
bases or because the genetic proximity of species offers little genetic diversity in the 
genes used as barcodes [16]. RAPD is a PCR-based technique that amplifies random 
segments of DNA using arbitrary short primers. It requires no prior knowledge of the 
DNA sequence and can generate a unique, fingerprint-like pattern of amplified DNA 
fragments for each individual or species [17, 18]. RAPD analysis relies on the presence 
or absence of amplified DNA fragments, and the resulting banding patterns can be 
visualized by gel electrophoresis.

RAPD is a relatively simple, fast and low-cost technique, so it is used in several fields 
of genetics. The main advantage is that it is not necessary to know the genetic sequence 
to be studied, so when the starting information is insufficient to create specific primers, 
it is one of the best options for genetic studies. Other advantages are the possibility of 
genotyping a wide variety of organisms, from bacteria to animals or plants using the 
same primers and the high number of polymorphisms obtained in each test [18–21].

3.1 Random amplified polymorphic DNA technique

The use of random sequence primers was first described in 1990 by Welsh and 
McClelland in their bacterial genome assay “Fingerprinting genomes using PCR with 
arbitrary primers”, which they called “Arbitrarily Primed Polymerase Chain Reaction” 
(AP-PC) [19, 22]. In the same year, Williams et al. published another paper describ-
ing a similar technique called “randomly amplified polymorphic DNA” (RAPD) [17, 
19]. These two techniques, together with DNA amplification fingerprinting (DAF), 
have been grouped under the term Multiple Arbitrary Amplicon Profiling (MAAP) 
[20, 21]. All are based on the polymerase chain reaction (PCR) and follow the same 
principle: random amplification of DNA fragments, the main difference being the 
length of the primers, the annealing temperature and the type of gel electrophoresis 
used to visualize the bands generated [17, 20, 22, 23], with RAPD being the most 
popular due to its simplicity and low cost [23].

RAPDs use a single primer per PCR reaction, as opposed to the two primers used in 
traditional PCR. The primer has a length of 10 nucleotides and an arbitrary sequence 
with a GC content equal to or greater than 60% [17, 21] and acts as a direct and reverse 
primer at the same time (Figure 4). Using this type of primer, it is possible to find 
numerous loci to bind to throughout the genome [18, 19, 24]. Furthermore, in this 
type of PCR, a low annealing temperature is set so that, even if the complementarity 
of the primer with the strand is not perfect, around 90%, as long as the last bases of 
the 3′ end match, binding will occur, thus increasing the number of binding sites in 
the genome [19]. However, only fragments in which the binding site of one strand is 
between 0.5 and 4 kilobases from the binding site of the complementary strand and 
the 3′ ends are facing each other will be amplified (Figure 4) [18, 19, 24].
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When using the RAPD technique, it must be assumed that the bands of the dif-
ferent labeled loci do not migrate the same distance on the gel [16]. However, it may 
happen that among the amplified products bands with the same molecular weight are 
found in different species, which could be due to homologous traits, those inherited 
from a common ancestor, or homoplastic traits, those that have arisen independently 
in a population. It follows that if two individuals have the same band, their degree of 
relatedness is higher [24].

With the data obtained, a statistical study can be carried out by generating a 
binary matrix in which a value of 1 is given to the presence of a certain band in the 
gel and 0 for its absence, in order to subsequently calculate similarity coefficients of 
the individuals, allelic frequency, distance matrices or generate dendrograms using 
various computer programs [20, 25–27].

3.2 Amplification conditions

We have performed PCR amplifications for RAPDs in 50 μl of reaction volume 
in the presence of 1.25 units of GoTaq® G2 Flexi DNA polymerase 5 u/μl (Promega, 
Wisconsin, USA), 0.2 mM each dNTP, 0.4 μM of each primer and less of 0.5 μg of 
template DNA.

Figure 4. 
RAPD technique involves 4 steps. Top: (1) sample DNA extraction, (2) PCR amplification with a specific 
primer, (3) agarose gel electrophoresis and, (4) statistical analysis. Bottom: Primer hybridizes at random along 
the genome, rendering two amplified bands in the case of species A and just one band in species B. results are 
visualized after agarose gel electrophoresis. Created with Biorender.com.
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PCR amplification conditions must be set up considering the type of primers used. 
It is recommended to optimize the conditions by conducting a gradient PCR or vary-
ing the annealing temperature, primer concentration, or other parameters to achieve 
the best results and reproducibility of the specific experiment (Figure 4), [18, 19]. 
Low annealing temperature promotes the appearance of primer-dimer formation. On 
the contrary, high annealing temperature reduces the number of polymorphic bands. 
PCR reactions are performed with just one primer instead of two. Samples were 
heated three or four min. at 94–95°C, followed by 35–45 cycles under the following 
conditions: 30–60 s at 92–94°C (Denaturation step); 40–120 s at 36–40°C (Annealing 
step), 90–120 s at 72°C (Elongation step), and a final extension at 72°C for 7–10 min. 
[27–30]. We achieved the best results with the following conditions: 4 min. at 94°C, 
followed by 40 cycles of 40 s at 94°C, annealing at 40°C for 45 s, and elongation at 
72°C for 90 s, and a final extension at 72°C for 10 min.

3.3 Agarose gel electrophoresis

After PCR, the banding pattern generated is visualized on an agarose gel using a 
classical electrophoresis apparatus. For each sample, 3 to 20 polymorphic bands can 
be obtained, with molecular weights ranging from 0.5 to 5 kilobases, depending on 
the distance between the primer binding sites (Figure 4) [18, 19]. Due to the large 
number of bands obtained and the variety of sizes, the gel must be run at low voltage 
[27, 30]. The best results in our laboratory have been obtained using a voltage of 4.5 V/
cm2 for 120 minutes in a medium-sized (15 × 10 cm) tray. Differences can be obtained 
by varying the PCR amplification conditions (see Figure 5).

Gels are prepared at a concentration of 1.5–2.0% agarose, as this favors the separa-
tion of smaller fragments [20, 27, 30, 31]. The intercalating agent we prefer to use is 
ethidium bromide for RAPD, as it shows better results than other alternatives such 
as SYBR™ Safe or GreenSafe [23, 25], but certain safety measures must be followed 
because of its mutagenic effect. Alternatively, a polyacrylamide gel with AgNO3 as a 
stain can be used, as is done in the AP-PCR technique [16, 19, 22, 23].

Although RAPD has limitations, such as difficulties in reproducibility and diffi-
culties in interpreting complex banding patterns, it can provide valuable insights into 
the genetic makeup and relationships of organisms when other methods like DNA 
barcoding are not feasible [18–21].

RAPD can be used in conjunction with other molecular markers, such as microsat-
ellites, to obtain a more complete picture of genetic diversity to identify individuals 
within a species. Microsatellite typing, also known as simple sequence repeat (SSR) 
typing, is a molecular biology technique used to genotype individuals based on short 
tandem repeat (STR) or microsatellite variations in the DNA. Microsatellites are short 
DNA sequences, usually consisting of 1–6 base pair motifs, which are tandem repeats 
and are highly variable in length and number of repeats. The instability of microsatel-
lite repeats occurs because of slippage errors in replication [32] or defects in repair 
by the mismatch repair machinery, leading to alterations in the number of repeat 
units. During DNA replication, a repetitive DNA sequence, such as a microsatellite, 
may form a hairpin loop formed by the repetitive sequence itself. These secondary 
structures can cause DNA polymerase to stall and dissociate from the template strand, 
leading to the slippage error [32–34]. These alterations consist in microsatellite 
expansions (increased number of repeat units) and contractions (decreased number 
of repeat units).
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Used to genotype individuals based on variations in STRs in DNA, it has been widely 
used in population genetics, forensic science, and plant and animal breeding. However, 
it has the limitation that the DNA sequence flanking the target microsatellite must be 
known for primer design. As for RAPDS, SSR markers only indicate the presence or 
absence of amplified fragments in a sample, so they considered dominant markers 
because they do not provide information on heterozygosity or allelic dosage [18, 21, 23].

Figure 5. 
Analysis by agarose gel electrophoresis of the RAPDs products, the OPD-11 (5′- AGCGCCATTG - 3′) primer was 
used. A comparison of amplification profiles by RAPD technique is shown. Top: Reaction conditions: 45 cycles and 
annealing temperature at 36°C. Bottom: The number of cycles was decreased to 40 and the annealing temperature 
was increased to 40°C. Lane 1: molecular marker. Lane 2: negative control (mixture PCR + water). Lanes 3, 4: 
Quercus coccifera. Lanes 5, 6: Quercus faginea. Lanes 7, 8: Quercus robur. Lanes 9, 10: Quercus rotundifolia. Lanes 
11, 12: Quercus suber. The primer-dimer phenomenon can be observed on top gel as a common band that migrates 
ahead on the gel. This band disappears in the gel at botom when changing the PCR conditions and achieving, in 
part, more specific binding.
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4. Comparison with other methods

In this work we have used DNA Barcodes as well as RAPDs for the identification of 
species. Other methods are based on enzymatic digestion (RFLP, Restriction fragment 
length polymorphism), PCR (ISSR, Inter-Simple Sequence Repeat), or combination 
of both procedures (AFLP, Amplified fragment length polymorphism). The latter 
two proposals solve problems of RAPD assays such as reproducibility and specificity. 
In the case of ISSR, this is due to the longer primer length and higher PCR annealing 
temperature, despite the use of a random sequence primer. However, they cannot 
distinguish between homozygotes and heterozygotes [18, 19, 21, 23]. In addition, the 
cost of the AFLP technique is quite high and requires a high level of expertise because 
the procedures are more complex [21]. RFLP can be used to distinguish heterozygos-
ity due to its codominant character; however, as it requires a large amount of starting 
DNA, knowledge of the sequence to be studied and because is not very useful for 
differentiating between evolutionarily close species, it is not a widely used alternative 
[18, 19, 21, 23].

5. Conclusions

The use of barcoding and RAPDs (Random Amplified Polymorphic DNA) tech-
niques has significantly contributed to the identification of species in various fields of 
research, including biology, ecology, conservation, and forensics. Both methods offer 
valuable tools for species identification, each with its own strengths and limitations.

Barcoding, which involves the analysis of specific DNA regions, such as the mito-
chondrial cytochrome c oxidase subunit I (COI) gene or other barcodes, has gained 
widespread recognition as a powerful tool for species identification. The barcodes 
described in the text exhibit sufficient variation across species, allowing for reliable 
differentiation even among closely related taxa. Barcoding offers several advantages, 
including its simplicity, cost-effectiveness, and the ability to identify species based on 
fragmented or degraded DNA samples. This technique has been particularly useful in 
large-scale biodiversity assessments, tracking invasive species, and detecting species 
in complex environmental samples. However, studies on species hybridization have 
shown certain limitations, so RAPDs have been used in these cases. These molecular 
markers have also been widely used for population genetics studies, phylogenetic 
analysis, and identification of closely related species. The technique is relatively 
simple and cost-effective, requiring minimal DNA sequence information. However, 
RAPDs have some limitations, such as issues with reproducibility, sensitivity to DNA 
quality and quantity, and difficulties in standardization and comparison across differ-
ent laboratories.

The combined use of barcoding and RAPDs has proven to be a powerful approach, 
particularly when addressing complex taxonomic or evolutionary questions. By 
integrating the information provided by both techniques, researchers can enhance 
the accuracy and resolution of species identification. Barcoding can provide a reliable 
species-level identification, while RAPDs can reveal intraspecific genetic variation 
and patterns, allowing for the study of population structure and differentiation. The 
continued advancement of sequencing technologies and bioinformatics tools will 
further refine and expand the application of these techniques, enabling more efficient 
and accurate species identification in the future.
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The Application of Electrophoresis 
in Soil Research
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Abstract

Soil is a complex mixture of minerals and organic matters in which microbes, plants, 
and animals interact. In the natural environment, soil constantly undergoes physical, 
chemical, and biological transformations under the influences of environmental factors 
such as humidity and temperature. Studies on soil chemical compositions, microbes, 
and abundances of plants and animals provide useful information on the soil property 
for proper land use planning. Since soil is a complex mixture, soil studies require the 
effective separation of its various components, which can be achieved with electro-
phoresis, a powerful method that exploits the inherent differences in the physical and 
chemical properties of these components. By combining electrophoresis with other 
technologies such as chromatography, mass spectrometry, polymerase chain reaction 
(PCR), and DNA sequencing, substances including humic acids, amino acids, environ-
mental pollutants, nutrients, and microbial, plant, and animal DNA can be identified 
and quantified. In this chapter, the applications of different electrophoresis-based 
technologies will be discussed with respect to soil research, and their principles, advan-
tages, and limitations will be addressed.

Keywords: soil, microbe, eDNA, plant-microbe interaction, animal-microbe 
interaction, electrophoresis, DNA marker, proteome

1. Introduction

The soil is a complex ecosystem in which inorganic and organic compounds, 
microbes, plants, and animals co-exist. The composition of soil is dynamic since it is 
heavily dependent on environmental conditions such as humidity and temperature. In 
the face of a changing climate, the soil composition fluctuates even more. Soil quality 
provides important information for the proper planning of land use, and is greatly 
influenced by microbial activities. For example, the degradation of soil organic matter 
(SOM) and the nitrogen-fixing and/or denitrifying activities of soil-borne microbes 
regulate the fluxes of carbon and nitrogen [1], which is important for the growth of 
all organisms in soil.

Electrophoresis is a versatile technique for studying the chemical and microbial 
compositions of soil, separating molecules based on their sizes and charges. To 
improve the resolution, variants of electrophoresis such as capillary electrophoresis, 
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denaturing electrophoresis, and two-dimensional electrophoresis were developed. 
To further enhance the analytical capacity of electrophoresis, the technique has been 
coupled with other platforms, such as mass spectrometry and DNA sequencing, 
to reveal the identity of the molecules. In addition to resolving proteins and DNA, 
electrophoresis is also employed to prepare DNA extracted from soil for downstream 
analyses. The study of soil environmental DNA (eDNA) provides information on the 
identities and abundances of plants and animals in soil. Thus, electrophoresis has 
been demonstrated as a useful tool for soil research.

2.  The application of capillary electrophoresis (CE) in soil chemical 
composition analyses

The chemical composition of soil includes soluble substances such as humic 
acids, amino acids, peptides, proteins, oligonucleotides, carbohydrates, pigments, 
toxins, pesticides, vitamins, and chiral compounds [2]. Capillary electrophoresis 
(CE) has been proven to be a powerful analytical technique for separating com-
pounds within a sample [3]. The method was originally developed using glass tubes 
to separate solutes [4]. The advantage of CE is that it requires only a small amount 
of sample to produce a high-resolution output in a short amount of time. Due to its 
efficiency in separating different compounds, CE is widely used in forensic studies 
[5], biomedical sciences [6], and soil research [7].

2.1 General principle of CE

CE features the use of a capillary tube, usually with an inner diameter ranging 
from 20 to 200 μm, for analyte separation [8]. The small-diameter capillary enhances 
the resolution by reducing lateral sample diffusion and minimizing the temperature 
difference between the center and the wall of the capillary [8]. CE encompasses a 
diverse range of techniques that serve distinct analytical purposes. For instance, 
capillary zone electrophoresis separates analytes based on their charge-to-size ratios, 
while capillary isoelectric focusing (CIEF) separates analytes by exploiting their dif-
ferent isoelectric points. The experimental setup for each technique is tailored to suit 
its specific requirements. In the case of capillary zone electrophoresis, a fused silica 
capillary is employed to connect two electrolyte buffers, which are in turn connected 
to opposing electrodes [9]. Upon the application of voltage, the sample flows through 
the capillary and its components are separated based on their charge-to-size ratios 
[9]. Detection and identification of the separated components are achieved using 
techniques such as UV-absorbance, fluorescence, and mass spectrometry [10].

2.2 Applications of different CE techniques

2.2.1 Capillary zone electrophoresis for humic acid and amino acid analyses

In soil, the decomposition of plant and animal matters containing oxygen-contain-
ing functional groups, such as ketones and carboxyl groups, results in humic substances 
(HSs) [11]. The humic fingerprint of a soil provides information on the soil property, 
palaeo-history, and pedogenesis [12]. The humic fingerprints of different layers of soil 
in a particular site is also useful for reconstructing the site history [12]. CE is a powerful 
technique for HS separation based on their charge-to-size ratios. For example, capillary 
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zone electrophoresis could be used to generate the humic acid fingerprints of different 
soils [13]. The analyses revealed that humic acids from different soils exhibited different 
migration patterns and UV absorption profiles, allowing for their differentiation.

Amino acids serve as the building blocks of proteins and perform a variety of 
critical biological functions. In soil, amino acids play an important role in the nitrogen 
cycle in ecosystems. CE coupled with laser-induced fluorescence (CE-LIF) is a power-
ful tool for the detection of amino acids in soil. This technique involves the excitation 
of amino acids with laser light to a higher energy level, followed by the detection of the 
different emission wavelengths from different amino acids [14]. Using this approach, 
17 common amino acids can be effectively separated and detected in 12 minutes [15].

Traditionally, chromatographic techniques have been widely used to analyze 
amino acids in soil [16]. Compared to the traditional techniques, CE offers several 
advantages including simpler procedures and greater accuracy. In contrast to chro-
matographic techniques, the CE-LIF analysis of amino acids in soil samples does 
not require a desalting step to remove any contamination from inorganic ions [16]. 
CE also provides a better resolution in amino acid separation in soil sample analyses 
[17]. However, compared to certain chromatographic techniques such as HPLC, the 
maximum amount of sample that can be applied to CE is much lower. Such a low 
input limits the detection capability of CE, but this limitation can be mitigated by the 
combined use of LIF [15].

2.2.2 Capillary isoelectric focusing for humic acid analysis

Besides capillary zone electrophoresis, capillary isoelectric focusing (CIEF) has 
also been employed to analyze soil humic acids. This was first carried out in 1997, 
where three distinctive humic acid fractions were obtained [18]. To improve the reso-
lution, Kovács and Posta modified the traditional CIEF approach by applying methyl 
cellulose (MeC) in the additives for electrophoresis, as well as adding polyvinyl 
alcohol (PVA) to protect the capillary coating [19]. The modified approach resulted in 
the separation of humic acids into 30–50 fractions [19].

2.2.3  Micellar electrokinetic chromatography for the separation of ionic and neutral 
compounds

Micellar electrokinetic chromatography (MEKC) is a modified form of capillary 
electrophoresis (CE) that offers several advantages over traditional CE techniques. 
MEKC employs micelles as the pseudo-stationary phase, instead of silica as in tradi-
tional CE. This is achieved by adding surfactants to the buffer solution at concentra-
tions higher than the critical micellar concentration, which leads to the formation 
of micelles [20]. As a result, MEKC is capable of separating both ionic and neutral 
compounds [20], making it a versatile tool for the analysis of a wide range of analytes. 
MEKC was used in conjunction with preconcentration techniques to detect trace 
amounts of sulfonylurea herbicides in soil [21]. However, MEKC is not capable of 
separating larger molecules with molecular weights greater than 5 kDa [22], such as 
proteins and oligo-saccharides [23].

2.2.4 Microchip capillary electrophoresis for soil nutrient analysis

In studying soil composition, soil nutrient analysis is of particular importance, 
as it affects soil fertility, which in turn affects crop yield in agriculture. Changes in 
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weather, water, and nutrient contents can have significant impacts on soil produc-
tivity [24]. By analyzing the nutrient content of soil, changes can be detected and 
addressed before they have a significant negative impact on the agricultural output 
[24]. CE can be used to study the inorganic nutrient contents of soil by separating 
ions with different sizes and charges, and the respective concentrations of these ions 
in the sample can then be determined by measuring their conductivity [25].

In one study, a mobile sensor was used to measure ion concentrations in water-
extracted soil samples using microchip capillary electrophoresis (MCE) [25]. The ion 
concentrations of four different soil types, including Cambisol, Luvisol, Phaeozem, 
and Anthrosol, were successfully measured in the study. However, it should be noted 
that other ions, such as NH4

+, K+, and PO4
3−, may require further testing with a wider 

range of concentrations in the sample.

2.2.5 The advantages and limitations of CE in soil research

One of the major advantages of MCE is its high sensitivity in measuring ions, 
allowing for the accurate and precise quantification of nutrient concentrations in 
soil samples [25]. Additionally, MCE requires only a simple aqueous extraction of 
the sample before analysis, reducing the need for costly and time-consuming sample 
preparation steps. Specifically, the sample only requires shaking with deionized water 
and filtering through a 0.22 μm syringe filter. This simple extraction method lowers 
the cost and complexity of sample preparation, making CE an attractive option for 
routine soil nutrient analysis, especially in the field. However, MCE has limitations 
regarding the separation of ions under high concentrations, so further validation of 
its functionality in measuring a wider range of soil nutrient concentrations is needed.

3.  The application of differential gradient gel electrophoresis (DGGE) 
and two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) 
in soil microbe studies

The soil microbial community consists mainly of millions of species of bacteria 
and fungi that perform diverse functions [26]. The microbes interact with one 
another as well as with plants and animals. For example, Rhizobium spp. interact with 
legume plants to form nitrogen-fixing nodules [27]. The diversity of soil microbes 
could also reflect invertebrate activities in the soil [28]. In addition, soil microbes 
decompose dead organisms in the soil to recycle the nutrients [29]. Studies on soil 
microbial communities will facilitate the understanding of the interactions among 
soil microbes, plants, and animals in the soil to promote ecological sustainability.

3.1 General principle of DGGE

DGGE was first utilized to test the EcoRI fragment of λ or E. coli DNA [30]. The 
technique has been widely employed to study microbial communities in various 
fields, such as medical science, marine science, and soil science [31–33]. DGGE is 
usually coupled with polymerase chain reaction (PCR), which amplifies marker genes 
such as 16S rDNA [34]. DGGE then generates a fingerprint of the amplicons for a 
specific microbial community.

Traditional electrophoresis separates analytes based on size differences but DGGE 
accomplishes this based on differences in nucleotide compositions [35]. Separation is 
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achieved using a denaturing gel matrix for electrophoresis. Examples of denaturants 
include urea and formamide. By varying the concentrations of these denaturants 
along a gradient in the gel, different degrees of ease of strand separation can be 
established [33]. Compared to those with lower GC contents, DNA fragments with 
higher GC contents require more denaturant to achieve strand separation due to 
the stronger binding between G-C base pairs than A-T base pairs [36]. Since the 16S 
rDNA sequence varies in different microbes, the number and intensity of DNA bands 
observed on the gel can indicate the diversity and relative abundances, respectively, of 
a particular group of microbes in a soil sample [33].

3.1.1 The application of DGGE in studying soil microbial diversity

DGGE is widely used for microbial community analyses. It was first applied in 
ribosomal sequence analyses in a microbial community study [37]. The 16S rRNA gene 
encodes the small subunit ribosomal RNA of prokaryotic ribosomes, which is involved 
in the translation of messenger RNAs (mRNAs) into proteins to perform various 
biological functions. 16S rRNA is frequently analyzed in phylogenetic studies due to its 
conserved features and its utility as a “molecular clock” for deducing the evolutionary 
divergence between two living entities [38]. For example, a study analyzed soil micro-
bial communities from different regions subjected to various agricultural management 
practices, such as crop rotation, and also from contaminated soil [39]. In this study, PCR 
amplification was performed on specific sequences in the V3 and V6/V9 regions of 16S 
rRNA gene in bacteria and the V3 region of 16S rRNA gene in archaea prior to DGGE 
analyses. The V3 region was chosen due to sequence variations that could result in 
distinct banding patterns in DGGE [37]. The analyses of the resulting banding patterns 
revealed that polyaromatic hydrocarbon (PAH)-contaminated soils had fewer bands 
compared to uncontaminated soils, indicating a decrease in bacterial diversity [39].

In addition to analyzing treatment-induced changes in the soil community struc-
ture, DGGE is also valuable for studying the compositions of microbes in various 
habitats, such as forests, and oil-contaminated paddy soil [33]. This enables the com-
parison of community structures between different areas. Moreover, this technique 
can be employed in conjunction with samples from plant tissues. For instance, DGGE 
was used to investigate the diversities of actinomycetes in the soil and roots of various 
rice cultivars [34].

Besides its applications in studying changes in community structures across 
different habitats and plant tissues, DGGE also allows researchers to focus on spe-
cific microbes by selecting primers to amplify targeted genes. For instance, the nifH 
genes, which encode nitrogen fixation–related proteins, can be analyzed by DGGE 
to reveal the diversity in nitrogen-fixing bacteria in rhizopheric soil [34]. By excising 
and sequencing the DNA bands, researchers were able to identify a Rhizobium strain 
among the nitrogen-fixing bacteria in the soil sample. This technique has also been 
employed to analyze bacteria with ammonia monooxygenase (AMO) activity and to 
study the diversity of fungi using 18S rDNA and internal transcribed spacer (ITS) 
region sequences [40–42]. The coupling with different gene amplicons allows DGGE 
to be a versatile tool.

3.1.2 The advantages and limitations of DGGE in soil research

One of the key advantages of DGGE is the capacity to analyze complex micro-
bial communities in soil, allowing for the rapid investigation and comparison of 
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community structures across ecosystems [43]. Unlike culture-based methods, DGGE 
enables the direct analysis of microbial communities without the need for bacterial 
culturing to provide a more comprehensive understanding of the community. This 
is especially significant as traditional culture-based methods capture only a fraction 
of the community, typically around 1% [44]. In addition to the microbial diversity 
revealed by the DNA banding patterns, DGGE also allows the excision and purifica-
tion of the DNA bands for sequencing to reveal the microbial identities [45].

However, one significant limitation is the challenge in differentiating complex 
communities. DGGE detection is limited to targets with genome numbers larger 
than 106 g−1 dry soil [46]. It is also difficult to distinguish between soil microbial 
communities where different species may be present in relatively similar proportions 
[39]. The low DNA-focusing capability of DGGE usually results in diffused bands, 
which weakens its capacity to differentiate between microbial communities [33, 39]. 
Moreover, the heterogeneity of the genes amplified for DGGE can result in multiple 
bands even with a pure microbial culture [39]. The multiple bands may then lead to 
the misinterpretation of results.

3.2  General principle of two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE)

The principle behind 2D-PAGE is to separate analytes in two dimensions based 
on two parameters. Such a two-dimensional separation allows for a higher resolution 
in the separation compared to using only one parameter, that is, a one-dimensional 
separation. 2D-PAGE was first presented in the 1970s [47, 48] to separate proteins 
according to their isoelectric points (first dimension) and molecular weights (second 
dimension). A similar concept was adopted to separate DNA fragments based on 
different lengths and GC contents [42]. The separated proteins or DNA fragments can 
then be subjected to further analyses, such as mass spectrometry for protein identifi-
cation [49] or DNA sequencing [42].

3.2.1 The applications of 2D-PAGE in analyzing soil microbial diversity

3.2.1.1 The separation of soil proteins using 2D-PAGE

2D-PAGE is a widely used technique for separating proteins within a mixture, 
facilitating the investigation of protein expressions in specific cell types [49] and even 
metaproteomics [50]. In the study by Paul and Nair, 2D-PAGE was used in conjunction 
with MALDI-TOF/MS (matrix-assisted laser desorption/ionization coupled with time-
of-flight mass spectrometry) to study the differential protein expression patterns of a 
plant growth–promoting rhizobacterium (PGPR), Pseudomonas fluorescens MSP-393, 
under salt shock [49]. The resulting peptide mass fingerprint revealed 22 differentially 
regulated proteins. 2D-PAGE also enables the large-scale identification of proteins from 
soil. For example, more than 800 protein spots could be detected from different types 
of soil in a metaproteomic analysis [51]. Using 2D-PAGE coupled with MALDI-TOF/
MS, and by comparing the protein profiles among untreated, mineral fertilizer–treated, 
and organic manure–treated paddy soils, it was found that the long-term application of 
pig manure promoted the functional and structural diversity of soil microbes [52].

Other than soil microbial diversity, 2D-PAGE has also been used to investigate the 
functional relationships between soil and plant. In a study on the rhizospheric soil 
of a flowering broomrape, Rehmannia glutinosa, using 2D-PAGE, 103 protein spots 
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were successfully separated from the rhizospheric soil samples [53]. By comparing the 
protein expression patterns across the 2-year timeframe of R. glutinosa monoculture, 
differentially expressed proteins associated with the monoculture were identified. 
Together with the results from root exudate analyses, it was suggested that the root 
exudates accumulated during monoculture changed the soil microbial ecology. This 
study demonstrated the usefulness of 2D-PAGE coupled with MALDI-TOF/MS in the 
study of microbe-plant interactions.

3.2.1.2 The separation of soil DNA using 2D-PAGE

In addition to facilitating the study of protein profiles of soil microbes, 2D-PAGE 
can also be used to determine the soil microbial community structure through DNA 
separation and identification. For instance, genetic markers such as the internal 
transcribed spacers (ITSs) of soil microbes were amplified by PCR and separated by 
2D-PAGE to reveal the operational taxonomic units (OTUs) [42]. In the study, the 
first dimension of separation was based on fragment lengths using a non-denaturing 
polyacrylamide gel while the second dimension was based on the nucleotide composi-
tion through DGGE [42]. The separation of DNA fragments based on their lengths 
prior to DGGE enhanced the resolution of the separation, thus enabling the detection 
of bacterial communities with high degrees of structural similarity [42].

3.2.2 The advantages and limitations of 2D-PAGE in soil microbe studies

After 2D-PAGE, the analyzed proteins remain intact. Such a feature allows their 
subsequent identification through the use of mass spectrometry. Compared to using 
DGGE alone, the coupling of DGGE with a non-denaturing separation of DNA 
samples can improve the resolution. In a study analyzing the same soil sample using 
DGGE alone versus 2D-PAGE coupled with DGGE, ten times more operational 
taxonomic units could be identified with the addition of 2D-PAGE [42].

Despite these advantages, 2D-PAGE has several limitations, such as the difficulty 
in reproducing results due to inconsistencies in the pH gradient with ampholytes, as 
well as low extraction rates of proteins with transmembrane domains and difficul-
ties in visualizing proteins with low abundances [54]. Additionally, as protein sizes 
increase, such as those larger than 200–500 kDa, the efficiency of separating them on 
the polyacrylamide gel decreases, due to the shrinking differences in size on a loga-
rithmic scale [30, 55].

4.  The application of agarose gel electrophoresis, DGGE, and CE for soil 
environmental DNA analyses

Environmental DNA (eDNA) is a pool of total DNA extracted from environmental 
samples [56], and bulk samples containing mainly the organisms of a target taxon 
such as insects collected from traps [57]. eDNA is composed of mostly intracellular 
microbial DNA and extracellular DNA left by organisms through processes such as 
shedding and defecation [58]. In addition to the existence of microbes, eDNA also 
contains those of plants and animals that either live in or pass through that area 
where the sample is collected. It has been demonstrated that soil eDNA can provide 
rich information about the diverse community living in the terrestrial environment 
including microbes, plants, invertebrates, and mammals [41, 59–61].
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As early as the 1980s, the presence and recovery of eDNA in different habitats, 
such as soil, sediment, and aquatic environment, was reported [62–64]. Distinct from 
traditional DNA sampling methods, eDNA is extracted directly from environmental 
samples instead of isolated target organisms, so it is a versatile, easy-to-perform, and 
non-invasive approach to collecting large-scale DNA samples of the organisms living 
in the habitat of interest [65].

4.1  The application of agarose gel electrophoresis in eDNA preparation and 
analysis

While many types of electrophoresis have been introduced in the previous sec-
tions, conventional agarose gel electrophoresis, which is a simple and effective way to 
separate DNA fragments, is particularly suited to soil eDNA preparation.

4.1.1 The general principle of agarose gel electrophoresis

Agarose gel electrophoresis separates DNA samples based on their lengths. Upon 
gelation, agarose polymers will non-covalently link with one another to form a 
porous network that allows DNA molecules to pass through during electrophoresis 
[66]. When DNA is loaded onto the agarose gel and an electric current is applied, 
negatively charged DNA will migrate towards the positive pole [66]. Since DNA has 
a relatively uniform mass-to-charge ratio, the rate of migration is mainly determined 
by the size of DNA [67]. Thus, DNA fragments of different molecular weights can 
be separated by different migration rates and distances traveled. The sizes of sample 
DNA can also be estimated by simultaneously running a DNA marker ladder with 
fragments of known sizes.

4.1.2 The applications of agarose gel electrophoresis in eDNA preparation

In addition to analyzing DNA samples based on the molecular weight, agarose 
gel electrophoresis is also used for soil eDNA preparation. Humic acids are often 
co-extracted during soil eDNA extraction. These polyphenolic compounds can 
interfere with enzymatic reactions including PCR and restriction digestion, reducing 
the utility of the extracted DNA, so it is essential to include a purification step after 
extraction [68]. A method known as in-gel patch electrophoresis was developed to 
remove humic acids by packing a chromatography patch inside an agarose gel [69]. 
To remove humic acids having higher molecular weights than the DNA, the sample 
is first applied onto the chromatography patch for electrophoresis. After some time, 
the electric current is reversed. At this stage, the humic acids are retained in the 
chromatography patch while the DNA migrates back into the agarose gel [69]. To 
remove humic substances with lower molecular weights than the DNA, the samples 
are subjected to electrophoresis until the humic acids are separated from the DNA and 
have migrated out of the agarose gel [69]. Compared to other techniques, including 
cell lysis followed by ion-exchange chromatography or conventional gel electrophore-
sis together with gel extraction, in-gel patch electrophoresis yields DNA with a higher 
purity as indicated by higher A260/280 and A260/230 ratios and more complete digestion 
by restriction enzymes [69, 70]. Agarose gel electrophoresis is also used to purify high 
molecular weight (HMW) DNA from crude extracts. The crude extract, loaded onto 
a 1% agarose gel, is subjected to electrophoresis at 20 V for 16 hours. After that, the 
separated HMW DNA can be purified from the gel and ligated into desired vectors 
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for eDNA library construction [71]. This method has been used to construct soil 
eDNA libraries in studies investigating the access to natural product gene clusters and 
identifying bacterial tryptophan dimer gene clusters [72, 73].

4.1.3 The applications of agarose gel electrophoresis in eDNA quality assessment

eDNA extraction usually involves multiple steps such as grinding, homogeniza-
tion, sonication, and cell lysis with sodium dodecyl sulfate (SDS). These steps may 
result in unintended DNA fragmentation. This shows up as smears in agarose gel 
electrophoresis [74]. Various eDNA extraction methods have thus been developed to 
avoid such mishaps. For example, the slow-stirring method yields high-purity eDNA 
with minimal DNA fragmentation, as visualized by agarose gel electrophoresis as a 
quality control step [75].

Agarose gel electrophoresis can be coupled with restriction digestion to assess the 
purity of the extracted eDNA. Many of the impurities in eDNA co-extracted from 
soil inhibit enzymatic activities. To enhance the eDNA purity, the floatation method 
is used to separate the soil matrix into layers to remove enzyme-inhibiting substances 
prior to extraction steps [76]. The extracted DNA is then subjected to restriction 
digestion followed by agarose gel electrophoresis to visualize the digestion products. 
A complete DNA digestion would mean the successful removal of enzyme inhibitors 
[76]. Agarose gel electrophoresis is a simple quality control step in the eDNA purifica-
tion process. However, it has to be coupled with other procedures such as restriction 
digestion to be effective.

4.2 The applications of DGGE and CE in eDNA analyses

Soil eDNA contains a variety of DNA from different organisms, including bacte-
ria, fungi, plants, invertebrates, and mammals [77]. Purified eDNA can be used for 
PCR amplification of organism-specific marker genes to selectively amplify the DNA 
of the organisms of interest from the soil eDNA for downstream analyses. Besides 
the analyses of microbial communities in soil as mentioned in the previous sections, 
DGGE and CE can also be applied to investigate the ecological footprints of plants 
and animals in the soil eDNA. For example, PCR-DGGE has been used to analyze 
nematode communities in soil [41]. In the study, soil eDNA extracted from various 
agricultural fields was used for PCR amplification of the nematode 18S rDNA using 
nematode-specific primer sets followed by DGGE, to analyze the nematode commu-
nity in these fields by examining the different DNA banding patterns [41].

After the amplification of the target DNA, CE can be applied to titrate the 
PCR products, check fragment lengths, and monitor primer dimers, before high-
throughput sequencing. These workflows have been employed to study various com-
munities in the soil, including plants, insects, earthworms, and other arthropods 
[60, 61, 78–80]. The identification of various soil communities forms an integral 
part of the ecological research in different habitats.

5. Conclusion

Electrophoresis separates molecules in soil, including minerals, organic com-
pounds, proteins, and DNA, based on their sizes and charges. The composition of soil 
minerals and organic compounds is an important indicator of soil quality while the 
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protein and DNA profiles generated by electrophoresis reveal the structural biodiver-
sity of the soil communities. Since soil is rich in microbes, electrophoretic techniques 
are commonly applied to study the structural diversity in soil microbial communities. 
Coupling them with other platforms such as mass spectrometry and DNA sequencing 
to identify the individual protein or DNA fragments further enhances the utility of 
electrophoresis in soil research. Soil protein electrophoresis has been coupled with 
mass spectrometry to reveal the relationships between root exudates and soil microbial 
community structure. Such an association enables the study of microbe-plant interac-
tions in soil. In addition, the analyses of soil eDNA using electrophoresis can reveal the 
different soil communities including insects, earthworms, and other arthropods, thus 

Electrophoretic 
techniques

Examples of 
application

Advantages Limitations References

Denaturing 
gradient gel 
electrophoresis 
(DGGE)

Soil microbial 
community 
analysis

Direct and 
comprehensive 
analysis of microbial 
communities without 
the need for culturing

Blurred band 
patterns in 
analyzing complex 
communities

[33, 43]

Two-dimensional 
polyacrylamide 
gel electrophoresis 
(2D-PAGE)

Separation 
of proteins in 
mixtures, soil 
community 
analysis

Higher resolution than 
one-dimensional gel 
electrophoresis

Difficulties in 
reproducing 
results, difficult 
to separate large 
proteins well

[51, 54]

Capillary zone 
electrophoresis

Humic substance 
and amino acid 
analysis

Faster analysis, simpler 
preparation, and no 
need for desalting 
with CE-LIF, higher 
resolution than 
chromatographic 
techniques

Lower sensitivity 
than HPLC

[15, 17]

Isoelectric 
focusing

Separation 
of proteins in 
mixtures

High resolution, able 
to concentrate target 
protein

Long processing 
time

[81]

Micellar 
electrokinetic 
chromatography

Environmental 
pollutant analysis

Capable of separating 
both ionic and neutral 
compounds

Difficulties in 
separating large 
molecules, such 
as proteins and 
oligo-saccharides

[20, 22]

Microchip 
capillary 
electrophoresis

On-site soil 
inorganic 
nutrient content 
analysis

High sensitivity, simple 
extraction method

Limitations on 
the separation 
of ions at high 
concentrations

[25]

Agarose gel 
electrophoresis

Soil eDNA 
extraction

Easy isolation of 
separated DNA 
fragments from the 
gel, simple and rapid 
way to estimate 
quality, size, and 
length of separated 
DNA

More precise 
quality check and 
quantification 
require other 
technologies in 
combination

[66]

Table 1. 
Summary of the applications, advantages, and limitations of different electrophoretic techniques in soil research.
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