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OPTIMIZING CELL YIELD AND FRACTION SEPARATION FROM MIXED 

SAMPLE SWABS USING TEMPERATURE CONTROLLED DIFFERENTIAL 

EXTRACTION METHODS 

ANNA MARIE BERBEROGLU 

ABSTRACT 

The optimization of DNA extraction methods from mixed sample swabs is critical 

in forensic science, particularly when dealing with complex samples containing 

contributions from multiple individuals. This thesis investigates the use of Temperature-

Controlled Differential Extraction (TCDE) methods to enhance cell yield and improve the 

separation of DNA fractions from mixed samples, such as vaginal, semen, and buccal 

swabs. The primary objective of this research was to refine TCDE protocols to achieve 

higher efficiency in isolating target DNA fractions (e.g., epithelial and sperm fractions) 

while minimizing carry-over between contributors. A series of experiments were 

conducted using a variety of sample types, including single-source and mixed samples, 

with variations in reagent preparation, enzyme treatments, and incubation conditions. 

Challenges were noted in the separation of DNA from mixed vaginal and semen samples, 

particularly in the incomplete recovery of female DNA in some mixed samples, such as 

mixed sample XY-J, where missing alleles were identified in the epithelial and material 

fractions. The findings highlight the effectiveness of the optimized TCDE protocol in 

extracting high-quality DNA profiles from both single-source and mixed samples, though 
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further refinement may be necessary to enhance consistency and address the challenges of 

profiling mixed contributors. This research contributes to the ongoing efforts to improve 

forensic DNA analysis, with potential applications in criminal justice and human 

identification. 

Keywords: Differential extraction, mixed samples, forensic DNA analysis, 

temperature-controlled differential extraction (TCDE), DNA recovery, epithelial fraction, 

sperm fraction, forensic science 
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1. INTRODUCTION 

1.1 DNA in Forensic Science 

DNA use in forensic science is a powerful tool for individual identification. 

Everyone’s DNA is unique, excluding identical twins, which allows forensic scientists to 

develop identifying DNA profiles that can link biological evidence from crime scenes to 

individuals [1]. This high level of precision helps establish or refute connections between 

suspects and crime scenes, while also enabling the exclusion of innocent individuals. 

DNA evidence can also be revisited with advances in technology, providing opportunities 

to solve cold cases long after the original investigation [2]. Forensic DNA analysis is also 

used for paternity and genetic genealogical testing, which can be crucial in missing 

person’s cases or inheritance disputes. By comparing DNA profiles with national and 

international databases, forensic experts can identify unknown victims and/or link 

evidence to known criminals [1]. The reliability of standardized techniques, such as PCR 

analysis of STR loci further underscores DNA’s critical role in forensic science, 

supporting accurate identification and justice [2–4]. 

1.2 The Vulnerability of DNA in Forensics 

Forensic samples are particularly susceptible to degradation due to several factors 

related to their nature and the conditions the samples have encountered [5–8]. Biological 

samples, especially those collected from crime scenes, may have been exposed to varying 

temperatures. High temperatures can accelerate the breakdown of DNA through 

processes such as hydrolysis and oxidation, while extreme cold can lead to physical 

damage to the samples [5,9]. Excessive moisture can facilitate the growth of 
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microorganisms such as bacteria and fungi, which produce enzymes that degrade 

proteins, lipids, and nucleic acids, contributing to the decomposition of biological 

material and loss of DNA quality [10–12]. Post-mortem, autolysis and putrefaction break 

down tissues and cells, leading to the loss of DNA and other forensic evidence [10–12]. 

Exposure to ultraviolet (UV) radiation can cause direct damage to DNA molecules, 

leading to the formation of pyrimidine dimers and other lesions that effect the integrity of 

the genetic material [11–13]. 

Forensic samples can be physically damaged during collection, handling, or 

transportation. Samples are often presenting miniscule quantities due to the nature of the 

crime scene or the difficulty in obtaining larger samples [10,14,15]. Small samples are 

inherently more challenging to analyze and are more susceptible to degradation. Forensic 

samples can be exposed to chemicals such as cleaning agents, pesticides, or other 

substances that can cause chemical degradation of DNA and/or interfere with the 

extraction and analysis processes [10]. 

Different types of tissues have varying levels of resilience to degradation. For 

example, bone and teeth preserve DNA better than soft tissues like blood or saliva, which 

are more prone to rapid decomposition [10,11]. The extent at which DNA is degraded 

depends on the time elapsed since the sample was deposited and the conditions it has 

been exposed to. Older or poorly preserved samples will typically be more degraded, 

making analysis more difficult [10,12]. Proper collection, preservation, and handling 

techniques are essential to minimize degradation and ensure the integrity of the forensic 

evidence. 
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1.3 Sexual Assault 

In the United States, some form of sexual assault effects approximately 1 in every 

3 women and 1 in every 6 men in their lifetime [16]. The National Crime Victimization 

Survey (NCVS 2023), which collects data on crime victimization, reports that 

approximately 0.7% of females aged 12 or older experienced a sexual assault in the past 

year [17]. The Centers for Disease Control and Prevention (CDC) National Intimate 

Partner and Sexual Violence Survey (NISVS) reveals that about 1 in 5 women and 1 in 

71 men have been raped at some point in their lifetime [16,18]. Sexual assault is 

significantly underreported, with many survivors not coming forward due to fear, stigma, 

or distrust in the system [16]. Studies suggest that only a fraction of sexual assaults are 

reported to law enforcement, which means the actual prevalence is higher than reported 

figures [16]. Due to the increasingly high volume of cases, crime labs have built up 

backlogs of sexual assault kits that need examined [16].  

In cases of sexual assault, forensic samples frequently comprise mixtures of DNA 

from several people, including the victim and the offender(s). These mixtures can hinder 

the analysis, as an optimal analysis would involve separating the DNA from the various 

individuals and interpreting it accurately [19–21]. Forensic scientists employ specialized 

lab techniques to segregate cell types in mixed samples, such as differential extraction, 

which differentiates sperm cells from other cells present in the sample [22,23]. Advanced 

DNA profiling techniques, like short tandem repeat (STR) analysis and probabilistic 

genotyping, assist in differentiating between the DNA profiles of the victim and the 

suspect, even when the sample contains various sources of genetic material [24,25]. The 
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ability to analyze and interpret these complex mixtures is crucial for establishing 

connections between individuals and the crime scene and may provide information to 

corroborate the victim’s account [19]. 

 

1.3.1 Sexual Assault Evidence Collection Kits (SAECK) 

Sexual assault kits, also known as forensic rape kits or sexual assault evidence 

collection kits (SAECK), are designed to collect and preserve evidence and are used in 

the investigation of sexual assault cases [26].  Contents of sexual assault kits usually 

include swabs, microscope slides, collection containers, documentation forms, and 

additional packaging for clothing items. Swabs can be collected vaginally, anally, and/or 

orally, as well as from locations where contact was presumed to have occurred. The 

swabs are used to collect biological samples from the victim’s body to identify any 

potential semen, saliva, or other bodily fluids. Samples on microscope slides are used to 

examine biological samples for evidence of sperm cells. Vials and envelopes provided 

can be used to separately store swabs, slides, and other collected samples to prevent 

contamination. Medical History Forms document injuries and other pertinent details of 

the assault. Evidence bags are used to collect and preserve the victim’s clothing and other 

items of evidence [26]. 

The collection kits are used by trained medical professionals, typically in a 

hospital, to collect and preserve evidence from the victim’s body and clothing. The 

process is conducted with sensitivity and care to minimize trauma for the survivor while 

ensuring proper documentation and handling of evidence. Each step of the process, from 
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evidence collection to submission to law enforcement, is documented to maintain the 

chain of custody and ensure the evidence is admissible in court. The collected evidence is 

sent to a forensic laboratory, where it is analyzed for body fluids and any other probative 

information. Once the presence of body fluids is confirmed, the evidence can be sent for 

DNA analysis. 

Sexual assault evidence often contains DNA from both the victim and the 

assailant, creating mixed DNA samples [26]. Techniques such as differential extraction 

are employed to separate male DNA from female DNA, which is crucial for most 

effectively resolving these mixtures and achieving optimal results [27]. Proper use and 

timely analysis of sexual assault kits can help address the backlog of untested kits and 

enhancing overall case resolution. 

 

1.3.2 Separating Male and Female DNA 

In cases of sexual assault, the forensic analyst's objective is to identify the non-

victim DNA profile(s) present in the biological evidence [26]. Since these samples 

typically consist of mixtures of both male and female DNA, the goal is to distinguish the 

two. A method known as “Differential Extraction” was developed by leveraging the 

differences in chemical and physical structures of sperm cells and epithelial cells, which 

allows for the separation of the mixture into a female fraction and a male fraction [1,28]. 

The mixture undergoes digestion with a protease that breaks down epithelial cells while 

keeping the sperm cells whole [22,29,30]. This solution is centrifuged, causing the sperm 

cells to form a pellet, with the lysed epithelial cells remaining in the supernatant [12,29]. 
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The supernatant is subsequently discarded, resulting in the female fraction. The sperm 

pellet serves as the starting point for the male fraction. At this stage, the sperm pellet can 

be further processed using dithiothreitol (DTT) in conjunction with a protease to lyse the 

sperm cells [25,28]. Ideally, after both fractions have been lysed, two completely 

separated DNA profiles will be obtained for examination [31,32]. The differentiation of 

male DNA from female DNA aids in the presentation of evidence during court 

proceedings. 

If a mixture of DNA from two individuals is still present in the sperm fraction, the 

amount of female and male DNA present in the mixture has been shown to significantly 

impact the deconvolution process. When the male to female DNA ratio is approximately 

one to one, separating the two profiles is more complex. Alleles of both profiles may be 

shared at some loci, making it challenging to differentiate between them [25]. This 

complexity requires advanced analytical techniques and careful interpretation to 

accurately separate and identify each of the two DNA profiles [25,26,33]. Advanced 

methods such as probabilistic genotyping have been developed to use statistics to aid in 

profile deconvolution. In cases where a two-person mixture contains a single major DNA 

source and a minor contributor, the deconvolution process is more straightforward 

[26,28,33]. The dominant profile can be identified with greater confidence, and the minor 

profile can be extracted with less interference. This could also be considered an issue 

when the minor contributor is the profile in question. When a large amount of female 

DNA is present on evidence such as vaginal swabs from a SAECK, the male profile can 
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be masked by the female profile [25,26,28]. Good separation of sperm and epithelial cells 

ensures that each DNA profile can be attributed to the correct individual. 

 

 

1.3.3 Recent Advancements in SAECK Processing 

Recent advancements in DNA recovery from sexual assault kits include 

improvements in extraction techniques, increased sensitivity of quantification methods 

sensitivity of amplification kits, and standardized protocols. These developments 

collectively enhance the ability to recover and analyze DNA from challenging samples, 

leading to more accurate and reliable forensic results. 

Recent refinements in differential extraction methods have targeted better separation 

of male and female DNA from mixed samples [26,27,36]. Enhanced protocols now 

include more selective lysis buffers and optimized centrifugation techniques to increase 

the efficiency of separating sperm from non-sperm cells. New lysis solutions with 

improved chemical compositions can better disrupt cell membranes and release DNA 

from challenging samples, such as degraded or small quantities [20,27,36–38]. These 

solutions often include novel detergents and enzymes that are more effective in breaking 

down cellular components while preserving DNA [27,36,39]. 

Advances in qPCR technology allow for precise quantification of male and female 

DNA from minute DNA samples, which are often seen in forensic samples [14,15,40]. 

This technique can assess the quality and quantity of DNA extracted from sexual assault 

samples, thus guiding further analysis and ensuring that sufficient DNA is available for 
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profiling. Automation in forensic laboratories has streamlined the processing of sexual 

assault kits. Robotic systems can handle multiple samples simultaneously, reducing 

human error and increasing throughput [41]. Automated systems also ensure consistent 

application of extraction protocols [41]. Additionally, advances in sample preservation 

and storage techniques help maintain DNA integrity over time. New storage methods and 

conditions have been developed to reduce the degradation of DNA in sexual assault kits, 

ensuring that samples remain viable for analysis [10]. 

New software tools have been developed to better interpret DNA mixtures. These 

tools use advanced algorithms and statistical models to separate mixed DNA profiles, 

making it easier to identify contributors and obtain reliable forensic results [25]. 

 

1.4 Male DNA 

1.4.1 Sperm Cell Structure 

With the primary goal of successful fertilization, the structure of sperm cells has 

intricate chemical and physical properties. The head contains a nucleus with highly 

condensed DNA, compacted by protamines, and an acrosome filled with enzymes such as 

hyaluronidase and acrosin, facilitating the penetration of the egg [38,44]. The midpiece is 

abundant in mitochondria, which produce (adenosine triphosphate) ATP to power the 

sperm’s movement. The tail, or flagellum, contains an axoneme with a 9+2 microtubule 

arrangement, pivotal for its whip-like motion, supported by a fibrous sheath [7,45,46]. 

The plasma membrane of the sperm cell contains specific lipids and proteins that play 
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key roles in egg binding and fusion [47–49]. This structural and chemical composition 

impacts the sperm's efficiency in reaching and fertilizing the egg. 

 

1.4.2 Spermatogenesis  

Spermatogenesis is the process by which sperm cells are produced in the 

seminiferous tubules of the testes [9,45,50]. It starts with spermatogonia, which are 

diploid germ cells found in the basal layer of the tubules. The spermatogonia undergo 

mitotic division to create additional spermatogonia and primary spermatocytes [9,23,45]. 

Each primary spermatocyte undergoes meiosis I, resulting in two secondary 

spermatocytes, which are haploid cells. These secondary spermatocytes then progress 

through meiosis II to generate spermatids [45]. Throughout spermatogenesis, spermatids 

experience considerable morphological changes, evolving into elongated, mature sperm 

cells [45,46]. This ongoing and hormonally controlled process guarantees the consistent 

production of sperm essential for reproduction. 

  

1.4.3 DNA Packaging in Sperm Cells 

In the last stages of spermatogenesis, DNA is tightly bound to protamines instead 

of histones. The DNA protamine structure results in a reduction of the overall volume of 

the chromatin compared to with DNA packaging in somatic cells [9,50,51]. Within the 

sperm head, this densely packaged chromatin not only keeps the genetic material 

protected, but helps optimize the overall shape of the cell, which is important for motility 
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and fertilization [45]. The acrosomal cap, located on the front of the sperm head, contains 

enzymes that function to penetrate the egg’s outer layers during fertilization [45].  

 

1.4.4 Sperm Glycocalyx 

Human sperm cells are encased in a thick layer outside of the lipid bilayer 

membrane called the glycocalyx, which plays a large role in how spermatozoa survive in 

the female reproductive tract [48,52–54].  

The glycocalyx of sperm cells is a glycoprotein and glycolipid coating that covers 

the outer surface of the sperm cell membrane [47,48,52]. This complex, carbohydrate-

rich layer plays several vital roles in sperm function and protection [54,55]. It acts as a 

protective barrier against environmental stresses and potential damage, helping to 

maintain sperm viability and function within the female reproductive tract [47,52]. 

Additionally, the glycocalyx is essential for successful fertilization by containing 

molecules that facilitate the sperm's recognition and binding to the egg's zona pellucida 

[47,54,55]. Furthermore, the glycocalyx helps sperm evade the female reproductive 

tract's immune system by masking sperm antigens, thereby reducing the likelihood of an 

immune response [48]. 

The glycocalyx also contributes to the difficulty of lysing sperm cells, which 

presents challenges in DNA extraction [47,52,56]. Its thick, protective layers from 20-

60nm acts as a physical barrier, shielding the underlying sperm cell membrane and 

making it more difficult for lysis agents to penetrate and disrupt the cell [48,52]. A high 

cholesterol content and presence of other stabilizing components contribute to the overall 
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strength of the sperm cell membrane [47,48,52]. Together, these features make sperm 

cells particularly resilient to lysis, introducing challenges for forensic DNA extraction 

methods while highlighting their robustness in adverse conditions. 

 

1.5 Female DNA 

 

1.5.1 Epithelial Cells: Vaginal vs. Buccal  

Studies have shown that vaginal epithelial cells and buccal epithelial cells are 

similar in structure and reaction to lysis chemistries [57]. Vaginal and buccal cells share 

several important similarities, despite originating from different body regions [57,58]. 

Both types of cells are epithelial in nature, derived from epithelial tissue that lines various 

surfaces and cavities within the body [57]. Vaginal cells are part of the mucosal lining of 

the vagina, while buccal cells are found in the oral mucosa lining the inner cheek 

[22,30,57]. As epithelial cells, both types serve a protective role, forming layers that 

cover and protect underlying tissues [57]. Structurally, vaginal and buccal cells are quite 

similar and exhibit characteristics typical of epithelial cells under microscopic 

examination [57,58]. Both types of cells are non-keratinized, contributing to their 

flexibility and suitability for their respective environments [57,58]. 

In forensic science, both vaginal and buccal cells are routinely collected using 

cotton swabs and are valuable for DNA analysis [22,57]. Vaginal cells are often collected 

in sexual assault investigations when vaginal swabs are taken to identify sperm cell DNA, 

while buccal cells are frequently obtained via cheek swabs for DNA profiling in 
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identification and genetic testing [57,58]. The process for extracting DNA from these 

cells involves similar techniques, highlighting their utility and comparability in forensic 

contexts. 

 

1.6 Differential Extraction as We Know It 

Differential extraction refers to and involves separating different cell types before 

lysis, making it particularly useful for forensic cases where the samples often contain 

cells from a victim and a perpetrator [22,26]. Differential extraction was developed in the 

1980s as a specialized method for separating sperm cells from other cells in sexual 

assault evidence, which often contains mixed DNA from the victim and one or more 

sperm donors [22,26,34]. This technique was initially pioneered to address the challenge 

of analyzing these complex mixtures by using differential extraction methods [26,34,37]. 

The process involves lysing the non-sperm cells, which are less resistant, while 

preserving the sperm cells, which are more resistant to the lysis conditions [26,27,37,38]. 

This separation allows forensic scientists to isolate sperm DNA and perform accurate 

DNA profiling, thereby aiding in the identification of sperm donors [22,24,59]. 

Over time, differential extraction has evolved with advancements in technology 

and methodology. Modern improvements include the use of more refined and automated 

techniques for better separation and the integration of sophisticated DNA analysis 

methods, such as quantitative PCR (qPCR) and advanced STR profiling [24,60,61]. 

These enhancements have increased the efficiency and accuracy of extracting and 

analyzing mixed DNA samples, even when dealing with small or degraded samples 
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[24,28,37]. The evolution of differential extraction reflects ongoing efforts to improve 

forensic analysis and address the complexities of sexual assault evidence with greater 

precision and reliability. 

 

 

1.6.1 Chemistry 

The differential extraction process utilizes the differences in the physical and 

chemical properties of various cell types. For example, in sexual assault cases, the goal is 

to lyse non-sperm cells (such as epithelial cells) while leaving sperm cells intact [26,27]. 

Differential extraction uses lysis buffers that contain detergents, such as sodium 

dodecyl sulfate (SDS) or Triton X-100 [12,62]. These detergents disrupt cell membranes 

by disrupting the phospholipids and proteins that maintain the cell’s structural integrity, 

releasing DNA into the supernatant [34,63]. Detergents used in a differential extraction 

are specifically chosen to lyse one type of cell while leaving another type intact, without 

affecting downstream processes such as PCR [12,29,62]. SDS is a common detergent 

used in extraction and purification methods to lyse non-sperm cells, but has been found to 

be a PCR inhibitor, which is not optimal in direct lysis procedures [29,64].  

Enzymes such as proteases are included in lysis solutions to break down cellular 

proteins and membranes that might otherwise interfere with DNA extraction. They are 

selected to avoid excessive degradation of the DNA itself while separating the DNA from 

the other cellular material [65,66]. Enzymes can be targeted to break down specific cells. 

Proteinase K is a common protease used to lyse non-sperm cells in combination with a 
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detergent. DTT is commonly added to lyse the more resistant sperm cells [8,65,67]. The 

membrane of sperm cells is enriched with cholesterol and glycoproteins that contribute to 

its stability and robustness [48,52,68]. 

After incubation in lysis buffers, samples are typically subjected to centrifugation. 

This process separates the lysed cell debris from intact cells based on their size and 

density [27,68]. Non-sperm cells that have been lysed and broken down into smaller 

fragments can be separated from the intact sperm cells, which form a distinct pellet 

[29,65,69]. Once the cell types are separated, DNA is extracted from the intact sperm 

cells and is proceeded with further purification and analysis [22,38,52,70]. The isolated 

DNA is then quantified and analyzed using techniques such as PCR and STR profiling.  

 

1.6.1.1 Selective Lysis 

Different cell types have varying levels of resistance to enzymatic digestion due 

to differences in their cell wall or membrane compositions [48,52]. This variability 

requires careful selection and optimization of enzymes to achieve effective lysis without 

carry-over of DNA from other cell types [27,65,66]. 

Often, a combination of enzymes with other physical or chemical techniques (e.g., 

mechanical disruption, chemical lysis) is used to optimize the differential extraction 

process. This might include a mix of proteases to target both general and cell-specific 

proteins. The conditions (e.g., pH, temperature) under which enzymes operate are 

carefully controlled to maximize their effectiveness [26,63]. For example, some enzymes 

may be more effective at specific temperatures or pH levels, which is optimized based on 
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the cell types being targeted [5,7,74]. New proteases with enhanced specificity for certain 

cell types are being developed and tested [62,67]. These innovations aim to improve the 

efficiency of differential extraction by targeting specific cellular components with greater 

precision. 

 

1.6.1.2 Proteinase K 

Proteinase K is a protease with a broad range of activity that breaks down proteins 

and is commonly utilized in the process of DNA extraction [8,52,67,69,73]. It efficiently 

degrades proteins found in both sperm and non-sperm cells, aiding in the liberation of 

DNA. In differential extraction, Proteinase K is often used in the initial stages to digest 

proteins and lyse non-sperm cells [29,65]. Its ability to work under a range of conditions 

makes it versatile for extracting DNA from mixed samples. Proteinase K is activated by 

calcium between 20-60°C and is irreversibly inactivated when heated to temperatures 

between 70-95°C, though complete inactivation may not be possible with heat-

inactivation [65,67,69,73]. Proteinase K can be utilized in the extraction of genomic 

DNA due to its capability to degrade proteins and will also deactivate DNases and 

RNases that could potentially destroy a targeted sample of DNA or RNA [12,13]. 

Proteinase K is active with or without the presence of SDS and EDTA, but functions 

optimally with SDS [13,29,64,65].  

 

1.6.2 Addressing the Issues 
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 The optimization of cell recovery and fraction separation is critical in increasing 

the effectiveness of forensic analyses and improving the quality of evidence in sexual 

assault cases. The process of DNA extraction from sexual assault samples is fraught with 

difficulties, including the presence of low-level or degraded DNA, the complexity of 

mixed samples, and the potential for contamination. Traditional methods of DNA 

extraction and analysis, while effective to some extent, often fall short when dealing with 

the unique and challenging nature of sexual assault evidence [14,75]. Recent 

advancements in forensic science have highlighted the need for optimized protocols that 

can more efficiently recover DNA from swabs and accurately separate cellular fractions 

to obtain clear genetic profiles. 

 

1.6.3 Quantitation 

Quantitative PCR (qPCR) is used to quantify isolated DNA from forensic samples 

due to its high sensitivity, specificity, and real-time measurement capabilities [14,76,77]. 

This technique can detect and accurately measure very small amounts of DNA, which is 

necessary for forensic samples that may contain degraded or limited genetic material 

[14,77]. On method of qPCR employs Taqman probes that bind to specific DNA 

sequences, allowing for precise detection even at low DNA concentrations [14,40]. qPCR 

provides quantitative data by measuring fluorescence during each amplification cycle, 

reflecting the initial amount of DNA in the sample and assessing DNA degradation to 

determine suitability of the sample for further analysis [77,78]. By accurately quantifying 
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DNA, qPCR ensures that subsequent analyses, such as STR profiling or sequencing, are 

performed using optimal amounts of template DNA 

qPCR allows prediction of the amount of male and female DNA and the presence 

of degradation [14,15,40,78]. The amount of female and male DNA in a mixture directly 

affects the complexity of the deconvolution process [25,60]. Larger discrepancies in 

DNA amounts simplify the interpretation, while equal or nearly equal proportions create 

more complex mixtures that require advanced analytical and statistical techniques to 

accurately separate and interpret [59,61,79]. If there is an overwhelming amount of 

female DNA, the detection of male DNA in a profile may be impossible [59,61,79]. 

 

1.7 Temperature Controlled Differential Extraction (TCDE)   

The current established TCDE procedure uses optimal temperatures for three 

enzymes to control their activity in order to release cells from cotton swab and release 

DNA from non-sperm cells into supernatant. Any remaining DNA in solution over sperm 

pellet is removed with non-specific nuclease- Benzonase. DNA is released from sperm 

cells using a protease, AcroSolv. This results in non-sperm and sperm fractions, which 

amplify and separate into two individual profiles. The most up-to-date protocol uses a 15 

minute incubation at 75°C during the initial lysis step to activate the forensicGEM 

protease. 

 

1.7.1 Direct lysis  
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Direct lysis methods and other DNA extraction techniques differ significantly in 

their approaches and applications [80]. Direct lysis involves breaking open cells and 

releasing DNA directly into a solution using a lysis buffer containing detergents or 

enzymes [36,39]. These methods are advantageous due to speed and simplicity, as they 

allow for rapid processing of samples with minimal handling, which can help preserve 

DNA quality [36,37]. However, there are limitations, such as a higher risk of 

contamination from unwanted materials and reduced effectiveness when dealing with 

mixed DNA samples from multiple sources [37,39]. 

In contrast, other DNA extraction methods include organic solvent extractions, 

silica magnetic bead-based techniques.  Organic solvent methods, like phenol-chloroform 

extraction, use solvents to separate DNA from proteins and other contaminants but 

require multiple steps and careful handling. Silica and magnetic bead-based methods 

offer high specificity and purity by binding DNA to silica columns or magnetic beads and 

then washing away contaminants. While these methods provide better purity and are 

more suited for complex or mixed samples, they are generally more complex, time-

consuming, and expensive compared to direct lysis [36,39,64]. 

 

1.7.2 Enzymes 

In current DNA extraction methods, proteinase K is used. Proteinase K, a protease 

that can break down proteins and lyse cells requires sodium dodecyl sulfate (SDS) for 

optimal function. SDS is a known PCR inhibitor, which is not an issue when purification 

steps follow the initial extraction to dispose of it, but this is not an option when dealing 
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with direct lysis procedures. Direct lysis procedures are designed to prepare samples to 

go directly to quantitation and amplification without additional purification steps. By 

bypassing the use of Proteinase K, SDS, and DTT, this direct lysis procedure is a quick 

and effective method for extracting PCR-ready DNA without additional purification 

steps.  

 

1.7.2.1 EA1 Protease (forensicGEM™) 

Bacillus sp. Erebus antarctica 1 (EA1), is a thermophilic serine protease included 

in the thermolysin family. At MicroGEM, EA1 is sold commercially as forensicGEM™ 

in the forensicGEM Universal kit. With an optimal activity of 75°C and pH 7.5, EA1 will 

break down cellular proteins and nucleases. When exposed to temperatures above 90°C, 

EA1 becomes irreversibly inactivated. Like Proteinase K (PK), EA1 requires the 

presence of calcium for activity [81,82]. Though PK and EA1 share similar protease 

properties, PK is not thermophilic and will start to inactivate around 70°C. PK has an 

optimal activity temperature between 50-56°C [81].  

 

1.7.2.2 Benzonase® Nuclease 

The endonuclease Benzonase® is derived from Serratia marcescens, a gram-

negative bacterium [83,84]. It has an optimal activity temperature of 37°C and will 

degrade any nucleic acids present in the solution [83,84]. Additionally, Benzonase® can 

be completely digested by EA1. With approximately 81 cut sites on Benzonase®, EA1 

will halt any nuclease activity once added to the solution [83,84]. It is important to note 
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that Benzonase® lacks the ability to degrade the male DNA while it remains in the non-

lysed sperm cells, making this nuclease an ideal enzyme when cleaning up the sperm 

fraction [83,84]. 

 

1.7.2.3 AcroSolv Protease 

 AcroSolv® is reagent provided in the forensicGEM™ Sperm kit. Although the specific 

composition of AcroSolv® is confidential, it has been demonstrated to efficiently break down 

sperm cells when used with the correct buffer at 52°C [86]. The enzymes in AcroSolv® are most 

effective at a temperature of 52°C, where they break apart various cells, including sperm cells, 

and release DNA into the surrounding solution [86]. The reagent is provided in the form of a 

lyophilized powder that can be rehydrated to form a solution. AcroSolv® is included during the 

SF step of the procedure, and the forensicGEM™ reagent, which is active at 75°C, neutralizes 

AcroSolv® when the solution is heated to this higher temperature [86]. Once the TCDE protocol 

is completed, all enzymes are inactivated, making it possible to proceed with quantitation without 

needing a separate DNA purification step. 

 

1.7.3 Temperature 

Temperature can significantly affect the recovery of DNA from swabs, 

influencing both the preservation and extraction processes used in forensic analysis. Low 

temperatures can slow down biochemical and microbial activities that lead to DNA 

degradation, ensuring that samples remain stable until they can be analyzed [9]. 

Conversely, high temperatures accelerate DNA degradation, promoting chemical 

reactions and increasing enzymatic activity that can denature DNA.  



 

 

21 

During the extraction process, maintaining optimal temperature conditions for 

each step is essential for effective DNA recovery [23]. Extraction buffers and reagents 

often require specific temperatures to facilitate the efficient lysis of cells and release of 

DNA. Enzymes used in the extraction process, such as proteases, have ideal temperature 

ranges for optimal activity [9]. Fluctuations in temperature during these procedures can 

affect the consistency and yield of DNA, making stable and appropriate temperature 

management critical for reliable results. This can also be helpful in utilizing more than 

one enzyme to enact different functions.  

Temperature has a significant impact on Van der Waals forces, which are weak, 

non-covalent interactions between molecules or surfaces. These forces are sensitive to 

temperature fluctuation as the thermal motion of molecules increases with temperature. 

Increased kinetic energy can disrupt the balance of Van der Waals interactions by making 

it more difficult for molecules to remain close enough for these weak forces to be 

effective [66]. Consequently, higher temperatures can weaken Van der Waals forces, 

causing molecules to drift apart as their vibrational and rotational energy surpasses the 

strength of these interactions. Conversely, lower temperatures reduce molecular motion, 

allowing Van der Waals forces to have a greater effect [66]. With decreased kinetic 

energy, molecules are more likely to stay closer together, enhancing the strength and 

effectiveness of Van der Waals interactions [66].  

 

1.8 Cotton Swabs 
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Cotton swabs are highly effective for DNA collection due to several key 

properties. Their fibrous structure provides a large surface area contributing to the 

adherence of cells and DNA [75]. Additionally, cotton's porosity allows it to efficiently 

absorb biological fluids, including those containing DNA. The hydrophilic nature of 

cotton helps in soaking up water-based fluids like saliva, blood, and semen, ensuring that 

cells and DNA are captured along with the fluid. The softness of cotton swabs ensures 

gentle collection of samples [85]. Furthermore, cotton is chemically inert and free from 

substances that could inhibit DNA analysis, preserving the integrity of the genetic 

material [66]. These properties, combined with the ease of handling and use, make cotton 

swabs an ideal tool for forensic DNA collection.  

However, extracting DNA from these swabs involves challenges due to the 

physical and chemical properties of cotton and the nature of the samples collected 

[66,87]. Cotton swabs are designed to be absorbent, which makes them effective for 

collecting biological material but also presents difficulties releasing the cells and DNA 

during extraction [38]. This can lead to incomplete or inefficient extraction, where not all 

the DNA collected is recovered, potentially impacting the quality and quantity of the 

DNA available for analysis [66,75,85,87]. Additionally, the cellulose fibers of cotton can 

bind with DNA, requiring the use of more aggressive chemical treatments or longer 

extraction times to ensure that the DNA is fully liberated from the swab [26,38,85]. 

Another complication arises from the potential presence of contaminants on the 

swab. Cotton swabs can pick up extraneous materials from the environment or from the 

surfaces they contact, which can interfere with DNA extraction and analysis [66,87]. 
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Contaminants such as dirt, proteins, or other substances may co-extract with the DNA, 

complicating the interpretation of the results [66,75,87]. Furthermore, the presence of 

multiple types of biological material (e.g., saliva and blood) on a single swab can create a 

mixed DNA profile, making it more challenging to differentiate between the contributors 

and accurately interpret the DNA evidence [26,75,87]. 

 

1.8.1 Mechanisms of Cellular Adhesion 

Cellular adhesion primarily involves interactions between cell surface molecules 

and substrates, which can include extracellular matrix proteins, other cells, or surfaces 

like cotton swabs [88, 89]. Cells have specialized receptors on their surface, such as 

integrins, cadherins, and selectins. These receptors bind to specific ligands on the 

substrate or other cells, facilitating adhesion. Integrins, for example, mediate interactions 

between cells and extracellular matrix proteins, such as collagen and fibronectin [90, 91]. 

Adhesion molecules, like cadherins and immunoglobulin superfamily members, play a 

role in cell-cell adhesion. They create homophilic or heterophilic connections, aiding 

cells in adhering to each other or to surfaces. The extracellular matrix (ECM) offers a 

framework for cells, as its elements engage with cell surface receptors to facilitate 

adhesion [92, 93]. ECM proteins like fibronectin, laminin, and collagen attach to 

receptors on cell membranes, securing cells to the matrix. 

 

1.8.2 Van der Waals Forces and Cotton Swabs 
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Van der Waals forces are feeble, non-covalent interactions that take place 

between molecules or surfaces as a result of temporary dipoles [94]. These forces also 

play a key role in cellular adhesion, especially in the context of adhesion to surfaces like 

cotton swabs [95]. Van der Waals forces arise from the interactions between fluctuating 

dipoles in adjacent molecules or surfaces. Though individually weak, these forces can 

collectively contribute to the overall adhesive strength [89]. They are important for the 

initial stages of adhesion, where they help cells or molecules come into proximity to the 

surface [88]. 

Cotton swabs are made of fibrous material, which presents a large surface area 

with numerous sites for interaction. The fibrous structure of cotton increases the surface 

area for Van der Waals interactions between the cell surface molecules and the cotton 

fibers [66]. As cells meet the cotton swab, Van der Waals forces help stabilize the initial 

attachment before more specific, stronger adhesion mechanisms take over. While Van der 

Waals forces contribute to initial adhesion, they are often complemented by other 

interactions, such as electrostatic forces, hydrogen bonding, and specific receptor-ligand 

interactions [95]. On a cotton swab, these forces work together to ensure that cells adhere 

firmly and are retained on the swab, which is necessary for effective sample collection. 

Understanding these forces is important for optimizing DNA extraction processes as they 

need to be broken to release the adhered DNA. 

 

1.9. Objectives 
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The aims of this research were to optimize a temperature-controlled differential 

extraction method to yield more total DNA and a better separation between female and 

male DNA when extracting mixed samples from cotton swabs. The “temperature-

controlled differential extraction” technique created by the Cotton research lab in the last 

decade takes advantage of the physical and chemical characteristics of different enzymes 

to extract and separate blended samples more rapidly and efficiently than the existing 

differential extraction protocol. These experiments explored whether a longer initial 

incubation time would yield more DNA from the cotton swabs in both single source and 

mixed samples. Samples were intended to replicate those discovered as biological 

evidence at a crime scene, emphasizing swabs located in sexual assault kits. With a 

backlog of sexual assault kits in queue to be processed across the U.S., a quicker, more 

efficient method is necessary to keep up with the case load and provide results in a timely 

manner.  
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2. MATERIALS AND METHODS 

2.1 Sample preparation 

 

2.1.1 Neat Semen Preparation and Dilution 

One commercially acquired aliquot of semen from a single donor served as the 

source of male DNA for the experiments outlined below. Homogenization of the neat 

semen through dilutions and sample preparation was carefully performed to ensure, as 

much as possible, an equal quantity for each sample. The neat semen was initially gently 

mixed by inverting and flicking the tube 10 times. The neat semen was gradually pipetted 

up and down 15-20 times. Thirty microliters of the homogenized neat stock were 

transferred into a clean 1.5mL tube and incubated on a ThermoMixer (ThermoFisher, 

Waltham, MA) for 30 minutes at 37°C and at 250rpm. When the incubation was 

complete, 1470μL of TE (Tris-EDTA) buffer was added to the 30μL aliquot to create a 

dilution of 1:50. The tube was gently inverted and flicked 10 times to mix, and the 

solution was again carefully pipetted up and down 15-20 times. The dilution was 

subsequently incubated for another 30 minutes at 37°C and 250 rpm on a ThermoMixer. 

Before the addition to new tubes, gentle inversion of the semen tube, flicking 10 times, 

and slowly pipetting up and down 15-20 times was performed once more. The 1:50 

solution was split into two 10 µL aliquots, which were transferred into new sterile 0.5 mL 

tubes containing 2 µL of forensicGEM™ Sperm, 68 µL of deionized (DI) water, 10 µL 

of AcroSolv, and 10 µL of 10X Red Buffer. The samples were vortexed, placed in a 

Thermal Cycler, and incubated at 52°C for 10 minutes, 75°C for 6 minutes, and 95°C for 
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3 minutes. The samples were then quantified using qPCR with the Quantifiler Trio™ 

DNA Quantification Kit and the 7500 Real-Time PCR instrument. 

 

2.1.2 Semen Swabs 

The concentration of the 1:50 semen dilution was determined to be 4.89 ng/µL. 

According to the targeted DNA mass, an exact volume of the diluted semen was applied 

straight to the tips of sterile cotton swabs and was permitted to dry at room temperature. 

 

2.1.3. Vaginal and Buccal Swabs 

Using a sterile scalpel, the vaginal swabs were cut into halves.  

 

2.1.4 Prepped Buccal Swabs 

 One anonymous donor provided a liquid saliva sample. Using a centrifuge, the 

cells were pelleted and resuspended in 675µL Tris-EDTA buffer. An appropriate amount 

of this cell suspension was applied to sterile cotton swabs, based on the required DNA 

mass, and the swabs were allowed to dry at room temperature. 

 

2.1.5. Mock Post-Coital Swab Preparation 

 The vaginal swabs were cut into halves using a sterile scalpel. Using 1.5mL tubes, 

20.4µL of approximately 100ng of DNA in the diluted semen solution was added to the 

bottom. Using sterile tweezers, each half of a vaginal swab was gently twisted around the 



 

 

28 

inside the tube to absorb the semen solution. The swabs were taken out and allowed to 

dry at room temperature for a minimum of 24 hours before use. 

 

2.2 Quantitation 

 Following the manufacturer’s guidelines, each sample was quantified using 

quantitative polymerase chain reaction (qPCR) with the Quantifiler™ Trio DNA 

Quantification Kit and the 7500 Real-Time PCR instrument. Using the HID Real-Time 

PCR Analysis Software v1, a virtual standard curve was used. Each sample was run in 

duplicate, with final quantitation values being averaged. In mixed samples, the amount of 

female DNA was estimated by subtracting the Y-autosomal quantitation value from the 

small autosomal quantitation value. 

 

2.3 Longer Incubation at a Higher Temperature 

2.3.1 Various single source samples used with an enzyme cocktail  

2.3.1.1 Sample Treatment 

The prepared semen swabs containing approximately 100ng of DNA on their tips 

were handled using the protocol outlined below. Four swab tips were each positioned in a 

2mL microcentrifuge tube. To each tube, 3μl of forensicGEM™, 30μl of 10X Buffer 

Blue, and 267μl of DI water were added. A reagent blank was initiated at this step, 

incorporating 270μl DI water and 30μl of 10X Buffer Blue. In a thermomixer, the 

samples were incubated at 75ºC for 1 hour at 400 rpm, and then 95ºC for 10 minutes and 

4ºC for 10 minutes without agitation. The wet swabs were transferred into a mesh spin 
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basket inside a fresh 2.0 mL tube using sterile forceps. Using a centrifuge, the samples 

were spun down at 14,000 rpm for 2 minutes to eliminate all liquid from the swabs. The 

entirety of eluate from each swab was transferred back into the 0.5mL sample tube, and 

the dry swab was set aside in a separate 0.5mL tube designated for MF extraction. All but 

100µL of the supernatant was discarded into a new microcentrifuge tube marked “YEF-

#” (containing lysed epithelial cells). The 100µL and sperm pellet were subsequently 

resuspended and labeled “YSF-#". 

The direct buccal swabs digested with forensicGEM™ were prepared in the 

following manner. Using a sterile scalpel, four halves from two swabs were cut and each 

placed in a 2mL microcentrifuge tube. To each tube, 3 µL of forensicGEM™, 267 µL of 

DI water, and 30 µL of 10X Buffer Blue were added. A reagent blank was created at this 

point using 30 µL of 10X Buffer Blue and 270 µL of DI water. In a thermomixer, the 

samples were incubated at 75ºC for 1 hour at 400 rpm, and then 95ºC for 10 minutes and 

4ºC for 10 minutes without agitation. The wet swabs were transferred into a mesh spin 

basket inside a fresh 2.0 mL tube using sterile forceps. Using a centrifuge, the samples 

were spun down at 14,000 rpm for 2 minutes to eliminate all liquid from the swabs. The 

eluate from each swab was returned to the 0.5mL sample tube, and the spun-down swab 

was set aside in a separate 0.5 mL tube for MF extraction. The tubes holding the liquid 

were labeled "DEF-#" (containing lysed epithelial cells). 

Prepped Buccal swabs, derived from saliva cells and containing forensicGEM™ 

digest, were processed using the following protocol. Four swab tips were placed into a 

2mL microcentrifuge tube each. To every tube, 3μl of forensicGEM™, 267μl of DI 
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water, and 30μl of 10X Buffer Blue were added. A reagent blank was initiated at this 

stage, consisting of 270μl DI water and 30μl of 10X Buffer Blue. In a thermomixer, the 

samples were incubated at 75ºC for 1 hour at 400 rpm, and then 95ºC for 10 minutes and 

4ºC for 10 minutes without agitation. The wet swabs were transferred into a mesh spin 

basket inside a fresh 2.0 mL tube using sterile forceps. A centrifuge was used to spin the 

samples at 14,000 rpm for 2 minutes to eliminate all fluid from the swabs. The eluate 

from each swab was returned to the original 0.5mL sample tube, while the spun swab was 

set aside in a different 0.5mL tube for MF extraction. The tubes containing the liquid 

were marked "PEF-#" (encompassing lysed epithelial cells). 

Vaginal swabs with forensicGEM™ digest were processed using the following 

protocol. Using a sterile scalpel, four halves from four different donor swabs were cut 

and placed individually in a 2mL microcentrifuge tube. To each tube: 3μl of 

forensicGEM™, 267μl of DI water, and 30μl of 10X Buffer Blue were added. A reagent 

blank was created at this step, containing 30μl of 10X Buffer Blue and 270μl DI water 

(the limited availability of forensicGEM™ accounted for the absence of it in the reagent 

blank). In a thermomixer, the samples were incubated at 75ºC for 1 hour at 400 rpm, and 

then 95ºC for 10 minutes and 4ºC for 10 minutes without agitation. The wet swabs were 

transferred into a mesh spin basket inside a fresh 2.0 mL tube using sterile forceps. Using 

a centrifuge, the samples were spun-down at 14,000 rpm for 2 minutes. The eluate from 

each swab was transferred back into the 0.5 mL sample tube, while the spun-down swab 

was set aside into a separate 0.5 mL tube for MF extraction. The tubes with the liquid 

were labeled "XEF-#" (containing lysed epithelial cells). 
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2.3.1.2 Sperm Fraction Extraction 

In new 0.5 mL tubes, 34 µL of DI water, 5 µL of Acrosolv, 5 µL of 10X Red 

Buffer, 1 µL of forensicGEM™ Sperm, and 5 µL of the resuspended pellet were added 

for each sample. The samples were then vortexed, placed in a Thermal Cycler, and 

incubated at 52°C for 10 minutes, 75°C for 6 minutes, and 95°C for 3 minutes. 

 

2.3.1.3 Material Fraction Extraction  

For each epithelial swab sample (vaginal and buccal), the spun-down swab was 

placed into a clean 0.5mL tube containing 178 µL of DI water, 2 µL of forensicGEM™, 

and 20 µL of 10X Blue Buffer. Using a Thermal Cycler, the samples were incubated at 

75°C for 5 minutes, followed by 95°C for 5 minutes. 

For each semen swab sample, the spun-down swab was transferred into a 0.5 mL 

tube containing 4 µL of forensicGEM™ Sperm , 20 µL of 10X Red Buffer, 20 µL of 

AcroSolv , and 156 µL of DI water. The samples were vortexed, placed in a Thermal 

Cycler, and incubated at 52°C for 10 minutes, 75°C for 6 minutes, and 95°C for 3 

minutes. The wet swabs were transferred into a mesh spin basket inside a fresh 2.0 mL 

tube using sterile forceps.  Using a centrifuge, the samples were spun-down at 14,000 

rpm for 2 minutes. The eluate from each swab was transferred back into the original 

0.5mL MF sample tube. 

 

2.3.2 Various single source samples used with an enzyme cocktail: additional donors 
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2.3.2.1 Sample Treatment 

Semen swabs treated with forensicGEM™ digest were processed using the 

protocol outlined below. Six individual swab tips from the prepared semen swabs were 

placed into separate 2mL microcentrifuge tubes. In each tube, 267μl of DI water, 3μl of 

forensicGEM™, and 30μl of 10X Buffer Blue were added. A reagent blank started at this 

point, consisting of 30μl of 10X Buffer Blue and 270μl DI water. In a thermomixer, the 

samples were incubated at 75ºC for 1 hour at 400 rpm, and then 95ºC for 10 minutes and 

4ºC for 10 minutes without agitation. The wet swabs were transferred into a mesh spin 

basket inside a fresh 2.0 mL tube using sterile forceps. Using a centrifuge, the samples 

were spun-down at 14,000 rpm for 2 minutes to eliminate all liquid from the swabs. The 

spun-down swab was placed into a different 0.5 mL tube labeled and put aside for MF 

extraction. The eluate from each swab was put back into the original 0.5mL sample tube. 

Using a centrifuge, the samples were spun-down at 14,000 rpm for 5 minutes. The 

supernatant was transferred into a new microcentrifuge tube labeled "YEF-#" (containing 

lysed epithelial cells), leaving about 100µL of the supernatant with the pellet. The 

remaining 100µL and the sperm pellet were resuspended and marked as the “sperm 

fraction”. 

Buccal swabs treated with forensicGEM™ digest were processed according to the 

following protocol. Using a sterile scalpel, both halves of a single swab collected from 

three distinct donors were placed into individual 2 mL microcentrifuge tubes (six halves 

in total). In each tube, 3μl of forensicGEM™, 267μl of DI water, and 30μl of 10X Buffer 

Blue were added. A reagent blank was created at this step, consisting of 30μl of 10X 
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Buffer Blue and 270ul DI water. In a thermomixer, the samples were incubated at 75ºC 

for 1 hour at 400 rpm, and then 95ºC for 10 minutes and 4ºC for 10 minutes without 

agitation. The wet swabs were transferred into a mesh spin basket inside a fresh 2.0 mL 

tube using sterile forceps. Using a centrifuge, the samples were spun-down at 14,000 rpm 

for 2 minutes. The spun-down swabs were kept in separate 0.5 mL tubes designated for 

MF extraction, while the eluate from each swab was transferred back into the original 0.5 

mL EF sample tube. The tubes containing the liquid were labeled "DEF-#" (containing 

lysed epithelial cells). 

Vaginal swabs with forensicGEM™ digest were processed according to the 

following protocol. Using a sterile scalpel, one half from four different donor vaginal 

swabs were placed into 2mL microcentrifuge tubes (four in total). To each tube, 3μl of 

forensicGEM™, 267μl of DI water, and 30μl of 10X Buffer Blue were added. A reagent 

blank was initiated at this step, which included 30μl of 10X Buffer Blue and 270μl DI 

water. In a thermomixer, the samples were incubated at 75ºC for 1 hour at 400 rpm, and 

then 95ºC for 10 minutes and 4ºC for 10 minutes without agitation. The wet swabs were 

transferred into a mesh spin basket inside a fresh 2.0 mL tube using sterile forceps. Using 

a centrifuge, the samples were spun-down at 14,000 rpm for 2 minutes. The spun-down 

swabs were kept in separate 0.5 mL tubes designated for MF extraction, while the eluate 

from each swab was transferred back into the original 0.5 mL EF sample tube. The 

liquid-containing tubes were labeled "XEF-#" (which indicated the presence of lysed 

epithelial cells). 
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2.3.2.2 Material Fraction Extraction  

The leftover dry swabs set aside from each 'E-Cell' extraction were put into 0.5 

mL tubes containing 20 µL of 10X Blue Buffer, 2µL of forensicGEM™, and 178 µL of 

DI water. The samples were vortexed and then incubated in a Thermal Cycler at 75°C for 

5 minutes, followed by 95°C for 5 minutes. In the same manner, the spun-down swabs set 

aside from each 'SF' extraction were moved into 0.5 mL tubes holding 20 µL of 

AcroSolv, 20µL of 10X Red Buffer, 4µL of forensicGEM™ Sperm, and 156µL of DI 

water. The samples were vortexed and placed into a Thermal Cycler to incubate at 52°C 

for 10 minutes, 75°C for 6 minutes, and 95°C for 3 minutes. The wet swabs were 

transferred into a mesh spin basket inside a fresh 2.0 mL tube using sterile forceps. Using 

a centrifuge, the samples were spun-down at 14,000 rpm for 2 minutes. The eluate was 

transferred back into the original 0. 5 mL MF sample tube. 

 

2.3.2.3 Microscope Slide Preparation 

  About 3µL of each sample was transferred onto microscope slides and were dried 

on a heatblock. The slides were then stained using the 'Christmas Tree stain' (a mixture of 

Nuclear Fast Red and Picric Acid-Indigocarmine). 

 

2.3.3 Various semen swabs used with enzyme cocktail 

2.3.3.1 Sample Treatment 

Twelve individual swab tips (two with approximately 10ng semen, two with 

approximately 25ng semen, two with approximately 50ng semen, two with approximately 
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100ng semen, two with approximately 200ng semen, and two with approximately 400ng 

semen) were each carefully pulled apart and placed in a 2 mL microcentrifuge tube. To 

each tube, 267µl of DI water, 3µl of forensicGEM™, and 30µl of 10X Buffer Blue were 

included. A reagent blank was initiated at this step, consisting of 270µl DI water and 

30µl of 10X Buffer Blue. In a thermomixer, the samples were incubated at 75ºC for 1 

hour at 400 rpm, and then 95ºC for 10 minutes and 4ºC for 10 minutes without agitation. 

The wet swabs were transferred into a mesh spin basket inside a fresh 2.0 mL tube using 

sterile forceps. Using a centrifuge, the samples were spun-down at 14,000 rpm for 2 

minutes. The spun-down swabs were kept in separate 0.5 mL tubes designated for MF 

extraction. The eluate was transferred into a new microcentrifuge tube labeled as the 

“epithelial fraction”, leaving about 100µL of the supernatant with the pellet. The 

remaining 100µL and the sperm pellet were resuspended and marked as the “sperm 

fraction”. 

 

2.3.3.2 Sperm Fraction Extraction 

To each sample, 5µL of the resuspended pellet, 5µL of Acrosolv, 1µL of 

forensicGEM™ Sperm, 5µL of 10X Red Buffer, and 34µL of DI water were added to 

fresh 0.5 mL tubes. The samples were then vortexed, placed in a Thermal Cycler, and 

incubated at 52°C for 10 minutes, 75°C for 6 minutes, and 95°C for 3 minutes. 

 

2.3.3.3 Material Fraction Extraction  
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The spun-down swabs that were set aside from each 'E-Cell' extraction were put 

into 0.5mL tubes containing 2µL of forensicGEM™, 20µL of 10X Blue Buffer, and 

178µL of DI water. The samples were vortexed and subsequently incubated in a Thermal 

Cycler at 75°C for 5 minutes, followed by 95°C for 5 minutes. Likewise, the spun-down 

swabs set aside from each 'SF' extraction were moved into 0.5mL tubes containing 4µL 

of forensicGEM™ Sperm, 20µL of 10X Red Buffer, 156µL of DI water, and 20µL of 

AcroSolv. The samples were vortexed and incubated in a Thermal Cycler at 52°C for 10 

minutes, 75°C for 6 minutes, and 95°C for 3 minutes. The wet swabs were transferred 

into a mesh spin basket inside a fresh 2.0 mL tube using sterile forceps. Using a 

centrifuge, the samples were spun-down at 14,000 rpm for 2 minutes. The spun-down 

swabs were kept in separate 0.5 mL tubes designated for MF extraction, while the eluate 

from each swab was transferred back into the original 0.5 mL EF sample tube.  

 

2.3.3.4 Microscope Slide Preparation 

Samples were transferred onto microscope slides and left to air dry. The slides were 

then stained with the 'Christmas Tree stain' (a mixture of Nuclear Fast Red and Picric 

Acid-Indigocarmine). 

 

2.4 Modified TCDE Protocol 
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Figure 1. TCDE Protocol Flow Chart 

 

2.4.1 Master-Mix Preparation 

 

 

 



 

 

38 

Table 1. Master-Mix Preparation: Per Sample Reagent Volumes. 

Master-Mix A:  

Initial E-cell Lysis with 

forensicGEM™ 

 3μL of forensicGEM™ 

 30μL of 10X Blue Buffer 

 267μL of diH2O 

 

Master-Mix B:  

Nuclease treatment: 

Benzonase®/forensicGEM™- 

MF 

 109μL of diH2O  

 13μL of 1:13 forensicGEM™ dilution 

in 10X Blue Buffer 

 49μL of 2X Benzonase Buffer 

 10μL of 2.5U/uL Benzonase® in 2X 

Benzonase Buffer 

 

Master-Mix C:  

Nuclease treatment: 

Benzonase®/forensicGEM™- 

SF 

 1μL of forensicGEM™ 

 4μL of 2X Benzonase Buffer 

 10μL of 2.5U/μL Benzonase® in 2X 

Benzonase Buffer 

Master-Mix D:  

AcroSolv/forensicGEMsperm™- 

MF 

 5μL forensicGEMsperm™ 

 22μL of 10X Red Buffer 

 26μL AcroSolv 

 

Master-Mix E:  

AcroSolv/forensicGEMsperm™- 

SF 

 10μL of AcroSolv  

 6μL of 10X Red Buffer 

 2μL of forensicGEMsperm™ 

 

2.4.2 Epithelial Cell Lysis 
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Master-Mix A (495µL) was added to a new 1.5 mL tube for each sample. Using a 

sterile scalpel, about half of the swab head was cut and transferred into the tube, which 

was labeled with the sample name and 'SF'. In a thermomixer, the samples were 

incubated at 75ºC for 1 hour at 400 rpm, and then 95ºC for 10 minutes and 4ºC for 10 

minutes without agitation.  

 

2.4.3 Material Fraction Lysis  

Master-Mix B (181µL) was added to a new 0.5 mL tube labeled with the sample 

name and 'MF’. Once the incubation was concluded, the swabs were carefully extracted 

from the tubes using sterile tweezers and placed into a spin basket, which was then 

situated in a new 1.5mL tube. The swabs were centrifuged for 3 minutes at 14,000 rpm, 

after which they were relocated to the corresponding 'MF' tube containing Master-Mix B. 

Any leftover liquid in the tube was pipetted up and down to resuspend any formed pellet, 

and this was then transferred to the 'SF' tube. The 'SF' tube was centrifuged for 5 minutes 

at 14,000 rpm to pellet the sperm cells. Most of the supernatant was transferred into a 

clean 0.5mL tube labeled with the sample name and 'EF,' leaving about 30 µL over the 

sperm pellet. 

 

2.4.4 Sperm Fraction Lysis 

 The sperm pellet was resuspended in the remaining 30µL of supernatant by 

pipetting up and down. Master-Mix C (15µL) was added to the 'SF' tubes. Both the 'SF' 

and 'MF' tubes were placed in the thermocycler and incubated at 37°C for 15 minutes, 
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75°C for 15 minutes, and 4°C for 5 minutes. After incubation, the tubes were taken out 

and briefly vortexed. Then, Master-Mix E (18µL) was added to the 'SF' tubes, and 

Master-Mix D (53µL) was added to the 'MF' tubes. Both sets of tubes were reinserted 

into the thermocycler and incubated at 52°C for 5 minutes, 75°C for 3 minutes, 95°C for 

3 minutes, and 4°C for 5 minutes. The tubes were vortexed briefly after incubation. 

 

2.4.5 Epithelial Fraction Enzyme Inactivation 

The 'EF' tubes were placed in the thermocycler and incubated at 95°C for 5 

minutes, followed by 4°C for 5 minutes. After this, all fractions were ready for 

quantification. 

  

2.5 DNA Amplification and CE Separation  

Based on the quantitation values from qPCR, an amplification target 

concentration of 0.75ng of DNA was utilized. PCR amplification was conducted with the 

GlobalFiler® PCR Amplification Kit (Applied Biosystems™, Foster City, CA) utilizing 

a Veriti™ thermal cycler. Capillary Electrophoresis a technique for separating DNA by 

size, was performed using the SeqStudio Genetic Analyzer (Applied Biosystems™, 

Foster City, CA). Using the GeneMapper® ID-X v1.6 (Applied Biosystems™, Foster 

City, CA) software, the generated electropherograms data were examined using a 

stochastic threshold at 250 relative fluorescence units (RFU and an analytical threshold at 

30 RFU.  
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3. RESULTS  

3.1 Various single source samples used with an enzyme cocktail 

The semen swabs had a high of 99.21% of the male DNA recovered in the sperm 

fraction, with an average of 98.4%. The prepped female buccal swabs had a high of 

98.78% of the female DNA recovered in the epithelial fraction with an average of 97% 

recovery. The direct buccal swabs had a high of 85.73% of the female DNA recovered in 

the epithelial fraction with an average of 78.9% recovery. The vaginal swabs had a high 

of 99.62% of the female DNA recovered into the epithelial fraction with an average of 

66.7% recovery. 

 

Figure 2. Percent recovery of the Female DNA: from single source direct buccal swabs 

(D-1, D-2, D-3 and D-4), prepped buccal swabs (P-1, P-2, P-3 and P-4), and vaginal 

swabs (X-A1, X-B1, X-C1 and X-D1).  
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Figure 3. Percent recovery of the male DNA: from single source semen swabs (Y-1, Y-

2, Y-3 and Y-4). 

 

3.2 Various single source samples used with an enzyme cocktail: additional donors 

In the second set of vaginal swabs, a high of 99.2% of the female DNA was 

recovered in the epithelial fraction, with an average of 86.5% recovery. In the second set 

of female direct buccal swabs, a high of 84.8% of the DNA was recovered in the 

epithelial fraction with an average of 70.4% recovery. In the second set of semen swabs, 

a high of 79.3% of the total male DNA was recovered in the sperm fraction with an 

average of 58.9% recovery. 
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Figure 4. Percent recovery of female DNA: from second set of single source direct 

buccal swabs (D-E5, D-E6, D-F1, D-F2, D-G1 and D-G2) and vaginal swabs (X-H1, X-

I1, X-J1 and X-K1).  
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Figure 5. Percent recovery of the male DNA: from single source semen swabs of 

various quantities (50ng, 100ng, and 400ng). 

 

3.3 Various semen swabs used with enzyme cocktail 

Overall, the semen swabs containing various amounts of DNA recovered a high 

of 91.79% of the total male DNA in the sperm fraction, with an average of 74.45%. 

Amongst the different amounts deposited, there was no significant correlation between 

the amount of DNA added and the amount of DNA recovered in the sperm fraction.  
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Figure 6. Percent recovery of the male DNA: from single source semen swabs of 

various quantities (10ng, 25ng, 50ng, 100ng, 200ng and 400ng). 

 

3.4 Modified TCDE Protocol: Trial 1 

Due to a variety of potential factors, this experiment was not successful in 

recovering notable DNA yields in the sperm fraction and epithelial fraction of any the 

samples tested.  

 

3.5 Modified TCDE Protocol: Trial 2 

Of the vaginal only swabs, the total DNA recovered in all the fractions ranged 

from 27ng to 2112ng. On average, 99.3% of the DNA recovered were found in the 

epithelial fraction. The semen only swabs had approximately 100ng of DNA added to 
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them. Of these swabs, an average of 44% of the male DNA recovered was in the sperm 

fraction. Of the mixed vaginal and semen swabs from the same donors as the single 

source swabs, an average of 99.7% of the female DNA was recovered in the epithelial 

fraction. A high of 75% with average of 66.3% of the male DNA was recovered in the 

sperm fraction.  
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Figure 7. DNA Recovery by Fraction: including vaginal only swabs from the second 

set of donors (Vag H, Vag I and Vag J), mixed swabs from the second set of donors 

(Mixed H, Mixed I and Mixed J), and semen only swabs (Semen 1, Semen 2 and Semen 

3). Small percentages can be found in the table. Analysis of all three mixed samples 

contained full profiles of the male donor. Samples XY-H and XY-I included full female 

profiles, while XY-J was missing alleles in 13 loci in the epithelial and 2 loci in the 

material fractions.  
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Table 2. Allele Table of Mixed Samples: the epithelial fraction (EF), sperm fraction 

(SF), and material fraction (MF) from three mock sexual-assault samples from vaginal 

swab donors H (XYH), I (XYI), and J (XYJ) Asterisks indicate possible allelic drop-out.  
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Figure 8. STR profile: of mixed sample from donor I (XY-I), including the epithelial 

fraction (XYI-EF), material fraction (XYI-MF), and sperm fraction (XYI-SF). The 

profile does not have a stutter filter on. There are only one or two true alleles detected at 

each loci in the EF and SF (except for locus D22S1045).  
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4. DISCUSSION 

4.1 Various single source samples used with an enzyme cocktail 

The results from using the enzyme cocktail to extract DNA from various single-

source samples demonstrate highly efficient DNA recovery across all sample types, with 

some notable differences in the distribution of DNA into specific fractions. Using the 

semen dried onto swabs, up to 99.21% of the male DNA was recovered in the sperm 

fraction, with an average of 98.4%. The near-complete recovery of male DNA in the 

sperm fraction supports the idea that the enzyme cocktail is releasing sperm cells from 

the swab. 

In the case of the buccal swabs, the results show a distinction between cotton 

swabs with a buccal cell preparation added to the swab then buccal cells swabbed directly 

from inside the mouth. The prepped female buccal swabs yielded up to 98.78% of female 

DNA in the epithelial fraction, suggesting that the preparation step may have optimized 

the collection and extraction process, possibly by removing other components of saliva. 

This high recovery rate supports the effectiveness of the enzyme cocktail in isolating 

epithelial DNA from the oral cavity, which typically contains a rich mixture of cells from 

the buccal mucosa. In contrast, the direct buccal swabs had a lower recovery, with a high 

of 85.73% of the female DNA recovered in the epithelial fraction. This reduction in 

efficiency may be due to the direct collection process, which may include a greater 

amount of non-epithelial DNA, leading to a less efficient extraction. Nonetheless, the 

direct buccal swabs still demonstrate a relatively high recovery rate, which suggests that 

the enzyme cocktail is effective even without additional processing steps. 
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The vaginal swabs showed the highest recovery rate among the female DNA 

sources, with a high of 99.62% of the female DNA being released into the epithelial 

fraction. This is consistent with the fact that vaginal samples are typically rich in 

epithelial cells, which are easily collected and lysed. The high recovery rate also 

highlights the enzyme cocktail's efficacy in extracting DNA from vaginal swabs, where 

epithelial DNA predominates. This finding reinforces the importance of vaginal swabs in 

forensic DNA analysis, particularly in cases where clear differentiation between female 

and male DNA is critical. Overall, these results demonstrate the versatility and efficiency 

of the enzyme cocktail combined with the hour-long 75°C incubation in extracting high-

quality DNA from a variety of sample types, though some variability in recovery rates, 

particularly with direct buccal swabs, suggests that protocol adjustments or optimizations 

could further enhance consistency across different sample collection methods. 

 

4.2 Various single source samples using an enzyme cocktail: additional donors 

To see if the success of extraction was donor specific, the previous experiment of 

single source samples was repeated with new buccal swab donors and new vaginal swab 

donors. Among the 8 vaginal and 4 buccal swabs donors used, there was a variation of 

quantities of DNA released but no significant different in how well the DNA separated 

into the epithelial and material fractions.  

The results from the second set of vaginal swabs indicate a high recovery of 

female found in the epithelial fraction. This suggests that the majority of the recovered 

DNA is derived from epithelial cells, which are typically sloughed off from the vaginal 
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lining. The high percentage of female DNA recovery in this fraction supports the idea 

that epithelial cells, which are abundant and easily collected and can be released from the 

swab at 75°C enzyme incubation temperature. However, the variation in recovery rates 

between individuals highlights the potential for biological variability in DNA collection 

efficiency and release efficiency, which warranted the further investigation with different 

donors. 

In comparison, the results from the second set of female direct buccal swabs show 

a lower recovery of DNA in the epithelial fraction, with a range of 44.9% to 84.8% of 

DNA recovered with an average of 70.4% of the female DNA. While this is still a 

substantial recovery, it is noticeably lower than the vaginal swab results. This could be 

due to differences in the types of epithelial cells collected from the oral cavity. The 

buccal swabs may have a different cell membrane composition, influencing the efficiency 

of DNA recovery. Additionally, individual variations in saliva or tissue characteristics 

might contribute to the lower recovery percentage observed.  

An average of 59.9% of the total male DNA was recovered from the semen swabs 

in the sperm fraction. The range of recovery was 42.7% to 79.3%. Semen samples are a 

complex mixture containing sperm cells, epithelial cells, and seminal fluid, making it 

more challenging to selectively recover sperm DNA. The high of 79.3% recovery rate 

suggests that while sperm DNA can be efficiently isolated, there is likely competition 

between different cellular components within the sample, which may dilute the sperm 

DNA in the overall recovery. Further refinement in collection techniques or separation 

methods may be needed to increase the efficiency of sperm DNA recovery, especially in 
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cases where male DNA needs to be isolated from mixed or contaminated samples. The 

differences in DNA recovery rates across sample types (vaginal, buccal, and semen) 

underline the importance of considering the cellular composition and biological context 

of each type of sample when evaluating forensic or diagnostic DNA recovery techniques. 

 

4.3 Various semen swabs used with an enzyme cocktail 

 Since vaginal swabs are a direct source of female DNA, miniscule quantities of 

male DNA can be overwhelmed or completely muted in the profiles if the sperm DNA 

cannot be fully separated. By extracting various quantities of male DNA from cotton 

swabs, it was presumptively determined that this method is effective even when very 

little male DNA is present on vaginal swabs. The longer incubation at 75°C was initially 

optimized on single source semen swabs by Ashley Lara, and the results in this 

experiment were consistent with Lara’s study [20].  

 

4.4 Modified TCDE Protocol: Trial 1 

The first experiment using the modified TCDE protocol did not yield notable 

DNA recovery in the sperm and epithelial fractions, which raises important concerns 

about the factors influencing the success of the extraction process. The low DNA yield 

observed across all samples suggests that several procedural or technical issues may have 

contributed to the failure. One potential source of error is the improper storage of 

enzymes, which can compromise their effectiveness and lead to incomplete cell lysis or 

inefficient DNA release. Enzymes are highly sensitive to storage conditions, and 
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deviations from protocols could render them less effective. Additionally, incorrect 

reagent preparation, inaccurate calculations or improper mixing may have led to 

suboptimal enzyme concentrations, further impairing the extraction process.  

Another potential issue that likely impacted the experiment was the decision to 

attempt such a large sample size in a single session. When the experiment was later 

repeated with a smaller sample size, it was easier to maintain control over the process, 

leading to more consistent results. This highlights the importance of scaling experiments 

appropriately, especially when dealing with intricate protocols and multiple reagents. The 

lessons learned from this first trial will inform future optimizations of the TCDE 

protocol, particularly in terms of reagent preparation, sample management, and the 

careful handling of enzymes to ensure reliable DNA recovery. 

 

4.5 Modified TCDE Protocol: Trial 2 

 The single source experiments were successful in foreshadowing how the mixed 

samples would extract. The addition of the longer incubation time at 75°C during the 

initial lysis released more of the total female DNA into the epithelial fraction, providing 

less of a risk of female DNA adhering to the cotton swab or lingering in the sperm 

fraction. The addition of the Benzonase nuclease at a temperature too low for EA1 

effectively degraded any remaining epithelial cells left in the supernatant. The amount of 

male DNA recovered in the sperm fraction suggests that the Benzonase only degraded the 

epithelial cells while leaving the sperm cells intact. Looking at the profiles produced from 

the mixed samples, full male profiles were produced. This suggests that the starting 
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quantities of female DNA on the swabs does not correlate to separation success when 

using the TCDE method, since the samples had varying differences in female and male 

DNA quantity.  

The results from the second experiment using the modified TCDE protocol show 

a marked improvement in DNA recovery compared to the first experiment, although 

some variability remains, particularly in the semen-only and mixed swabs. The high 

percentage of recovery in the epithelial fraction is consistent with previous findings, 

where vaginal swabs typically contain a predominance of epithelial cells. The wide range 

of total DNA recovered (from 27ng to 2112ng) likely reflects individual biological 

variability, with factors such as the amount of cellular material present on the swab and 

the efficiency of the DNA extraction also contributing to these differences. The overall 

high recovery rate suggests that the modified TCDE protocol is effective in isolating and 

extracting female DNA from vaginal swabs.  

In contrast, the semen-only swabs, which had approximately 100ng of male DNA, 

exhibited a lower recovery rate, with an average of 44% of the male DNA recovered in 

the sperm fraction. This lower recovery percentage could be attributed to the complex 

nature of semen samples, which contain not only sperm cells but also seminal fluid and 

other cellular material. The presence of these additional components may hinder the 

selective recovery of sperm DNA, making it more challenging to isolate male DNA from 

the mixed cellular environment. Despite this, the sperm fraction did recover on average, 

56.1% of the male DNA, and the results suggest that the protocol is effective in isolating 

sperm DNA.  
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The mixed vaginal and semen swabs, which included samples from the same 

donors as the single-source swabs, demonstrated high recovery rates for female DNA, 

with an average of 99.7% of the female DNA recovered in the epithelial fraction. This 

result is consistent with the finding from the vaginal-only swabs, indicating that the 

female DNA recovery is not significantly impacted by the presence of semen. However, 

the male DNA recovery was more variable, with a high of 75% and an average of 66.3% 

of the male DNA being recovered in the sperm fraction. This suggests that while the 

modified TCDE protocol is effective in extracting sperm DNA, the presence of female 

DNA in the mixed swabs still exists. The variability in male DNA recovery across mixed 

samples indicates that the protocol may need further optimization to improve the 

efficiency of male DNA extraction in the presence of significant female DNA. Overall, 

these results demonstrate that the modified TCDE protocol is a promising approach for 

recovering DNA from both single-source and mixed samples, although further 

refinements may be needed for more consistent recovery.  

The analysis of the three mixed samples provided valuable insights into the DNA 

recovery and profile completeness across different sample types. Notably, both samples 

XY-H and XY-I yielded full male and female profiles, indicating that the DNA extraction 

process was successful in recovering complete profiles from both contributors in these 

samples. However, sample XY-J presented a different outcome, where some alleles were 

missing from the female profile in both the epithelial and material fractions. This partial 

loss of female alleles could indicate that the DNA recovery in XY-J was less efficient, 

possibly due to an error in the amplification or capillary electrophoresis processes. The 
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missing alleles could also be due to factors such as incomplete cell lysis, sample 

degradation, or insufficient DNA recovery from the epithelial cells, which are often the 

primary source of female DNA in mixed samples. The target mass for amplification of 

0.75ng per sample was reached for all samples. Further investigation into the causes of 

incomplete recovery in XY-J could help optimize protocols for handling complex 

mixtures and ensure more reliable results in forensic and diagnostic applications. 
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5. CONCLUSIONS 

This research successfully evaluated the efficiency of a modified temperature 

controlled differential extraction procedure for releasing DNA on cotton swabs from 

single-source samples, achieving DNA recovery ranging from 42% to 98% from the 

respective sperm and epithelial fractions. The success of this protocol was consistent 

across various sample types, including semen, vaginal, and buccal cells, supporting its 

robustness across different biological materials. This high yield indicated that the 

protocol would likely be effective at isolating DNA from distinct cell types, such as 

sperm and epithelial cells, in mixed DNA samples. Mike Yakoo developed and optimized 

extraction using the TCDE method with mixed liquid samples [80]. By experimenting 

with mixed samples on cotton swabs specifically, the results in this study were consistent 

with Yakoo’s results using types of samples often found in SAECK [80]. 

The incorporation of an extended incubation period at a higher temperature in the 

initial lysis step, based on success from Lara’s trial on semen swabs, resulted in 

significant improvements in the quantity of DNA recovered [20]. Specifically, when 

applied to mixed samples (vaginal and semen) and single-source samples (vaginal, 

semen, and buccal), the modified protocol led to greater overall DNA release in both the 

sperm and epithelial fractions. This is also consistent with results from Ashleigh Roberts, 

who determined when conducting the TCDE method on various substrates, incubation 

prior to and/or in the beginning of extraction helps facilitate cell release and lysis [96]. 

The hour-long incubation time at 75°C facilitated more efficient lysis of cells, which, in 

turn, increased the yield of DNA. Importantly, the resulting fractions were visibly cleaner 
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compared to previous iterations of the protocol, suggesting that the extended incubation 

aided in separating the unwanted cell types. 

Microscopic examination of the separated fractions provided additional evidence 

of the protocol's specificity. When the sperm and epithelial fractions were stained and 

observed under a microscope, no sperm cells were detected in the epithelial fraction, and 

conversely, very few epithelial cells were present in the sperm fraction. This helped 

confirm that the TCDE protocol effectively separated the sperm and epithelial cells, 

ensuring that the DNA profiles from each fraction would likely be distinct once analyzed.  

DNA profiling from the mock sexual assault samples was successful. Despite the 

female-dominant nature of the sample, a complete male DNA profile was successfully 

retrieved from the sperm fraction. This result highlights the sensitivity and specificity of 

the modified TCDE protocol, as it was able to isolate a full male DNA profile from the 

sperm fraction, even in the presence of a large amount of female DNA. The ability to 

obtain a full and accurate male profile in this context is of particular importance in 

forensic casework, where distinguishing male DNA in sexual assault cases is often 

critical for identification and prosecution. 

The clean separation of sperm and epithelial cells, along with the retrieval of 

complete and clean DNA profiles, suggests that this protocol could significantly improve 

the efficiency of forensic DNA analysis, particularly in cases involving sexual assault or 

other mixed-source samples. Future studies should continue to optimize the TCDE 

protocol in volumes and equipment typically found in forensic laboratories. The most 
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common thermocycler capacity is typically for 0.2mL to 0.5mL tubes. The use of 1.5mL 

tubes are necessary for drying the wet swabs in spin baskets. Two ideal solutions would 

be a thermocycler with a 1.5mL tube capacity or a spin basket that fits in a 0.5mL tube, 

neither of which currently exist. This updated protocol should be further validated using a 

larger sample set of mixed samples.  

  



69 

APPENDIX:   

Table 3. Sample Name Nomenclature: Breakdown that correlates to all samples 

presented in the text, figures, and other tables.  

Sample Nomenclature 

Example: X-A1, first vaginal swab from Donor A 

Sample Type 
Type 

Identifier 
Donor 

Identifier 
-Swab/ Swab Half Used

(e.g. -2 would be the
second half of the first

swab used) 

Vaginal Swab X A-J

Direct Buccal Swab D E-G

Prepped Buccal Swab P - 

Semen Swab Y - 

Mixed Swab XY A-J
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