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Abstract 

“Touch” DNA is evidence that consists of epidermal cells deposited by handling objects 

and it is becoming more common in evidence samples processed in crime labs. Because “touch” 

DNA evidence samples may be low-template DNA and are often mixtures, there is a need to 

both nondestructively estimate the amount of DNA present prior to DNA purification and to 

identify and characterize mixtures prior to DNA typing. The purpose of this study was to test the 

use of FITC-labeled anti-testosterone antibodies as a potential tool to estimate the number of 

contributors in two-, three-, and four-person mixtures of epidermal skin cells, as well as estimate 

the quantity of DNA in single-source epidermal cells. DNA mixture profiles can be difficult to 

interpret and any information prior to profile generation may aid in developing the most 

informed interpretation of the data. Single-source and mixture samples bound to anti-testosterone 

antibodies were assessed for their fluorescent intensities using a Guava® easycyteTM flow 

cytometer. Only some of the two- (3/18) and three-person (1/9) mixture fluorescence histograms 

correctly estimated the number of contributors but none of the four-person (0/3) mixtures were 

successful. Statistical analysis of single-source and mixture histogram distribution demonstrated 

some capability of predicting the presence of a mixture but requires further testing. To predict 

DNA content, stained single-source samples were collected from the flow cytometer and 

subjected to DNA extraction and quantification. Plotting of median fluorescent intensity against 

the DNA quantity of single-source donors revealed no apparent correlation, though most DNA 

quantities were not reliably detected. To provide support to the mixture and DNA quantity 

studies, the specificity of the anti-testosterone antibody was assessed by comparing its 

fluorescent intensity to a FITC-labeled non-specific isotype control. The anti-testosterone 

antibody demonstrated a substantially greater fluorescent intensity indicative of greater antibody 

binding and was determined to be more specific than the isotype control. To optimize fluorescent 

intensity for future studies, single-source samples were stained with anti-testosterone and FITC-

labeled anti-dihydrotestosterone antibodies together at various volumes [2.5, 5, and 10 uL]. The 

optimal combination of the two antibodies may be 2.5 uL anti-testosterone and 10 uL anti-

dihydrotestosterone but requires more testing. This study demonstrates that anti-testosterone 

antibodies have the potential to be used in a nondestructive technique to estimate the number of 

contributors in a mixture of epidermal skin cells by specific staining but may not be able to 

estimate DNA quantity in single-source samples. 

 

Key words: Forensic Science, Touch DNA, DNA Mixtures, Flow Cytometry, Testosterone, 

Dihydrotestosterone, Epidermal Skin Cells 
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Introduction 

 In recent years, forensic cases have had an increase in crime scene evidence from handled 

items (also referred to as touch DNA evidence) (1). Approximately half of all contemporary 

casework is comprised of touch DNA evidence (1). While touch DNA is not always low 

template, the analysis is frequently complicated by low levels of DNA derived from mostly 

anucleate and highly keratinized epidermal cells which makes up the first two layers of the 

epidermis (stratum corneum and stratum lucidum) (2, 3, 4). A large proportion of the DNA 

obtained from samples comprised primarily of these keratinized cells may be extracellular DNA 

(eDNA). (5, 6). Because eDNA exists outside of the cell, a large portion of the DNA from touch 

evidence is exposed to harsh conditions in the environment that can severely degrade DNA such 

as heat, oxygen, or ultraviolet (UV) light (7). Degraded DNA in short tandem repeat (STR) 

profiles can result in allele drop-out, or full locus drop-out (8). Low-template DNA (LT-DNA) 

can result in allele drop-in due to frequent contamination of DNA of very low levels (8). 

Additionally, many touch DNA samples are mixtures of multiple contributors due to many 

people handling the same object, and the frequency of mixture detection in crime scene evidence 

has increased over the years due to more sensitive STR kits (8, 9). All of these factors further 

complicate downstream DNA analysis and can sometimes make contributor specific allele 

attribution nearly impossible. 

 There are numerous methods currently used in forensic science to identify and analyze 

mixtures, though they each have their limitations. An indirect method of detecting the presence 

of a mixture is by using a physical evidence recovery kit (PERK) to collect potential DNA 

evidence on a swab from a female victim. It is possible to presumptively detect seminal fluid or 

microscopically identify sperm cells on the swab; because specific male components are 
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indicated or identified on a female victim, a mixture of male and female DNA is implied (10). It 

should be noted that this mixture detection method must use male specific components like 

seminal fluid or sperm cells to successfully indicate a mixture.   This method does not offer 

detection of touch DNA evidence mixtures from epidermal skin cells, even if one or more 

contributors are male. This method also only detects male:female mixtures when seminal fluid 

from a non-vasectomized male has been deposited and cannot identify same sex mixtures, nor 

estimate the number of contributors. 

 Another common mixture identification method is during the DNA quantification step in 

the forensic DNA analysis workflow. While these are not the only examples, the PowerQuant® 

and QuantifilerTM Trio quantification systems can indicate the presence of a mixture by 

calculating the ratio of male DNA to total human DNA. This is possible because both systems 

quantify DNA using an autosomal DNA target and a Y-chromosome DNA target during 

quantitative PCR (qPCR) (11, 12). This method is not restricted to a particular cell type because 

most male cells will have a Y-chromosome (except for X-chromosome containing sperm cells), 

and the ratio of male to total human DNA gives an indication as to how much DNA was 

contributed by the male and female contributors. However, this method requires evidence sample 

destruction to be performed, cannot identify same sex mixtures, and cannot indicate the number 

of contributors to the mixture. 

 The last commonly used method of mixture identification is performed during STR 

profile interpretation. Similar to the DNA quantification method, it is sometimes possible to 

identify major and minor contributors based on allele peak heights but is not always the case in 

mixtures of equal amounts of DNA from each contributor. Assessing the STR profiles for the 

number of contributors to a mixture becomes increasingly less accurate as mixture complexity 
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dramatically increases once there are more than three contributors to the sample (13-18).  

Although it is also sometimes possible to identify the number of contributors by the largest 

number of alleles observed at a single locus, it may not always be useful in touch DNA evidence 

that could also be LT-DNA and/or degraded DNA and the many complicating factors that come 

with this type of evidence. Similar to the DNA quantification method, STR profiling requires 

sample consumption which can be problematic if there is not enough sample to save for retesting 

at a later time, which is always desirable in forensic evidence analysis. This method is also time 

consuming because it requires that the DNA sample undergo the entire forensic DNA workflow 

to the completion of STR profile interpretation. 

 Many of these methods are incapable of estimating the number of contributors in a touch 

DNA sample, identifying same sex mixtures, and all of these methods are unable to estimate the 

quantity of DNA without sample destruction. This gives rise to the need for a new approach to 

nondestructively identify the number of contributors in a mixture whether they are same or 

different sexes, and to estimate the quantity of DNA prior to sample destruction. This approach 

could save time and resources by identifying whether a probative mixture is present in evidence 

or if the estimated DNA quantity is high enough to move forward with DNA quantification and 

STR profiling on the sample. One potential method to achieve these goals uses fluorescently 

labeled antibody probes to differentially stain epidermal skin cells for the target molecules 

testosterone and dihydrotestosterone and to detect differences in levels of fluorescence between 

multiple individuals via flow cytometry. 

Testosterone is a cholesterol-based molecule that is fat soluble and passively diffuses 

across cell membranes of target tissues such as muscle, bone, fat, liver, skin, and myeloid tissues 

(19). Approximately 10% of testosterone is reduced to the androgen molecule 
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dihydrotestosterone (DHT) in the skin by the enzyme 5α-reductase (20). Both testosterone and 

DHT are able to bind an androgen receptor complex in the cytoplasm of target cells, NR3C4 

(nuclear receptor sub family 3, group C, member 4), after which the hormone-androgen receptor 

complex is then transported to the nucleus (21). Testosterone that does not interact with target 

tissues is metabolized by the liver (22, 23). In addition to the liver, testosterone is metabolized in 

the kidney, gut, muscle, and adipose tissues by hepatic oxidases, notably cytochrome P-450 3A 

family (24). There is little information on whether testosterone is also metabolized in non-target 

tissues or it passively diffuses out of the cell until it reaches a target tissue or is metabolized 

elsewhere. Testosterone and dihydrotestosterone are prevalent signaling molecules in many 

tissues including epithelial cells (25, 26), which make them promising target molecules for touch 

DNA evidence. It has also been observed that testosterone is a stable molecule, maintaining 

consistent levels in stored serum for over 40 years (27). This supports the possibility that it may 

act as a biomarker that does not degrade as easily in forensically related samples that are 

commonly subjected to harsh environmental conditions and degradation.  

 A previous study used fluorescently labeled anti-testosterone and anti-

dihydrotestosterone antibodies to stain epidermal skin cell populations from male-female 

mixtures and successfully enhanced for male and female DNA profiles after cell separation of 

the stained mixture into male and female fractions using fluorescently activated cell sorting 

(FACS) (28). Testosterone and dihydrotestosterone were chosen as markers in this previous 

study because they are more abundant in males than in females; the prevalence of testosterone in 

blood serum is about 10 times that of the levels in females (27, 29, 30), and that disparity was 

hypothesized to potentially translate to other tissues like epidermal skin cells. This was intended 

to serve as a method of discriminating between male and female cells via fluorescently labeled 
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anti-testosterone and anti-dihydrotestosterone antibodies. However, one major observation of the 

Miller et al. (2019) study was that male epidermal skin cells were not consistently labeled at a 

higher signal compared to female cells (28). This key finding supports the current hypothesis that 

fluorescent signals from epidermal skin cell staining differ in individuals rather than only 

showing the previously hypothesized differences between females with a low signal and males 

with a high signal. This allows for the testing of differential staining of epidermal skin cells 

using testosterone and DHT as antibody targets and anti-testosterone (anti-T) and anti-

dihydrotestosterone (anti-DHT) antibodies as the fluorescently labeled probes to resolve 

touch/epidermal skin cell mixtures via flow cytometry. Because testosterone is a macromolecule 

prevalent in the skin, it is hypothesized that samples with a large amount of fluorescence due to 

antibody binding will likely have a greater amount of DNA because testosterone and DNA are 

both macromolecules. 

 Flow cytometry is a process that allows cells to move through a capillary small enough 

that the cells must move in a single-file line as they pass by a laser of a specific wavelength that 

excites the fluorophores attached to the antibodies bound to the cells (31). There are detectors 

inside of the instrument in order to capture the emitted fluorescence wavelength from the 

fluorophores before it is digitized for analysis (31). The cell size and complexity are also 

determined by detectors that capture the scattered light from the laser that interrogates the cells. 

The forward scatter light measures cell size, and the side scatter light in the perpendicular 

direction measures cell complexity. There are bandpass filters in front of the detectors to ensure 

that none of the light from the laser enters the detectors, only the scattered light and fluorescent 

emissions of the fluorophores. The bench top instrument Guava® easyCyte™ flow cytometer 

(Millipore Inc., Burlington, MA) can be utilized in forensic science research for the collection of 
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data regarding the relative fluorescence of cell populations to generate fluorescence histograms. 

The Guava flow cytometer is simple and efficient; however, the instrument is limited in that each 

sample must be analyzed one at a time and does not offer high-throughput capabilities. 

In this study, epidermal skin cells were used because they served as a mean of replicating 

touch DNA evidence. Additionally, touch DNA evidence is frequently composed of multiple 

contributors and can have low levels of DNA, which often confounds STR profile interpretation 

(8, 9). Thus, anti-testosterone antibody (anti-T) binding to epidermal skin cells was tested to 

determine if it could be used to nondestructively estimate the number of contributors in mixture 

samples by identifying the number of distinguishable peaks in fluorescence histograms of 

mixture samples. A number of tests were performed in order to assess the use labeled anti-

hormone antibodies for epithelial touch sample characterization.  In order to estimate DNA 

quantity, the median fluorescence of single-source samples was plotted against DNA 

concentration to determine if a correlation existed. The specificity of the anti-testosterone 

antibody was explored by comparing its staining pattern and level of fluorescence to an isotype 

control antibody, which is used to determine the level of non-specific binding present during 

probe hybridizations. The anti-testosterone and anti-DHT antibodies were optimized together to 

produce the greatest shift in fluorescence. Finally, two-, three- and four-person epidermal cell 

mixtures were created and assessed for contributor number by plotting the fluorescent signal 

patterns. 

 Applications of antibody staining such as resolving touch mixtures or utilizing the extent 

of probe binding to predict the quantity of recoverable DNA in the sample have had some 

advancement but could be explored further. The first goal of this project was to optimize 

epidermal cell staining using fluorescently labeled antibodies complementary to testosterone and 
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dihydrotestosterone (DHT) because both macromolecules are thought to exist in the epidermal 

skin cells. These probes were then used to stain skin epithelial cells from touch/trace mixtures 

and single-source samples to generate fluorescence histograms using flow cytometry. This 

epidermal cell staining method was used to pursue a number of objectives: I.) to confirm the 

specificity of anti-T probes by comparing fluorescent intensity with isotype control fluorescent 

intensity to determine if anti-T was noticeably more fluorescent, II.) to evaluate the number of 

contributors to two-, three-, and four-person mixtures and determine if the number of 

distinguishable peaks in the fluorescence histogram staining pattern accurately and reproducibly 

reflected the contributor number, III.) to optimize staining with anti-T and anti-DHT probes 

together in single-source samples for greater fluorescent intensity by varying the volumes of 

each probe added, and IV.) to determine if there is a correlation between the quantity of 

recoverable DNA and the median fluorescent intensity in single-source samples and use the 

model to accurately predict DNA quantities nondestructively.  

 

Methods 

Sample Collection 

 Multiple sampling methods were performed in order to maximize cell yield. Participants 

(30 females, 9 males) either handled a 50 mL conical tube, a 250 mL glass graduated cylinder, or 

a wooden or plastic knife handle for 2 minutes with pressure on each hand to deposit epithelial 

cells. A cotton swab moistened with 100 uL of diH2O was used to swab along the surface of the 

object to collect the deposited skin epithelial cells. Alternatively, a moistened cotton swab was 

used to directly swab the palms of the participants hands. The cotton swab was rotated while 
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swabbing to ensure all surfaces of the swab made contact with the cells. The swabs were lightly 

tweezed apart to loosen the cotton fibers for better cell elution. Swabs from each participant were 

placed into a single tube containing 1.5 mL of cell staining buffer (bovine calf serum, sodium 

azide) (BioLegend, San Diego, CA). To elute the cells from the swabs, the swabs were incubated 

in buffer for five minutes and then pulse agitated in a vortex platform (1 minute). 

Epithelial skin cells other than from the hands were collected from participants using a 

Whatman® FTA® Sterile Omni Swab (GE Healthcare, Chicago, IL). Participants swabbed the 

sides of their nose and behind their ears for two minutes to maximize skin cell yield. Participants 

who were wearing makeup, or any other facial-care product, only swabbed behind their ears. 

Informed consent was obtained from the participants prior to collecting samples. 

Antibody Staining 

After the cells were eluted off of the cotton swab, the swab was discarded and the cell 

staining buffer containing the eluted cells was transferred to a 1.5 mL microcentrifuge tube. The 

cell solution was centrifuged at 14,000 Relative Centrifugal Force (RCF) for ten minutes. 

Without disturbing the pellet, the supernatant was removed until 250 uL remained using a P1000 

micropipette; then the pellet was resuspended by pipetting up and down. One microliter of 

blocking buffer (aqueous buffer, proteins, 0.09% sodium azide) (Thermo Fisher Scientific, 

Waltham, MA) was added to the cell solution, and it was incubated on ice for ten minutes, then 

the cell solution was vortexed. Two new 1.5 mL microcentrifuge tubes were created to be the 

negative control and the isotype control. Eighty-three microliters of the cell solution were 

removed and placed into each new tube. The remaining 83 uL of cell solution in the original tube 

were not transferred to a new tube. Next, one of the cell solutions was incubated and hybridized 

with the FITC-labeled anti-testosterone (anti-T) antibody (Novus Biologicals, Centennial, CO) 
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with a concentration of 0.68 mg/mL at a volume 2.5 uL [0.0017 mg]. Another cell solution was 

incubated and hybridized with the FITC-labeled isotype control antibody (Novus Biologicals, 

Centennial, CO) with a concentration of 0.62 mg/mL at a volume of 2.5 uL [0.00155 mg]. When 

optimizing the antibody combination, varying volumes of anti-T [2.5 uL [0.0017 mg], 5 uL 

[0.0034 mg], and 10 uL [0.0068]] and anti-DHT [2.5 uL (0.001025], 5 uL [0.00205], and 10 uL 

[0.0041]] (MyBioSource, San Diego, CA) of antibody were added to single-source cell solutions 

(Table 1). The amount of antibody in mg per cell was also reported (Table 2). The remaining cell 

solution acted as a negative control and was not stained with any antibody or isotype antibody. 

All three tubes were vortexed for one minute before and after incubation on ice for one hour. 

Next, the cell solutions were washed in cell staining buffer. The cell solutions were centrifuged 

for 10 minutes at 14,000 RCF, and the supernatant was removed without disturbing the pellet 

until ~100 uL remained. The pellet was resuspended in 400 uL of cell staining buffer for a total 

volume of 500 uL. This wash was performed twice before flow cytometry analysis. 

Initial evaluations of hybridization and optimizations were performed on the isotype 

control and anti-T antibodies with additional anti-DHT separately using flow cytometry. 

Hybridization was performed on both single-source cell solutions and mixture cell solutions 

where it was likely that each individual contributed unequal numbers of cells because individuals 

shed cells at different rates. For single-source samples, the unstained negative control, isotype 

control, and anti-T or combined anti-T and anti-DHT stained epidermal cell solutions were 

separately analyzed on the flow cytometer and generated fluorescence histograms to visualize the 

fluorescent intensities of each cell solution. This was done to evaluate whether there were 

noticeable differences in fluorescence between the controls and the anti-T stained samples, and 

which combination of anti-T and anti-DHT gave the most optimal difference in fluorescence 
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from the controls. The median fluorescence of the anti-T stained samples was documented for 

plotting against DNA quantity at a later time. For mixture samples, the fluorescence histograms 

of the anti-T stained samples were evaluated for the number of noticeable peaks. 

 

Flow Cytometry Screening 

Initial screening of antibody hybridization of epidermal skin cells was performed using 

the Guava® easyCyteTM flow cytometer. Prior to analysis on the flow cytometer, the Guava 

cleaning cycle and easyCheck protocol was performed. The cleaning cycle ensured that there 

was no particulate build up in the capillary before analyzing the epidermal skin cells. The 

easyCheck protocol demonstrated that the instrument counted a known number of reference 

beads correctly before counting the epidermal cells or events within a cell solution. Epithelial 

cell populations in cell staining buffer were analyzed in the Guava® easyCyte™ instrument in 

aliquots of 500 μL, after being passed through a 100-um filter in order to filter out components 

that could interfere with hybridization, which may include fragments of sampling swab and/or 

aggregations of cellular debris. Initial experiments used an Alexa-488 fluorescently labeled anti-

T antibody, whereas later experiments used a FITC-labeled anti-T antibody. The Alexa-488 

emits a higher intensity signal, but both fluorophores absorb and emit at identical spectra. The 

isotype control antibody and anti-DHT antibody were both FITC labeled. The epidermal skin 

cells bound with fluorescently labeled antibodies were moved through a capillary and 

individually excited with a 488 nm laser (50 mW). The anti-T stained cell solutions (222 uL) 

were eluted directly from the flow cytometer into a 1.5 mL DNA LoBind® low retention tube 

(Eppendorf, Hamburg, Germany). Cell solutions were frozen at -20°C until ready to extract 

DNA. After flow cytometry, the Flow Cytometry Standard (.fcs) files generated by the Guava 
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flow cytometer were analyzed on the FlowJo® software program (BD, Franklin Lakes, NJ). 

Scatter plots of the cell size (x-axis) and complexity (y-axis) were generated. Each sample was 

gated to contain large and complex cells and exclude potential cellular debris. Histograms of the 

fluorescence of each gated sample were created with the fluorescent intensity (Green-B 

fluorescence area log) and the cell count on the x- and y-axes, respectively. 

 

DNA Extraction and Quantification of Cell Solutions 

 All cell solutions analyzed with flow cytometry were collected and subjected to DNA 

extraction with the DNA IQ™ System (Promega, Madison, WI) following the Virginia 

Department of Forensic Science’s protocol (32). Purified DNA extracts were dried using the 

entire 40 μL using vacuum centrifugation (SpeedVac, Thermo Fisher Scientific) and re-

suspended in sterile 18Ω water in 13 μL. Quantitation was performed on all purified samples 

with Promega’s PowerQuant® System using the Quant Studio 5 Quantitative PCR instrument 

(AB, Foster City, CA), following the manufacturer’s protocol. 

 

Mixture Skewness vs Kurtosis Statistical Analysis 

The raw fluorescence data for single-source, two-person, three-person, and four-person 

mixtures was exported from FlowJo (N=18). The data consisted of the individual fluorescent 

intensity values of each cell/event in the gate used to create the histograms for each sample. This 

data was exported for five of the single-source samples, two-person, and three-person mixture 

samples, and all three of the four-person mixture samples. A univariate analysis was performed 

on each sample’s raw fluorescence data in the PAleontological STatistics (PAST) software to 

calculate the skewness and kurtosis of each sample.  
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The skewness of a distribution is a measure of asymmetry compared to a normal 

distribution, which has a skewness of zero and is completely symmetrical. A positive skewness 

value indicates that a distribution is skewed to the right and a negative value indicates that a 

distribution is skewed to the left compared to a normal distribution. The kurtosis is a measure of 

whether the tails of a distribution are heavy or light relative to a normal distribution. In a heavy 

tailed fluorescence histogram, the cell count would approach zero very slowly at the left and 

right tails and would have many outlier cells/events with both low and high fluorescent 

intensities. In a light tailed fluorescence histogram, the cell count would approach zero very 

quickly at the left and right tails and would have very few outlier cells/events with low and high 

fluorescent intensities. A kurtosis of zero means that the tails are neither heavy nor light relative 

to a normal distribution. A positive kurtosis value indicates a heavy-tailed distribution, and a 

negative value indicates a light-tailed distribution relative to a normal distribution (33). The 

skewness and kurtosis values for each sample were then plotted on a scatterplot. The single-

source, two-, three- and four-person mixtures were color-coded to determine whether each 

sample type demonstrated reproducible skewness and/or kurtosis values. 

 

Results and Discussion 

Gating Data and Fluorescence Histogram Shape 

The distributions of fluorescence histograms from both known single-source and mixture 

samples could change significantly depending on the subpopulation of cells selected for analysis. 

In one two-person mixture sample (Fig. 1), the histogram was consistent with as a single-source 

cell population with only one peak. However, as the gate was shifted to include a broader range 

of cells and/or other biological objects, the fluorescence histogram displayed two-distinguishable 
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peaks that could indicate the presence of cell populations derived from two different contributors 

(Fig. 1A-B). To maximize the chance of observing contributor-specific differences, one 

gate/subpopulation was selected based on this cell population and then applied to other cell 

populations generated for this study. 

While some mixture samples did result in more than one distinguishable peak, it should 

be noted that single-source and mixture samples with a cell count at or below ~200 resulted in 

histograms with irregular distributions and multiple peaks that were not necessarily indicative of 

the number of contributors (Fig. 2A-C) (Fig. 3A-B). This could indicate that a minimum cell 

count is needed to make meaningful conclusions based on histogram data. It should be noted that 

the gating parameters used are not the most optimized, which could have impacted number of 

cells used to create the histogram. It is possible that a truly optimized gate could include more 

cells to mitigate these irregular distributions in both single source and mixture samples and still 

offer resolution of multiple peaks in mixture samples. Irregular histogram distributions due to 

low cell count were reproducible and observed three times in the same single-source donor (Fig. 

2A-C) and two times in the same mixture samples (Fig. 3A-B). The same donor with a low cell 

count in known single-source histograms could appear to be a mixture of multiple contributors 

(Fig 2A-C) but was easily identifiable as a single-source sample with one peak when the cell 

count was larger (Fig. 2D). A known mixture of two contributors with a low cell count produced 

histograms that could not definitively attribute shoulders or other patterns of the histogram to 

multiple contributors because the low cell count could be the main factor determining the 

histogram shape (Fig. 3A-B). However, when the cell count was substantially greater in the 

known mixture of the same two contributors, there were two distinguishable peaks presented 

without other irregular histogram patterns (Fig. 3C). The gating parameters and the cell count 
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within the gate influenced the shapes of histograms, though more testing is required to determine 

which is more influential of the histogram shapes because changing the gating parameter also 

changed the number of cells within the gate that were used to create the histogram. 

 

Isotype Control 

 For an individual solution of epidermal skin cells from a single donor, the fluorescence 

shift for an unstained control, isotype control, and anti-T stained sample were also compared on 

overlaid histograms to make inferences about the specificity of the anti-T antibody. In many 

cases the isotype control had a greater fluorescent intensity than the unstained control, while the 

anti-T stained cells showed a fluorescent intensity greater than both controls (Fig. 4). This 

demonstrates that the anti-T antibody is more specific than the isotype control because the 

greater fluorescent intensity of the anti-T stained cells represents a greater amount of antibody 

emitting a fluorescent signal, which is achieved by a higher amount of anti-T antibody binding to 

its target molecule(s) compared to a lower amount of isotype antibody binding. If there is a 

greater amount of binding and more affinity of one antibody over another, then it must be 

specific to a particular target molecule or molecules (34).  

The anti-T antibody was identified as being more specific than the isotype control due to 

a greater fluorescent intensity demonstrated by a greater shift to the right (higher fluorescence) of 

the anti-T histogram compared to the isotype control histogram. This analysis alone does not 

determine that the antibody is specific to testosterone molecules within the cell, only that it is 

binding with higher affinity than the isotype antibody, which is known not to be specific to any 
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molecules within the cells, and therefore measures the amount of nonspecific binding and 

background fluorescence.  

 The median fluorescence value of the isotype control fluctuated between approximately 

2,000 and 5,000 when staining single-source samples (Fig. 5). When isotype control histograms 

generated from four different donor’s epidermal samples were overlaid, there were small 

differences in separation between each histogram. This indicates that between numerous, 

different single-source donors, the amount of nonspecific binding and background fluorescence 

does not vary substantially because there is limited separation between the histograms. It is 

possible that the differences in median fluorescence between samples are simply due to 

differences in cell count from sample to sample. 

 It should also be noted that, in some instances, the gate chosen to analyze only large and 

complex cells that was applied to all unstained control, isotype control, and anti-T (Fig. 6A) or 

anti-T and anti-DHT combined (Fig. 6B) antibody samples resulted in the complete overlap of 

the unstained control and the isotype control in some samples. If the fluorescent intensity of the 

isotype control is approximately the same as the unstained control, then it can be inferred that 

there was limited nonspecific binding occurring in the gated large and complex cell population; 

therefore, it is likely that the nonspecific binding of the isotype control predominantly occurred 

in the small and less complex cell population. The shift of the anti-T stained sample and the 

separation from the two controls demonstrates that the molecule(s) that the anti-T antibody is 

specific to was present in large and complex cells that likely contain more macromolecules than 

small and less complex cells. This can be observed in the scatterplots for these samples (Fig. 6C-

D) because the gating parameter applied in figure 1A was applied to all samples including figure 

7. The gate is including cells/events that have high forward scatter and high side scatter values. 
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Determining that the anti-T antibody was specific was important for several reasons. The 

amount of target molecule within the shed epidermal cells likely varies from person to person; 

thus, the amount of anti-T binding will likely vary from person to person and produce differing 

levels of fluorescence between cell populations from different donors. Therefore, it could be 

possible to estimate the number of contributors based on the differences in fluorescent intensity 

that is proportional to the amount of target molecule present in different cell populations from 

different donors. Because testosterone is a macromolecule, its presence could indicate the 

presence of other macromolecules like DNA. Since the anti-T antibody was concluded to be 

specific, it is possible that fluorescent intensity generated by the amount of antibody binding to a 

specific macromolecule could correlate to the quantity of DNA, another macromolecule, within a 

single sample. This was further supported by observing that the anti-T antibody was binding 

specifically in large and complex cells with more internal particulates, which were more likely to 

contain DNA.  

Lastly, the greater fluorescent intensity of the anti-T antibody compared to the isotype 

control allowed for the anti-T antibody to be optimized with the anti-DHT antibody to produce 

an even greater fluorescence shift of the histogram when the same donor was stained (Fig. 7). It 

should be noted that the cell count of the anti-T stained sample [920 cells] of the donor was 

substantially higher that of the combined anti-T and anti-DHT stained sample [285 cells]. 

Separation was observed between the two histograms, and the median fluorescent intensities of 

the anti-T only [7661] and the combined anti-T and anti-DHT [22863] samples were 

substantially different. However, the same donor should be stained with anti-T and combined 

anti-T and anti-DHT again with similar cell counts in order to make a more accurate comparison 

between the fluorescent intensities of the overlaid histograms. It is possible that the median 
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fluorescent intensity of the combined antibody sample is a less accurate than the anti-T only 

sample because of the low cell count. One potential future direction could be to stain the hand 

cells with anti-T and combined anti-T and anti-DHT antibodies from many different single-

source donors to determine if the combined antibody resulted in a reproducible greater shift of 

the histogram to the right. Only one individual donor was stained with combined anti-T and anti-

DHT, so the greater shift to the right was not determined to be reproducible in this study. 

 

Mixture Analysis 

Samples Collected From “Touch” Epithelial Cell  

Mixture cell solutions were created by swabbing objects that were handled by multiple 

participants, and subsequently eluting cells into aqueous buffer. Alternatively, single-source 

swabs were created after swabbing participants’ palms, and cells were eluted from each swab 

into the same tube containing buffer to create mixtures. The fluorescence histograms were 

evaluated for the number of distinguishable peaks produced to assess whether or not contributor 

number would be reflected in the number of peaks observed in the histograms. The histograms 

were created using a gated subpopulation of cells that contained larger cells with forward scatter 

values on the x-axis between ~ 117 and ~ 263, and complex cells with side scatter values on the 

y-axis between ~ 2800 and ~ 93000 that was identified from the previous experiment. 

 It was expected that the histograms produced from the staining cell solutions containing 

multiple contributors could show more than one distinct number of peaks, and, possibly a 

number of peaks equal to the number of contributors in the cell solution if each contributor 

differed in the amount of testosterone targets (or other antigen recognized within the cell by the 
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anti-T antibody) within the population of shed skin cells. This was observed in three two-person 

mixtures (3/18) and one three- person mixture (1/9). However, there were many histograms 

generated from two-, three-, and four-person mixtures that did not show evidence of multiple 

peaks. Some appeared to have only one peak, similar to histograms generated from single-source 

cell solutions (Fig. 8). 

 There are many potential factors that could play a role in the lack of resolution. One 

major factor could be the total number of cells in the mixture belonging to each contributor. Two 

contributors are unlikely to shed the same number of cells after handling an object or having 

their hand swabbed. For example, if one contributor sheds cells more easily and donated two or 

three times the number of cells than a second contributor, then the first contributor could produce 

a histogram with a higher median fluorescence that may not be strictly due to intrinsic 

biochemical differences between contributor cell populations prior to shedding. One of the three-

person mixtures displays two distinguishable peaks and a slight shoulder indicated by the arrow 

(Fig. 9). It is possible that the shoulder was the signal generated from the third contributor but 

could not be confidently distinguished as its own peak potentially due to low cell yield from 

contributor 3 relative to the other two donors. Differences in cell count would only become more 

prominent and difficult to mitigate as the number of contributors within a mixture increase. 

 The sample collection procedure itself may have been responsibe for some of the 

variation in donor cell contributions within the mixture. Because the cell populations from 

multiple donors were being eluted from different cotton swabs into the same 1.5 mL aliquot of 

cell staining buffer, each swab absorbed some of the cell staining buffer after the elution step 

resulting in loss of volume and/or cells from the mixture. This could conceivably cause 
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differences in donor cell populations even if contributors had originally shed roughly the same 

number of cells. 

 Another potential cause of poor resolution between cell populations could be the 

biochemical characteristics of the cells themselves. Skin epithelial cells are dead, highly 

keratinized, and often lack DNA and many other macromolecules and cell structures (2, 3, 4). 

While swabbing hands as a method of cell collection did result in a higher percentage of larg, er 

cell events, the handling of objects such as plastic conical tubes, glass graduated cylinders, and 

wooden or plastic knife handles often resulted in higher proportions of smaller cell events. If 

these smaller cell events also have fewer molecular targets, this may result in less antibody 

binding overall and less fluorescence differentiation across contributors. 

Additionally, it is possible that two contributors donated a roughly equal number of cells 

that were large and complex, but the histograms still did not resolve multiple distinguishable 

peaks. It could be that multiple donors had comparable amounts of target molecules within their 

cells, so there would be roughly equal binding of the anti-T antibody in multiple donors and 

indistinguishable fluorescence profiles. 

 Finally, the gating parameters chosen were based upon one two-person mixture. It is 

possible that these parameters are not the most optimized parameters to apply for mixtures 

containing higher numbers of contributors.  Future work should test a wide range of different 

contributors and different combinations of contributors in order to develop the most useful and 

reliable gating parameters for maximum distinction between contributors. 

 Swabbing contributors’ hands directly yielded much higher cell counts including a 

noticeable subpopulation of large cells. Continuing with this method would mitigate any issues 
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in resolution due to predominantly small cell events that are likely cellular debris. A future 

direction to further improve resolution of contributors could involve quantifying the number of 

cells from single contributors after direct hand-swabbing, followed by combining the same 

number of cells from each contributor to create a 1:1 ratio. While this was performed previously 

and did not result in noticeable improvement, it should be noted that the cells were collected 

from plastic conical tubes which had a smaller subpopulation of large and complex cells 

compared to those collected from direct hand swabs. Combining the two collection methods may 

result in an comparable amounts of large and complex cells from each contributor, and be more 

optimal to resolve differences in fluorescence profiles among contributors. Elution of cells from 

the swabs separately into a sufficient volume and then creating the mixtures may also assist in 

creating representative mixtures of donors.  

 

Samples Collected from Nose/Face Cells 

 In this experiment, cells were collected from the nose/face of the contributors, which 

shed fewer cells than the hands. This is because there are fewer layers of anucleate cells on the 

nose and face, and more layers of cells containing DNA and macromolecules since they are 

larger, more complex, and nucleated (2). Skin on the nose and face lacks the stratum lucidum, 

which is an additional layer of anucleate cells that exists in the hands and feet. This makes the 

skin of hands and feet thicker than that of the nose/face and therefore, with more cells shed from 

the hands and feet, but they are smaller and less complex (2). Overlaid anti-T fluorescence 

histograms of two different single-source contributors demonstrated that cell populations 

originating from different contributors could have different fluorescence signals and be 

differentiated from one another (Fig. 10). While there is noticeable separation each cell 
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population showed relatively low cell counts (272 and 257) cells, which may explain their 

irregular distributions. This cell collection method was discontinued in favor of the “touch” 

epithelial cells because the “touch” epithelial cell collection method gave higher cell yields and 

was more representative of “touch” evidence handled in casework when compared to nose/face 

cell collection method.  

It should be noted that the nose/face cell histogram exhibited a greater shift to the right 

compared to the hand cells of the same donor when both samples were stained with anti-T probe 

(Fig. 11). There is a difference in fluorescent intensity between the hand and nose/face cell 

populations, however this may be driven in part by differences in cell counts across (644 cells 

and 271 cells for the hand and nose/face histograms, respectively). One potential future direction 

could be to stain hand and nose/face cells from many different donors and overlay the histograms 

to determine whether or not the greater shift to the right in nose/face cells is reproducible. 

 

Two-Person Mixtures 

 The two-person mixtures (N=18) resulted in histograms with two distinguishable peaks, 

plateaus, single-peak distributions, as well as irregular distributions due to low cell count. 

Multiple mixtures displayed two distinguishable peaks in the anti-T stained samples, but also in 

the unstained control samples. This could indicate that there were differences between donor 

autofluorescence that may also be useful in estimating contributor number. Of all the two-person 

mixtures tested, one mixture (3/18) correctly reflected the number of contributors with two peaks 

in the anti-T stained samples (Fig. 12A-C). The remaining fifteen two-person mixtures only 

displayed one peak. Some of the mixtures displayed little to no resolution between stains with 
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anti-testosterone, anti-isotype and unstained control (Fig. 8B-C, Fig. 9).  Whether this reflects a 

real phenomenon and range in staining profiles among contributors or problems with the assay 

itself will require further testing. 

 

Three-Person Mixtures 

 The three-person mixtures (N=9) resulted in histograms with three distinguishable peaks, 

two distinguishable peaks, and single-peaked profiles. Of all the three-person mixtures tested, 

1/9 resulted in three distinguishable peaks, and 2/9 resulted in two distinguishable peaks when 

stained with anti-T antibody (Fig. 13A-C). Only one mixture correctly represented the true 

number of contributors present by displaying three distinguishable peaks. The two mixtures that 

displayed two peaks did not correctly identify the exact number of contributors but were still 

able to predict the sample to be a mixture of at least two contributors, rather than single-source. 

One mixture with two peaks also displayed a slight shoulder that could be from the third 

contributor but was not resolved enough to clearly indicate as such. The remaining six mixtures 

displayed only one peak and could not identify the samples as mixtures. 

 

Four-Person Mixtures 

 The four-person mixtures (N=3) resulted only in single-peaked largely symmetrical 

distributions. Unlike many single-source samples, there appears to be only a small separation 

between the isotype control and the anti-T fluorescence histograms in all of the four-person 

mixtures. It is possible that this minimal separation could be caused by inefficient antibody 

binding in the cell solution, therefore producing a relatively low fluorescent signal. It should also 
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be noted that consecutively eluting four different cotton swabs by agitation into a single tube of 

1.5 mL of cell staining buffer resulted in a noticeable drop in cell staining buffer volume 

(approximately 1.0 mL) due to the absorbent nature of the swabs. Using this approach with a 

limited volume, it is unclear if the cells eluted from the swabs with any efficiency. This would 

greatly impair the ability to detect cells from each contributor if elution efficiency from each 

consecutive swab was impacted by the diminishing volume in which to elute the cells.  

To mitigate this, the volume of the cell staining buffer could be increased to account for 

loss of volume during the elution of the swabs. Alternatively, the cells from each swab could be 

eluted into their own volumes of cell staining buffer, then the volumes could be combined to 

bring all cell solutions together without risking an inefficient removal of cells from the swabs. 

The four-person mixture histograms are not consistent with the two or three-person mixtures. 

Additional replicates are likely needed to assess the consistency of these results and/or if further 

optimizations of the method are needed.  

 

Kurtosis vs Skewness 

 The skewness and kurtosis of each sample were plotted on the x- and y-axes of a 

scatterplot, respectively (Fig. 14). It was observed that all of the single-source samples had a 

positive skewness value, meaning that the histograms were all skewed to the right. The two-, 

three-, and four-person mixture samples displayed both positive and negative skewness values, 

meaning that some mixture histograms skewed to the right, while other skewed to the left. Initial 

observations support that samples with a positive skewness could be single-source or a mixture 

sample, whereas samples with a negative skewness were only mixtures. Although it did not 
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resolve the number of contributors, this method could potentially be a presumptive test for 

indicating the presence of multiple contributors based on the skewness of a fluorescence 

histogram. 

 It was also observed that all of the two- and three-person mixture samples have kurtosis 

values clustered around zero, whereas there is more variation in the single-source samples and 

four-person mixtures. Further testing for four-person mixtures is needed, given that it is unclear 

whether the four contributors were efficiently eluted into cell staining buffer and subsequently 

represented in the fluorescence histograms. 

 

Median Fluorescent Intensity and DNA Content 

 The median fluorescence shift for single-source samples (N=25) was plotted against the 

DNA concentration or content (all DNA samples were eluted in the same volume) detected by 

qPCR. The scatterplot shows no correlation between the median fluorescence shift and the DNA 

content (R2 = 0.0884) (Fig. 15). One single-source sample was excluded from the scatterplot 

because the autosomal DNA:Y-chromosomal target DNA ratio was 50.66, indicating a mixture of 

male and female DNA in the sample. Because the goal of this study was to measure single-

source DNA, the sample was excluded. Although there was no obvious correlation between 

fluorescence and DNA content, it should be noted that all but two of the samples were estimated 

in a concentration range that showed a high percent CV (coefficient of variation) (35). The 

coefficient of variation measures the variability of data in a sample in relation to the mean of the 

data set. Since nearly all of the DNA samples were quantified at values below the limit of 

reliability for the PowerQuant®™ system used in conjunction with the QuantStudio 5 qPCR 



29 
 

instrument, no conclusions can be drawn on whether or not there is any correlation between 

fluorescence shift and DNA content.  

Although there was no discernable correlation between fluorescence intensity and DNA 

content, one observation may still support the hypothesis. The median fluorescence for single-

source samples increased as the gating settings are changed to include only large and complex 

cellular events, whereas the fluorescence decreased when small and simple events were included 

in the gate (Fig. 16A-C). There is a greater chance that cells will contain DNA if they are 

characterized as having larger FSC and SSC profiles. Because there was a greater fluorescence 

shift to the right as more large and complex cells were included in the gate, it appeared that the 

anti-T antibody was binding to its target molecules more efficiently in large and complex cells. 

Therefore, more antibody binding resulting in a greater fluorescence shift may still be correlated 

to DNA content. To confirm this, there would need to be enough DNA present within the touch 

epithelial samples to be above the limit of reliable quantitation to accurately correlate 

fluorescence and DNA content. In order to improve DNA yield, cell solutions to undergo DNA 

extraction were collected and stored in low retention tubes so that released DNA was not lost due 

to binding to the collection tube itself. In addition to this, future improvements may include low 

retention pipette tips to further prevent DNA loss due to binding and more effective DNA 

extraction techniques for low template samples. 

 

Anti-T and Anti-DHT Antibody Optimization 

 The total amounts of anti-T and anti-DHT antibodies were varied when staining cells in 

order to determine which combination of antibodies would yield the most optimal fluorescence 
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shift from the unstained and isotype controls. Given that ~10% of testosterone in target tissues is 

converted to dihydrotestosterone, it is conceivable that the hormone staining signal could be 

amplified by staining cells with both antibodies simultaneously. Multiple skin epithelial touch 

samples were obtained from the same donor, and each sample was stained with a different 

amount of anti-T and anti-DHT antibodies. The same donor was used for all combinations. The 

same donor was used to control for the possibility of differences in fluorescence shift due to 

differences in antibody binding between to different donors rather than the amount of antibody 

used. Most samples that were stained with 0.0034 mg [5 uL] or 0.0068 mg [10 uL] of anti-T 

antibody, regardless of the amount of anti-DHT antibody present, exhibited a noticeable upward 

tail at the rightmost end of the x-axis (Fig. 17A, 17C, 18A-C). It is possible that this was an 

artifact that occurred due to a large amount of fluorescence generated from excess antibody in 

the sample that was not bound to any target molecules; the artifact could be indicative that the 

cell solution was oversaturated with antibodies. Another potential factor to produce this artifact 

could be the clumping of many hybridized cells together during flow cytometry that were 

counted as one highly fluorescent cell/event. If the cell/event were included in the gate to make 

the fluorescence histogram, it could have potentially caused a dramatic change in the histogram 

shape by counting one event with a much greater fluorescent intensity than the other cells/events. 

Some of the histograms generated displayed one peak as expected because the staining 

was performed on a single-source donor, however other histograms displayed multiple peaks that 

could be misinterpreted as a two-person mixture if the sample were not already known to be a 

single-source donor. The histograms displaying two peaks all had relatively low cell counts 

below or only slightly above 200, which could be a factor contributing to the multiple peaks. It is 

also possible that the shift in specific staining and appearance of one or two peaks may also be 



31 
 

affected by the different antibody mixtures used to stain cells, though further testing would be 

required. 

The sample stained with 0.0017 mg of anti-T and 0.001025 mg of anti-DHT (3.288E-6 

mg anti-T/cell, 1.983E-6 mg anti-DHT/cell) yielded the highest median fluorescence of 23915, 

but also exhibited a tail similar to the samples stained with larger total amounts of anti-T (Fig. 

19A). The other two samples stained with 0.0017 mg of anti-T and either 0.00205 mg or 0.0041 

mg of anti-DHT (7.083E-6 mg anti-T/cell and 8.542E-6 mg anti-DHT/cell or 5.965E-6 mg anti-

T/cell and 1.439E-5 mg anti-DHT/cell) did not exhibit tails (Fig. 19B-C). The 5.965E-6 mg anti-

T/cell and 1.439E-5 mg anti-DHT/cell sample has the greatest separation from the unstained and 

isotype controls. However, it should be noted that the fluorescence shift in the two controls for 

this sample were less than those of the other two samples stained with 0.0017 mg of anti-T. 

Therefore, the greater separation between the anti-T and anti-DHT histogram and the control 

histograms may not be due to an increase in fluorescence shift in the anti-T and anti-DHT 

histogram, but a lesser fluorescence shift in the control histograms compared to other samples. 

The isotype controls from the three samples stained with 0.0017 mg anti-T were overlaid on a 

histogram to demonstrate the differences in their shifts (Fig. 20A). It should be noted that the cell 

counts of these isotype control histograms were only slightly above 200 or even below 200 cells 

[378, 181, 232 cells] and are likely a factor contributing to the multiple peaks observed in the 

histograms, even though they are from the same known single-source donor. The samples stained 

with 0.0017 mg of anti-T antibody and varying amounts of anti-DHT (0.001025 mg, 0.00205 

mg, and 0.0041 mg) all produced fluorescence histograms that greatly overlapped and median 

fluorescent intensities of 23915, 23186, and 22863, respectively (Fig. 20B). 
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The optimal combination of anti-T and anti-DHT antibody was one of the following 

combinations of anti-T and anti-DHT: 3.288E-6 mg anti-T/cell and 1.983E-6 mg anti-DHT/cell, 

7.083E-6 mg anti-T/cell and 8.542E-6 mg anti-DHT/cell, or 5.965E-6 mg anti-T/cell and 

1.439E-5 mg anti-DHT/cell. More specific conclusions could not be drawn due to the tail 

observed in the 3.288E-6 mg anti-T/cell and 1.983E-6 mg anti-DHT/cell histogram that may 

demonstrate oversaturation, while the samples with greater amounts of anti-DHT do not display 

this artifact. This experiment could be repeated using only 0.0017 mg anti-T and variable 

amounts of anti-DHT to determine whether the tail is reproducible in the 0.001025 mg anti-DHT 

sample. If the artifact was an anomaly in this experiment, then 0.0017 mg anti-T and 0.001025 

mg anti-DHT [3.288E-6 mg anti-T/cell and 1.983E-6 mg anti-DHT/cell] would be most likely be 

the optimal combination because it yields a similar fluorescence shift to the others with less 

antibody.  

It was observed that the median fluorescent intensity of the combined 2.5 uL anti-T and 

10 uL anti-DHT histogram [22863] was substantially greater than the median fluorescent 

intensity of the same donor stained with only anti-T histogram [7661] when the two histograms 

were overlaid. However, because the cell count of the only anti-T stained sample [920 cells] was 

much greater than the combined 2.5 uL anti-T and 10 uL anti-DHT sample [285 cells], the 

amount of true separation of the histograms was difficult to accurately conclude. A future study 

could include comparing both staining patterns from the same donor with similar cell counts to 

confirm whether there is a substantial separation of the histograms. Furthermore, multiple donors 

could be tested to determine whether an observed separation is reproducible. 

It should also be noted that some of the anti-T and anti-DHT histograms display multiple 

peaks (Fig. 18A, 18C, and 19B), even though the same known single-source donor was used for 
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all histograms. It is likely that the multiple peaks could be due to a low cell count near 200 cells, 

because the cell counts for the three histograms with multiple peaks (Fig. 18A, 18C, and 19B) 

were, 216, 322, and 240 cells, respectively. This has been observed in other known single-source 

samples with cell counts near or below 200 cells. 

No conclusion could be drawn as to which amount of anti-DHT antibody is optimal in 

combination with 0.0017 mg of anti-T because the tail artifact at the upper limit of fluorescence 

in the histograms that appears to be associated with the oversaturation of antibody is observed in 

the sample stained with the smallest amount of anti-DHT antibody [0.001025 mg], but not in the 

larger amounts [0.00205 mg and 0.0041 mg]. In order to understand more about the causes of 

this artifact, this experiment should be repeated on multiple and different single-source 

contributors to ensure that consistent and reproducible results can be obtained regarding the level 

of separation from the controls, as well as the frequency of the tail artifact. 

One potential future direction would be to repeat the isotype control experiments using 

anti-DHT as the test antibody to determine whether it is specific. This would provide further 

insight to the optimized combination of the anti-T and anti-DHT antibodies by determining 

whether anti-DHT contributes to further greater of the histogram by binding to target molecules 

or only by adding nonspecific fluorescence. This could allow for future directions such as 

staining mixture samples with both antibodies to obtain potentially gain more resolution of 

multiple contributors. 

 

Conclusions 
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 There was consistent and reproducible separation and increased fluorescent intensity of 

the anti-T histograms when compared to the unstained control and isotype control histograms.  

This was true for both single-source and mixture samples, which indicates increased binding and 

fluorescence compared to the measure of background fluorescence of the isotype control. This 

indicates that the anti-T antibody is specific, which laid the groundwork for the testing of 

mixtures, correlation tests of fluorescence and DNA content, as well as optimizing the antibody 

with the anti-DHT antibody. A previous study had demonstrated that anti-T stained cells showed 

a reproducible shift in fluorescence from the unstained control and that was also observed in this 

study (28). Frequently, the unstained and isotype control histograms completely overlapped, but 

it was also observed that there was a slight shift in fluorescence for the isotype control versus the 

unstained. 

 Multiple peaks within the anti-T histograms were observed in many of the two- and 

three-person mixtures, although the four-person mixtures only displayed one distinguishable 

peak. There may be many factors that contribute to the lack of resolution of the number of 

contributors such as imbalances in cell yield from each contributor, poor cell quality including 

too few large cells with macromolecules and/or internal particulate complexity, similar amounts 

of target molecules in multiple contributors, and inadequate removal of cells from the swabs, 

with particular impact on mixture samples, due to the methodology employed. Potential ways to 

mitigate these issues could be the collection of cells from each donor in separate eluent volumes, 

then mixing the volumes together and reducing the volume prior to antibody staining.  

Because mixtures of touch DNA are common in the field of forensics, an orthogonal 

method to STR profile interpretation that nondestructively estimates the number of contributors 

in epithelial cell “touch” samples is a promising avenue for further studies. This method has the 
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potential to become a preliminary test for the number of contributors in a DNA mixture and may 

save time and resources by determining whether a mixture has too many contributors and too 

little DNA to justify downstream STR profile interpretation. Moreover, knowledge that the touch 

evidence consists of a mixture may assist in DNA profile interpretation. 

An additional presumptive test for nondestructively indicating the presence of a mixture 

could be calculating the skewness and kurtosis of an epidermal “touch” sample. Because all 

single-source samples had a positive skewness value, it could be a possible indicator for the 

presence of a mixture by identifying negative skewness values. Still, both single-source and 

mixture samples had positive skewness values, too, so a positive skewness value may not 

indicate whether a sample is single-source, or a mixture based on the results of this study. 

Further testing is required to develop stronger conclusions. Many two- and three-person mixtures 

had a kurtosis value close to zero, while single-source and four-person mixture samples had 

more variation. Near-zero kurtosis values could be another indicator of mixtures, though the 

experiment must be repeated with more samples and more confidence that the four-person 

mixtures are being created and represented efficiently without potentially losing contributors. 

There was no correlation observed between the median fluorescent intensity and the 

DNA content of single-source samples when plotted on a scatterplot. No final conclusions could 

be drawn on the relationship because the quantified DNA of most single-source samples was 

below the limit of reliability for the PowerQuant System used in conjunction with the 

QuantStudio 5 qPCR instrument, according to internal validation at VDFS.  However, the 

median fluorescent intensity did appear to increase as the gate was continuously moved to 

contain only larger cells. The larger cells are more likely to contain macromolecules such as 
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testosterone and DNA, so the increase in fluorescent intensity supports the hypothesis that there 

could be a correlation between fluorescence and DNA content. 

It may still be possible to observe a correlation if the amount of DNA detected was above 

the limit of reliability. The use of low retention pipette tips in addition to the low retention 

microcentrifuge tubes and possibly a DNA purification method that was superior to that used for 

low template DNA may provide higher yields. Moreover, it has been reported that STR profiling 

of DNA may be a more reliable means of estimating DNA quantity for low template samples, so 

this may provide a more accurate means of template yield comparison (36). If successful, this 

non-destructive method could serve as a preliminary estimation of the quantity of DNA within a 

touch sample and could save resources and time in crime labs if the estimation is deemed too low 

to warrant DNA quantification and STR profiling. 

Most of the tested combinations of anti-T and anti-DHT antibodies in which the amount 

of anti-T antibody was 6.039E-6 mg/cell or higher produced a tail artifact at the upper limit of 

fluorescence on the histogram. It is possible that this artifact was a result of antibody 

oversaturation because excess antibody will bind with low affinity and increase background 

fluorescence that could result in lower resolution (37, 38). Another possible cause for the tails 

could be that multiple stained cells clumped together and were analyzed as one cell/event, 

resulting in a much greater fluorescent intensity relative to the other cells/events collected. If this 

cell/event were included in the gate, it could have skewed the fluorescence histogram to the right 

and resulted in a tail artifact. The optimal combination of both antibodies could not be 

determined beyond 0.0017 mg of anti-T and some variable amount of anti-DHT. This is because 

the tail artifact was observed when the lowest amount of anti-DHT was present (Fig. 19A) but 

not observed in the higher amounts of anti-DHT (Fig. 19B-C). It should be noted that this 
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observed tail was small compared to the other tails observed in other anti-T and anti-DHT 

combinations. It is possible that this tail is related to a factor other than antibody oversaturation 

like the clumping of cells stained with antibody during cell counting on the flow cytometer. The 

possibility that the tail could be unrelated to antibody oversaturation is supported because no tails 

were observed in samples stained with 0.0017 mg anti-T and the greater amounts of anti-DHT 

antibody (Fig. 19B-C). The median fluorescence values for all three samples were approximately 

the same and the histograms all showed a large amount of overlap (Fig. 20B). In order to 

determine a single, optimal combination, the experiment should be repeated using various single-

source contributors to ensure reproducibility and assess how common the tail artifact is in 

samples stained with 0.0017 mg of anti-T and different quantities of anti-DHT antibodies. 

One last possible future direction could be to repeat many of these experiments using 

cells collected from participants’ noses and from behind the ears because these cells tend to be 

larger, more complex, and contain more macromolecules like testosterone and DNA. One 

prominent disadvantage to this direction is that the cells from an individual’s face are not as 

related to evidence samples encountered in casework. Though the cells are not technically 

“touch” samples, it is difficult to accurately simulate casework since most “touch” items of 

evidence have been handled repeatedly, with pressure, frequently under condition of duress (such 

as an armed robbery) where sweating occurred and thus, often a greater amount of material is 

deposited than what can be simulated in the laboratory. Collecting epidermal cells that contain 

more macromolecules could serve as a means of further proving the concepts outlined in this 

study. Performing studies on nose/face cells may act as a substitute for the difference in the 

quality of the cell populations between true casework evidence and the simulated touch samples. 
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Critical Data: Tables 

 

 

 

 

 

 

 

 

 

 

 

    Anti-dihydrotestosterone 

  

 

Anti-T uL, anti-

DHT uL 
2.5 uL 

(0.001025 mg) 

5 uL 

(0.00205 mg) 

10 uL 

(0.0041 mg) 

  

Anti-

testosterone 

2.5 uL 

(0.0017 mg) 

2.5 uL, 2.5 uL 2.5 uL, 5 uL 2.5 uL, 10 uL 

5 uL 

(0.0034 mg) 

5 uL, 2.5 uL 5 uL, 5 uL 5 uL, 10 uL 

10 uL 

(0.0068 mg) 

10 uL, 2.5 uL 10 uL, 5 uL 10 uL, 10 uL 

Table 1. All anti-testosterone and anti-dihydrotestosterone antibody volume combinations for 

the antibody optimization study. 
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    Anti-dihydrotestosterone 

  Anti-T mg/cell   

Anti-DHT mg/cell 
2.5 uL  

(0.001025 mg) 

5 uL  

(0.00205 mg) 

10 uL  

(0.0041 mg) 

  

Anti-

testosterone 

2.5 uL 

(0.0017 mg) 

3.288E-6 mg/cell, 

1.983E-6 mg/cell 

7.083E-6 mg/cell 

8.542E-6 mg/cell 

5.965E-6 mg/cell 

1.439E-5 mg/cell 

5 uL (0.0034 

mg) 

6.039E-6 mg/cell 

1.821E-6 mg/cell 

1.753E-5 mg/cell 

1.057E-5 mg/cell 

1.441E-5 mg/cell 

1.737E-5 mg/cell 

10 uL 

(0.0068 mg) 

3.148E-5 mg/cell 

4.745E-6 mg/cell 

2.753E-5 mg/cell 

8.300E-6 mg/cell 

2.112E-5 mg/cell 

1.273E-5 mg/cell 

Table 2. All anti-testosterone and anti-dihydrotestosterone antibody volume combinations 

expressed in mg/cell for the antibody optimization study. 
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Critical Data: Figures 

 

 

Figure 1. A known two-person mixture. A.) The scatterplot of cells/events with a gate shifted 

to the right to include large and more complex cells. The dotted green line is shown for 

comparison to the gate in C. B.) The fluorescence histogram generated from the gate on the 

scatterplot in A displaying two distinguishable peaks. C.) The scatterplot of cells/events 

shifted to the left to include small and less complex cells or cell debris. The dotted red line is 

shown for comparison to the gate in A. D.) The fluorescence histogram generated from the 

gate on the scatterplot in C displaying only one peak. 

A 

C D 

B 
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A 

Figure 2 (A-D). Unstained (red), isotype (blue), and anti-testosterone (orange). The same 

single-source donor was used for A, B, C, and D. All three histograms in figures 3A and 3B 

had a relatively low cell count below 200 cells. The histograms in 3C all had a cell count 

above 200 cells A.) Anti-testosterone histogram cell count: 133 cells. The known single-

source sample appears as if it is a two-person mixture because it displays two distinguishable 

peaks indicated by the arrows. B.). Anti-testosterone histogram cell count: 28 cells. Samples 

appears as if it is at least a two-person mixture, or it could be mistaken as a three-person 

mixture due to the two distinguishable peaks and the shoulder, all indicated by the arrows. 

C.) Anti-testosterone histogram cell count: 95 cells. Exhibits a similar pattern to B.  D.) Anti-

testosterone histogram cell count: 298 cells. The increase in cell count has demonstrated a 

single peak that could not be mistaken as a mixture. 

B 

C D 
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B 

Figure 3 (A-C). The same two contributors were used to create the two-person 

mixtures in A, B, and C. A.) Anti-testosterone histogram cell count: 119 cells. The 

known mixture displays small shoulders in the histogram indicated by the arrows, 

but neither can definitively be attributed to a second contributor due to the 

unreliable staining patterns of low cell count samples. B.) Anti-testosterone 

histogram cell count: 173 cells. Exhibits a similar pattern to A. C) Anti-testosterone 

histogram cell count: 368 cells. The mixture displays two distinguishable peaks in 

the histogram that are more easily attributable to the two contributors because the 

distribution is much smoother compared to A. 

C A 
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Figure 4. Unstained (red), isotype control (blue), 

and anti-Testosterone (orange) for a single-source 

contributor. 
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Figure 5. Four different contributors all stained with the isotype 

antibody showing a great amount of overlap. Median fluorescence 

values. Red = 2581; Blue = 3617; Green = 4222; Orange = 5623 
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Figure 6 (A-D). The same single-source donor used for each histogram. Unstained 

control (red), and isotype control (blue) have a very large overlap when gating for 

only large cells. A.) Anti-testosterone (orange). Anti-T histogram median 

fluorescence = 10090. B.) Unstained (red), isotype (blue), and anti-testosterone 

combined with anti-DHT (orange). Anti-T+anti-DHT median fluorescence = 22863. 

C.) Scatter-plot and gate containing the cells/events used to create the anti-T 

histogram in A. D.) Scatter-plot and gate containing the cells/events used to create the 

combined anti-T and anti-DHT histogram in B. 

A B 

C D 
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Figure 7.  Epidermal cells from the palm of the hand stained with anti-T (light orange), and 

epidermal cells stained with 2.5 uL anti-T and 10 uL anti-DHT (dark orange) histograms 

overlaid. The same donor was used for both samples. The combined anti-T and anti-DHT 

histogram appears to have a greater fluorescent intensity compared to the anti-T only 

histogram, though there is a large difference in cell counts between the two samples, and a 

better comparison between the fluorescent intensity for the different cell types would be made 

with similar cell counts. Anti-T only cell count = 920 cells; median fluorescence = 7661. 

Anti-T and anti-DHT cell count = 285 cells; median fluorescence = 22863. 
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Figure 8 (A-C). Uninformative mixture histograms displaying only one peak. A.) Two-

person mixture. B.) Three-person mixture. C.) Four-person mixture. 

A B C 
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Figure 9. Three-person mixture. Two distinguishable peaks and 

one shoulder indicated by the arrow. Possible third donor with 

lower cell yield. 
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Figure 10. Nose/face cells from donor 1 (red) and donor 2 (blue) 

overlaid histogram. Blue cell count: 272; red cell count: 257. 
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Figure 11.  Epidermal cells from the palm of the hand (light orange) stained with anti-T, and 

epidermal nose/face cells (dark orange) stained with anti-T histograms overlaid. The same 

donor was used for both samples. The nose/face cells appear to have a much greater 

fluorescent intensity compared to the hand cells, though there is a large difference in cell 

counts between the two samples, and a better comparison between the fluorescent intensity 

for the different cell types would be made with similar cell counts. Hand cells count = 644 

cells. Nose/face cells = 271 cells. 
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Figure 12 (A-C). Two-person mixtures with two distinguishable peaks. Unstained 

(red), isotype (blue), and anti-testosterone samples (orange). Each of the two peaks in 

the anti-testosterone are indicated by arrows. 

A B C 
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Figure 13 (A-C). Three-person mixtures. Unstained (red), isotype (blue), and 

anti-testosterone (orange). Distinguishable peaks are indicated by black arrows. 

A.) Three distinguishable peaks. B.) Two distinguishable peaks. C.) Two 

distinguishable peaks with a small shoulder on the right side indicated by a blue 

arrow. 

A B C 
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Figure 14. Scatterplot of the skewness and kurtosis of single-source samples (red, N=5), two-

person (blue, N=5), three-person (gray, N=5), and four-person (green, N=3) mixtures. All 

single-source samples had a positive skewness value, whereas all of the mixtures showed 

samples with both positive and negative skewness values. Two- and three-person mixture 

samples consistently displayed kurtosis values very close to zero, whereas single-source 

samples and four-person mixtures displayed more variation in kurtosis. 
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Figure 15. Median fluorescence (x-axis) from single-source samples plotted against DNA 

concentration (y-axis) of each sample. No correlation was observed. 
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Figure 16 (A-C). Flow cytometry scatter plots on the left and fluorescence histograms 

of the gated events on the right. As the gate is shifted to the right to include only large 

and complex cells, the histogram shifts further to the right and becomes more 

symmetrical in shape. The median fluorescence values increase and are listed in the top 

left of each fluorescence histogram. The number underneath the large cells label in the 

scatterplots represents the percentage of the total events included within the gate. Each 

colored line is used to accentuate the differences in the median fluorescence as the gate 

is shifted to include larger and more complex cells. 
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Anti-T: 1.441E-5 mg/cell  

Anti-DHT: 1.737E-5 mg/cell 

Anti-T: 1.753E-5 mg/cell 

Anti-DHT: 1.057E-5 mg/cell 

Anti-T: 6.039E-6 mg/cell  

Anti-DHT: 1.821E-6 mg/cell 

C B A 

Figure 17 (A-C). A single-source donor used to optimize the anti-T and anti-DHT 

antibodies together. Unstained (red), isotype (blue), anti-T and anti-DHT combination 

(orange). The amount of each antibody in mg/cell is listed within each histogram. The 

tail artifact is labeled with a black diamond. A.) 5 uL anti-T and 2.5 uL anti-DHT 

[0.0034 mg anti-T and 0.001025 mg anti-DHT]. B.) 5 uL anti-T and 5 uL anti-DHT 

[0.0034 mg anti-T and 0.00250 mg anti-DHT]. C.) 5 uL anti-T and 10 uL anti-DHT 

[0.0034 mg anti-T and 0.0041 mg anti-DHT]. 
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Anti-T: 2.112E-5 mg/cell  

Anti-DHT: 1.273E-5 mg/cell 

Anti-T: 2.753E-5 mg/cell 

Anti-DHT: 8.300E-6 mg/cell 

Anti-T: 3.148E-5 mg/cell  

Anti-DHT: 4.745E-6 mg/cell 

C B A 

Figure 18 (A-C). A single-source donor used to optimize the anti-T and anti-DHT 

antibodies together. Unstained (red), isotype (blue), anti-T and anti-DHT combination 

(orange). The amount of each antibody in mg/cell is listed within each histogram. The 

tail artifact is labeled with a black diamond. A.) 10 uL anti-T and 2.5 uL anti-DHT 

[0.0068 mg anti-T and 0.001025 mg anti-DHT]. B.) 10 uL anti-T and 5 uL anti-DHT 

[0.0068 mg anti-T and 0.00250 mg anti-DHT]. C.) 10 uL anti-T and10 uL anti-DHT 

[0.0017 mg anti-T and 0.0068 mg anti-DHT]. 
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Anti-T: 3.288E-6 mg/cell 

Anti-DHT: 1.983E-6 mg/cell 

Anti-T: 5.965E-6 
mg/cell  

Anti-DHT: 1.439E-5 

Anti-T: 7.083E-6 mg/cell  

Anti-DHT: 8.542E-6 
mg/cell

Figure 19 (A-C). A single-source donor used to optimize the anti-T and anti-DHT antibodies 

together. Unstained (red), isotype (blue), anti-T and anti-DHT combination (orange). The 

amount of each antibody in mg/cell is listed within each histogram. The tail artifact is labeled 

with a black diamond. A.) 2.5 uL anti-T and 2.5 uL anti-DHT [0.0017 mg anti-T and 

0.001025 mg anti-DHT]. B.) 2.5 uL anti-T and 5 uL anti-DHT [0.0017 mg anti-T and 

0.00250 mg anti-DHT]. C.) 2.5 uL anti-T and10 uL anti-DHT [0.0017 mg anti-T and 0.0041 

mg anti-DHT]. 

A C B 
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Figure 20. A.) Overlaid isotype control histograms for the combined 2.5 uL [0.0017 mg] 

anti-T and varied 2.5, 5, and 10 uL [0.001025, 0.00250, and 0.0041 mg] to show the 

differences in their fluorescence shifts. B.) Overlaid anti-T and anti-DHT histograms for 

the combined 2.5 uL [0.0017 mg] anti-T and varied 2.5, 5, and 10 uL [0.001025, 0.00250, 

and 0.0041 mg] to show the similarities in their fluorescence shifts. 

A B A B 
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