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ABSTRACT

The purpose of this thesis project is to identify touch DNA on different clothing surfaces and
improve DNA recovery and efficiency. This study undertook a multi-method approach to
improve identify touch DNA on clothing and enhance recovery rates. The approach was-
initfated after Vacuum Metal Deposition {(VMD] processing to visualize the location of DNA on
‘the fabric’s surface. The niulti-method approach involved comparing wet-swah and M-Vac®
technigues for DNA collection; evaluating silica-membrane-based {QIAmp™) and magnetic
‘siica-based '(DNA IQ™) DNA extraction methods, and gauging the efficacy of size exclusion
chromatography in-eliminating metal ions from VMD-'proce'ssed DNA samples. Nine fabrics
with duplicates, eighteen in total, were collected for processing. Dark colored fabrics were
processed with silver and zinc,.and the light-calored fabric samplés were processed with gold
and zinc. After collection, each sample fabric type had quadruplicates for statistical analysis.
Results indicated that the multi-method approach did not apply a statistically significant effect
on the concentration of DNA in a sample. The multi-method approach did apply a statistically
significant effect on the number of allele peaks present in an electropherogram (p<0.05).
QIAmp™, no size exclusion chromatography performed, and M-Vac® collection samples
-perfo_'rmed better than their respective counterparts in the general linear mixed effect model,
A technigue that employs the M-Vac® wet vacuum for gathering touch DNA samples, followed
by DNA extraction utilizing the QlAmp™ kit, and bypasses size exclusion ¢hromatography, can

offer more detailed genetic profiles.




1. INTRODUCTION

The aim-'of'-this.study is to enhance the efficiency of evidence processing in identifying touch
DNA on _cloth'ing,.thereby-impjr'o\z"ingfDNA recovery rates. Typically, forensic laboratories rarely
process or do nat process victim clothing for touch DNA as its location:is not easily identifiable.
Processing clothing without knowing the location of the touch DNA, so the whole item of
clothing, would lead to passible dilution of the sample rendering it un usable. Currently, forensic
laboratories encounter challenges in obtaining touch DNA from fabrics without some form of
liquid staining, potentially compromising the integrity of DNA material through dilution.
Utilizing liquid staining for touch DNA is a singular technique that is used to obtain the location
of samples. This resear¢h endeavors to develop a ctomprehensive methodology to locate and
enhance touch DNA recovery across various fabric types. This methodology, known as a muiti-

method approach, involves the integration of multiple technigues to optimize results.

Unlike current methodologies, which often rely on-singular-approaches, the multi-method
approach utilized in this study combines various technigues.to address three primary
objectives. The approach compares the efficacy of wet-swab and Microbial wet-vacuum (M-
Vac®) techniques for DNA collection, evaluates silica-membrane-based and magnetic silica-
based DNA extraction methods, and assesses the .effectiveness of size exclusion

chromatography in removing metal ions from VMD-processed DNA samples.




This multi-method approach is initiated following the application of vacuum metal
deposition (VMD) processing. It encompasses the. careful selection of DNA collection
techniques, extraction kits, and the application of size exclusion chromatography. Together,
these components form a holistic approach to optimizing DNA recovery and efficiency in
forensic investigations. Knowing the precise methods to blend from each categary is vital for

optimizing DNA extraction from fabrics treated with VMD.

The combined processing technigue, VMD processing and a multi-method approach to
‘obtain a DNA profile, can help identify and collect DNA evidence that could go unnoticed, When
collecting touch DNA, most.samples on surfaces are not easily identifiable. The common
identifiers-used in today’s field are non-invasive detection systems, such as-alternative light
sources that emit wavelengths at a controlled range to visualize evidence through fluorescence
{Van Oo_rs'.chot,_ Ballantyne, & Mitchell, -2010.)_.- The use of vacuum metal deposition, VMD, on
evidence can help identify the location of touch DNA and provide joint service where latent
print evidence and DNA evidence coincide upon a singular item of evidence within cases. VMD
represents a technique wherein metal is vaporized and deposited onto-a surface, resulting in
the formation of a discernable hegative print {Fraser, Sturrock, Deacon, Bleay, & Bremner,
2011). The use of the M-Vac® wet vacutim system can help obtain more complete DNA profiles.
from evidence than the current DNA collection methods used today. Evidence using VVID for
visualization can be processed in the latent evidence unit to search for prints-and then any DNA
present can be collected in a DNA laboratory, especially if quality prints are not obtained after
VMD has occurred. Processing touch DNA evidence using a multi-method technique can

2




provide a streamlined protocol for evidence processing that can save time and resources. The
combination o_f VMD processing and multi-method technigues (the collection methodology,

specific extraction kit usage, and the utilization of size exclusion chromatq_graphy) may be the’
answer to some of the DNA missing in criminal cases that have been going undetected due to

no protocol being established for touch DNA on fabrics.

The research design presented in-this thesis is a multi-method approach that is used to
determine the most efficient method for obtaining touch DNA on different fabrics. The main
instrumentation used in this study is the vacuum metal deposition (VM D) machine and the M-
Vac® wet vacuum. Silica-membrane based (_QIAmpT“)”extraction kits, paramagnetic silica bead
resin-based (DNA Q™) extraction kits, and Micro Bio-spin® columins with Bio-Gel® P-30 are also
used to improve touch DNA recovery from fabrics. Vacuum metal deposition (VM D)isa
technique that is used to detect latent fingerprints on nonporous surfaces by the creation of
negative prints {Fraser, Sturrock, Deacon, Bleay, & Bremner, 2011). The VMD uses a thin layer
deposition of metal onto a substrate and applies thermal evaporation in a high.vacuum
environment to the metal to visualize l'aten__t prints (Fraser, Sturrock, Deacon, Bleay, & Bremner,
2011). The Microbial wet-vacuum instrument {M-Vac® Systems.inc.) was developed for:
microbial sampling of large surfaces, using a chemical-based buffer for collection and
stabilization. Butterfield’s buffer, the typical buffer used by the M-Vac® wet vacuum system,
contains 34 grams of monobasic potassium phosphate, 175 mL of 1N sodium hydroxide, and
925 mL of demineralized water {Thermo Fisher Scientific, 2010), Eighteen total fabrics samples
were processed by VMD using gold/zinc or silver/zinc mixtu res, and the DNA present was
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collected by both wet swabbing and the use of the M-Vac®. Half of the DNA samples collected
were extracted using different silica-based extraction kits, silica-membrane based and silica
bead resin-based kits, and amplified for capillary electrophoresis. Of the extracted DNA
samples, 25 pl were subjected to size exclusion chromatography, using Micro Bio-Spin®
‘calumns, to remove metals that still may be present in'the DNA extracted. Profiles were

analyzed for completeness to -det’er_m_ine.th‘e best method for obta‘ini_n_g_touch DNA.

The [iterature review below provides a full and thorough justification for research regarding
the use of VMD and the M-Vac® wét vacuum in obtaining touch DNA from evidenée. The
process of forensic DNA testing has changed and improved over the years; howevet, the
collection methods have remained the same. The conventional methods, i.e., swabbing, cutting,
and taping, have limited effectiveness on'porous substrates (McLarmb, Adams, & Kavlick, 2020).
Mini tape is no longer used in the forensic science field due to discontinuation by manufacturer.
Touch DNA has become a common occurrence in forensic fabs for analysis (Van Qorschot,
Ballantyne, & Mitchell, 2010). Touch DNA is recovered from skin cells that are transferred onto
an obj_ett when an individual touches it, making it unable to be seen by the naked eye. The
VMD provides analysts with the ability to visualize these prints and iocate the DNA associated
with the skin cells. Touch DNA samples are susceptible to degradation due to envirehmental
factors and improper handling (Aloraer, Hassan, Albarzinji, & Goodwin, 2017). Using a chemical-
based stabilization, such as the Butterfield buffer used by the M-Vac® wet vacuum, is
advantageous when working with forensic touch DNA samples collected at ¢rime scenes as it
stabilizes the DNA collected and prevents deterioration. The utilization of vacuum _'m'e;a_l.
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deposition and the M-Vac® wet vacuum could be an essential tool in the forensic science field,

but further research needs to be conducted to-advance the technique.




2. LITERATURE REVIEW

2.1 DNA Analysis in the Forensic Science Field

Throughout the years since its first use in 1987, DNA analysis has become a key piece of
advancing criminal investigations. Initiaily, the analysis of DNA samples was limited to biological
samples that contained nucleated cells {Lee & Ladd, 2001). Since the 1990’s, mitochondrial DNA
(mtDNA) has become desirable for forensic analysis when nucleated DNA is unavailable. In.
forensic biology, mtDNA is used mainly for its matrilineal in heritance, lack of recombination,
and high copy numbers {Budowle, Allard, Wilson, & Chakraborty, 2003). Sam ples that DNA has
been successfully extracted from and. typed are as follows: blood and bloodstains, tissues,
bones, semen and seminal stains, hair, saliva, teeth, ur"in'e__,.tissue, organs, fingernails, skih cells,
and other biolagical fluids (Lee & Ladd, 2001). DNA is extracted from the biological sample,
quantified, PCR.amplified, and detected through capillary electrophioresis to obtain a DNA
profile of the individual for comparative analysis. The 13 CODIS (Combined DNA indexing
System) loci, pictured in Figure 1, are employed by the United States Federal Bureau of
Investigation to create a complete genetic profile regarding criminal investigations. DNA
profiles from evidence collected at a scene have increased in presence at court due to its power
'of--'ex'clusion/incl"us’ion. These techniques cannot prove that a person committed a crime, but
they can prove if they were there at some point in time and left DNA evidence (Luftig & Richey,
2001). DNA analysis has revolutionized the forensic science field by determining an individuals

presence at a crime scene by use of a mintite sample.




Figure 1: The 13 CODIS core STR loci
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Note. Loci were chosen by the FBI as a standardized set used for DNA profile generation and were entered into the

CODIS database. Figure is taken from NIST STRBase.

2.1.1 Current DNA Collection Methods

Before DNA testing can be performed, the sample must be collected appropriately
depending on the type of sample. Currently, the most common DNA collection method is the
double swabbing technique. The technique utilizes the use of one wet swab and a dry swab.
The first swab is moistened with deionized water and rubbed across the surface of the evidence
item. A dry swab is then applied to collect possible skin cells that were left behind (Pang &
Cheung, 2007). Another DNA collection method was the use of mini-tape lifters, that was first
introduced into the forensic science field in the early 2000’s, to recover residual cellular
material from evidence (Hall & Fairley, 2004). Mini-tape lifting was preferred by forensic
science laboratories due to it being quick, easy to apply, cost-effective, and it ensured invisible
samples were collected and preserved correctly (Hess & Haas, 2017). Several forensic

laboratories use a scraping method for porous items collected from a crime scene. The item of



interest is scraped with a sterile scalpel blade and collected for possible skin cells that are

present (Williamson, 2012).

1n a study, four different collection methods were compared to determine the most
efficient method for.recovering DNA from evidence (Hess & Haas, 2017). Researchers used diy
_SWabbihg‘, wet swabbing, mini-tape lifting, and scraping methaodology to collect DNA samples
from:clothing. Eighteen clothing garments were analyzed with coritact stains deposited in
triplets.in four places (three times for each donor), resulting in 207 samples. The STR results
showed that DNA recovered by dry swabbing and wet swabbing had 52% and 58%.of alleles
detected, respectively. The mini-tape lifting and scraping methods had 67% and 73% of alleles
detected, respectively (Hess & Haas, 2017). More complete DNA profiles can be obtained using
the mini-tape lifting or scraping method, but they are recommended to not be performed at
crime scenes due to the increased risk of contamination or the potential of DNA loss in an

uncontrolled environment {Williamson, 2012).
2.1.2 Short Tandem Repeats in DNA Profiling

The current method used to abtain forensic DNA profiles’is to examine short tandem
repeats (STRs) using PCR amplification and capillary electrophoresis. STRs are microsatellites
that are highly polymorphic (Panneerchelvam & Norazmi, 2003). 5STRs are small segments of the
noncoding region of DNA that contain 2-7 base pairs in a sequence that repeats a variable
humber of times (Cra_i__g,_ Fowler, Burgoyne, Scott, & Harding, 1988). STR’s constitute a
cornerstone. in forensic science by virtue of their pronounced polymorphic nature,

8




characterize_d by significant variations among individuals. This variability is instrumental in
establishing unique genetic profiles forindividuals. Moreover, the short repeat lengths inherent
to STR's provide an ease for amplification, rendering them particularly advantageous for
forensic analyses, notably in degraded DNA samples. The STRs uséd for DNA profiles in the
forensic science field are mainly tetranucleotide repeats comprised of alleles of discrete size
(Panneerchelvam & Norazmi, 2003). An advantage of using 'tetranucl"eotide_S'TR loci in forensic
DNA typing is that the smallallele size range allows for several loti to be amplified
simultaneously throtugh multiplexing, increasingthe diseriminating power with observed

heterozygosity (Edwards & Gibbs, 1994).

‘The STR sequencing project was formed to show all allelic diversity in specific regions of
the human genome (Gettings, Ballard, Devesse, King, Parson, Phillips; & Vallone, 2017). Four
laboratories (the National Institute of Standards, King’s College London, University of North
Texas Health Sciences Center, and University of Santiago de Compostela) placed all the
available STRseq data into a GenBank record for the National Center for Biotechnology
Information (NCBI). The records are sub-divided into common autosomal STRs, alternate
autosomal STRs, Y-chromosonial STRs, and X-chromosomal STRs (Gettings, Ballard, Devesse,

King; Parson, Phillips, & Vallone, 2017).
2.1.3 DNA Extraction

DNA analysis became increasingly common in the forensic science field, after its fifst use
in a:case in 1987, as an effective piece of evidence {Haddrill, 2021). Due to its commonality, the.
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methods for extracting DNA advanced significantly to achieve higher yields and improve overall
efficiency: The Chelex®- 100 method is known to be used in the forensic science field due to its
efficiency, low cost, and simple methodology. Unfortunately, the Chelex®- 100 method has
shiown that inhibition issues are present in blood saniples due to heme components remaining
in the extracted product (Idris & Goodwin, 2015). To remove inhibitors found.in the extracted
DNA, new solid phase methods have been developed and implemented in extraction kits.

Qlamp™ and PrepFiler™ extraction kits have gained popularity in the forensic science field for

the new solid-phase methods present (Idris & Goodwin, 2015). Although DNA extraction kits

-are successful in recovering higher DNA yields, the large number of transfer steps allows for.an

increased risk of contamination (Walsh, Metzger, & Hig_u'éhi, 1991).

DNA 1Q™ is an extraction method that utilizes para magnetic silica beads to separate
DNA from inhibitors in‘a sample. in a study conducted in 2015, the DNA IQ™ and Chelex®-100
methods were compared to determine which will result in a more complete DNA profile from
samples: The STR genotyping results showed the DNA IQ™ method effectively removed PCR.
inhibitors from the sample and obtained more complete DNA profiles {Hu, Liu,.Yi, & Huang,
2015).
2.1.4 Multiplex PCR- Amplification

The forensic.science community has greatly benefitted from the use of the polymerase
chain reaction (PCR) technique. PCR is an enzymatic process that uses a cell’s normal
mechanisms for replication and amplification to create hundreds of copies of DNA for analysis.
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A specific region of the DNA, within the noncoding region, is selected for analysis, and primers
are genefated {twenty to thirty base pairs) on gither side of the desired region. The primers and
DNA sample are added to a test tube together; along with DNA polymerase to catalyze the.
synthesis of the new strands of DNA. Thé mixture is heated and cooled slowly to anneal the
DNA strands and allow the primers to bind-to the single strands. The mixture is heated once
‘again to enact'the DNA polymerase to start the production of copies of the strand, and the.
heating and cooling cycle is repeated until the replication of the DNA strands reaches an
exponential rate. (Luftig & Richey, 2001). PCR amplification allows analysts to obtain a large

amount of the DNA sequence they need to analyze that would usually be undetectable.

The PCR amplification allows for more than one region to be copied simultaneously
‘when multiple primer sets are added to the reaction mixture. This.amplification of multiple
DNA regions concurrently is called multiplex PCR {Edwards & Gibbs, 1994). The first commercial
kits used for typing multiple STRs in a single reaction became available in the late 1990s (Van
Qorschot, Ballantyne, & Mitchell, 2010), For the multiplex PCR in these amplification kits to
work properly, the primer sets need to he compatible. The. primer sets should have similar
annealing temperatures and avoid excessive regions of complementarity (Butler, Ruitberg, &
Vallone, 2001). The primer sets for each locus are fluorescently tagged to differentiate the
"s_peciﬁc STR region that is being amplified: PCR amplification has become an essential tool in

the credtion of DNA profiles in the forensic science field.
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2.1.5 Detection of PCR Products Through the Use of Capillary Electrophoresis

Once PCR amplification is completed, the STR loci must be individually separated to
generate a DNA profile. The forensic science field uses capillary electrophoresis to achieve the
separation of STR loci. The use of capillary electrophoresis for STR fragment separation in the
forensic science field was first' presented in the early 1990s: The capillary eléctrophoresis
system sends-the fluorescently labeled DNA fragments through the capillary tubes with a
polymer (McCord, Jung, & Holleran, 1993). The capillary electrophoresis system is an efficient
way to separate PCR products and create DNA profiles. When an eléctrical current is applied,
the negatively charged DNA particles travel from the cathode to the anode end of the capillary.
As the DNA moves, the smaller fragmentstravel through the polymer more quickly than the
larger fragments,. The PCR products are then separated individually- when they reach the
;detect'ién‘-window- of the capillary system. The fluorescent tags on ‘the PCR products are then
excited by a laser causing them to emit the corresponding light. The fluiorescent lights are
recorded by a computer, compared to the sizing standard, and separated by fluorescent dye

color to generate the electropherogram (Butler & McCord, 2004).
2.2 Touch DNA anid its Presence in Forensic Cases

Since 1997, touch DNA analysis has become an integral part of the forénsic science.
community when other biological evidence might not be available and serves as a tool for
investigators {Van Oorschot & Jones, 1997). When analyzing touch DNA, touch deposit

composition must be considered. The outermost layer of the epidermis sheds skin cells when in
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contact with an item; however, some researchers propose the DNA obtained may originate in
several places. Fragmented cells, cell-free DNA, transferred exogenous nucleated cells, and
endogenous nucleated cells are present on the epidermis layer and are all possible saurces of
touch DNA recovered from an evidence sample {Burrill, Daniel, & Frascione, 2019).
Determination of the origin of DNA in touch depoesits can help optimize the recovery of samples

and the methodology used for analysis.

In 1997 it was determined that DNA profiles could be generated from touched objects,
leading to investigators collecting DNA from a wider array of exhibits (Van Oorschot & Jones,
1997). The nature of the substrate touch DNA has been recovered fram could have an influence
on DNA extraction {Alkebti, 2018). Surfaces retain touch DNA samples differently and it is
imperative that investigators-consider the appropriate collection method for the different types
of surfaces they encounter, Through the results presented in a'study conducted by Alketbi &
Goodwin, it is recommended that collectors use cotton swabs on non-porous surfaces, such as
glass, and mini-fifting tapes to develop higher DNA quality on porous surfaces {Alketbi &
Goodwin, 2019). In Table 1 (displayed below) a summary of DNA levels recovered from differing
touched surfaces provides insight into how much influence the sur‘face*ty_pe has on the

quantification levels of touch DNA recovered {Burrill, Daniel, & Frascione, 2019).

Table 1. Summary of studies reporting amounts of DNA recovered from touched items

Surface Length of Nature of Contact Total Quantity | Author Publication Year
Contact recovered (ng)
Swabbing-of hand - - ' 2-150 Van Qorschot and 1957
Jones
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Van Oorschot-and.

Plastic knife handle, 15 min Holding 734 1997
mug, glass Jones

Swabbing of hand - - 0:1-6.4 Bright-and Petricevic 2004
New lower bed sheet 1 night ‘Sleeping 0-8 Petricevic et. al. 2006
Glass slides 5 sec Préssure 0-2 Allen€t. al. 2007
‘Paper 30 set. Pressure 0-110 Sewell et al, 2008

Door frame 1'min Grabbing. 0->0,2 Raymond et. al. 2008
Cartridge ¢asing. 30 sec Handling ‘0.3-0.7 "Horsman-Hall et..al. 2009
Cotton 10-15 sec Rubbing 6-12 Goray et. al. 2010
Plastic 10-15 sec Rubbing 0.4-0.5 Goray et. al.. 2010
Melamine-coated board 10 sec Pressure 0-160 Karmphausen et. al. 2012
Glass 1 min Holding’ 0-5 Daly et. al. 2012

Fabric ‘1 min Helding 0-15 Daly et. al. 2012

Wood 1 min Holding 0-169 Daly et al. 2012
Infant’s clothing "1 min Rubbing 0,3-9 Goray et. al. 2012
Plastic block 1 min Rubbing 0-2.5. Goray et. al, 2012
Plastic syringe 10 sec. Holding: 0-80 Paetsch et. al. 2013
‘Glass slides Brief Fingerprint pressure 0-17.6. Thomasma and 2013

‘Foran
Knife handle 1minX4 Simulated regular ~1-10 Meakin et. al. 2015
use.

Glass slides 15 sec " Fingerpririt pressure ‘0-1.5 Oleiwiet; al. 2015
Glass 10 sec ' Pressire Q-5 Goray et al. 2016

Knife handle. Brief Grip/stabbing 0-4.8 Samie et. al. .2016°
Non-porous cables, Brief Fingerprint pressure; 0-3. Lirn et. al. 2016
Plastic tubes’ 10 sec ' Holding '0.04-3.8 Fonnelop et. al. 2017
Car steering wheel -2:60 min: Holding 0.21-134 Kirgiz and Calloway 2017
Plastic cable ties Brief Used to bind.objects '0-39.8 Steensma et. al. -2017
Polycarhonate board. Brief Eingerprint pressure’ | 0-3.5 Tohbias et. al. 2017

Note. The table was updated and adapted from table published by Meakin and Jamieson {2013).

2.3 Latent Print and DNA Collection Corisiderations

When an individual comes into contact with an item, by hand placing or grabbing,
residues are found to be present on the item. These residues can leave a latent mark {Horvath,
2022). The composition of latent prints can be affected by many factors such as sweat
secretion, diet, erivironmiental factors, and chemical properties of't'h'e' substrate (Horvath,
2022). Touch DNA can:be recovered from the nucleus of skin cells that are left behind when a
person touches an item (Hess & Haas, 2017). However, when collecting touch DNA, most




samples on surfaces are not easilyidentifiable (Van Oorschot, Ballantyne, & Mitchell, 2010).

Skin cells are microscopic residues that are left behind thréugh contact and cannot be seen by

the naked eye. Latent prints: may contain biological materials that can be pertinent to the

development of the faorensic analysis of evidence.

DNA and latent prints evidence is-known to overlap in cases; however, it is hard to know

which takes precedence over the other at times. Some crime [abs have created procedures for

‘these types of evidence items. Most crime labs require the latent evidence unit to process

evidence first and ensure they wear gloves. The latent print examiner is encouraged to collect

and preserve the touch DNA that can be obtained from the latent prints (Amick, Bivins,

Cathcart, Hammer, & Pippin, 2015). An example case item reviewed is the processing of a latex
glove folind at a crime scene. The examiner swabs the area in between the fingers of the glove

to obtain touch DNA that is present, while still preserving prints that are present of the fingers

on the glove. 'The.acknowl’ed'g_ment_and.deve’lop‘ment of collection procedures for touch DNA

found in latent prints could be essential to the production of a case (Amick, Bivins, Cathcart,

Hammer, & Pippin, 2015).
2.3.1 Vacuum Meéetal Deposition

Vacuum metal deposition, VMD, is-a technigue used to detect latent fingerprints on
nonporous surfaces (Fraser, Sturrock, Deacan, Bleay, & Bremner, 2011}. The VMD-uses a thin
layer deposition of metal onto a substrate and a‘ppli'es thermal evaporation in'a high vacuum
environment to the metal to visualize latent prints (Horvath, -_20_2-_2). In a study regarding the
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Visualization of fingermarks and grab impressions on fabrics, researchers observed the VMD’s
ability to produce impressions on different types of fabrics. Researchers used fifteen donors,
who had not washed their hands thirty minutes prior to the experiment, to leave fingermarks
on cotton, nylon, polyester, and polycotton fabrics. The VMD used a mixture of gold and zinc to
create visible-impressions on each fabric sample. Out of the fabrics present in the study, the
shiny nonporous textiles showed greater ridge detail in the prints than the other fabrics. The
VMD can be a useful tool to visualize fingermarks present on-clothing obtained from a crime
scene (Fraser, Sturrock, Deacon, Bleay, & Bremner, 2011), However, an article over fingerprint
‘development states that prints obtained using the VMD method will fade, sometimes within a
few hours (HOSDB, 2005}, A more recent study explored the effects alternative metal
deposition mixtures had on-the detail of the developed prints. Eight metal processes.were
placed and tested on each fabric type; gold/zing, silver, aluminum/zine, silver/zinc, sterling
silver, sterling silver/zinc, copper, and copper/zinc. The metal mixtures, aluminum/zinc, and

copper/zinc, produced latent prints with the greatest detail (Horvath, 2022).

Regardless, the VMD's success in producing quality ridge details is not a necessary
component when looking for DNA. This process can show finger-like markings which can be
targeted for DNA. When using the VMD to locate touch DNA, 6hé must take the risk of metal
inhibition of processes that utilize DNA, such as PCR; into account. Transition metals can be
extracted with the DNAin a sample, and they can become-a PCR inhibitor by interfering with
the fluorescent dyes. In a study conducted by Lilliana Moreno and Bruce McCord, researchers.
observed the effects copper had on the DNA extracted and the electrophoresis process. Copper
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chloride was added to the control DNA in a serial dilution form and allowed to sit for an hour
before the samples were sent for amplification. The samples were then run th rough capillary
electrophoresis using the manufacturer’s recommendations. The contro) DNA sample with a
0.001 M concentration of copper chloride exhibited no DNA present in the results. As a cleanup
step, samples were incubated in formamide for 1-4 hours before re-attem pting capillary
electrophoresis. The results show the metal ions present causing complete polymerase
inhibition, but if a cleanup step is presented before amplification, then the expected DNA
product can be obtained. Metal ions present in a biological sample can affect the conformation
and charge of the DNA and can ultimately lead to the loss of a DNA profile for a key piece of

evidence inthe forensic science field (Moreno & McCord, 2017).

2.3.2 M-Vac® Wet Vacuum DNA Collection System

The process of forensic DNA testing has changed and improved over the years; however,
the collection methods have remained relatively the same. Swabbing and cutting collection
methods have been used since the beginning of DNA analysis in the forensic science field. The
conventional methods, swabbing, cuttirg, and taping, are known to have limited effectiveness
on porous substrates due to DNA's ability to diffuse and be unavailable for surface sampling.
The M-Vac® wet-vacuum-based collection method can be used as a possible alternative for
DNA collection from porous surfaces (McLamb, Adams, & Kavlick, 2020). The Microbial wet-
vacuum instrument (M-Vac® Systems Inc.) was developed for microbial sampling of large
surfaces, using-a chemical-based buffer for collection and stabilization. Since 2011, the M-Vac®

wet vacuum has been applied in the forensic science field for human identification purposes:
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sampling of saliva from human skin, bloodstains on different surfaces, dried saliva on porous
and non-porous surfaces, and shed cells on clothes and touch DNA (Hedman, Agren, & Ansell,
2015). Figure 2 (below) shows the M-Vac® mechanism and how the sterile buffer is applied and
vacuumed into a collection bottle when obtaining a sample (Vickar, Bache, Daniel, & Frascione,

2018).

Figure 2: Schematic of the M-Vac® system

Note. The solution buffer (1) is pressurized and distributed through tubing (2) to the sampling head. The buffer
solution is sprayed (3) onto the sample surface while simultaneously vacuumed into an adjacent tube. The DNA

sample collected in the solution is then transferred into the collection bottle (4) due to the vacuum pressure (5).

Figure is taken from Vickar, Bache, Daniel, & Frascione, 2018

Touch DNA samples are susceptible to degradation due to environmental factors and
improper handling. In a study conducted in 2017 by Aloraer, Hassan, Albarzinji, and Goodwin,
the researchers determined whether detergent-based wetting agents could increase the DNA
collected from touch samples. Touch DNA samples were taken from glass, plastic, and metal
bottles after applying thirty seconds of contact using medium pressure. The DNA was collected
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using-a double swab technique. The buffer used to obtain the samples was made in-house using
1% n-lauroylsarcosine, 10 mM Tris-HCL, 0.1 mM EDTA, and 50 mM NaCl, Five batches of
samples were collected from each object and extracted using the PureGene® Extraction kit. The
results showed that the DNA concentration recovered with a buffer was significantly higher
than compared to samples collected with water. The DNA profiles of samples collected with
water showed higher deterioration than those using the-cell lysis solution. Using a chemical-
based stabilization is advantageous when working with forensic touch DNA samples collected at

crime scenes (Aloraer, Hassan, Albarzinji, & Goodwin, 2017)..

In @ recent experiment conducted by Mclamb, Adams, and Kavlick; researchers
obtained twenty-two substrates, varying in porosity. The substrates had twelve diluted blood
drops placed onto their surface using a dropper (1:100 Butterfield’s buffer dilution for each
drop). The samples were then allowed to dry overnight. Each sample was collected by two
methods, the wet swab using deionized water and the wet vacuum using a buffer. The collected
samples were quantified using the Quantifiler® Human Plus DNA Quantification kit. The results
showed that the wet vacuum method yielded twelve times more DNA than the wet swab
method on eighteen samples. No samples recovered yielded more DNA by the wet. swab.
method than the M-Vac® wet vacuum. The M-Vac® wet vacuum may be able to serve asan
alternative DNA collection method on porous items collected at a crime scene (McLamb,

Adams, & Kavlick, 2020).

The DNA concentrations yielded by the M-Vac® method may be dependent on the type

of sample being collécted. Researchers compared the traditional swabbing DNA collection
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technique to the use of the-M-Vac® wet vacuum system (Vickar, Bache,. Daniel, & Frascione,
2018). Researchers used a diluted saliva solution to répresent a realistic concentration of touch
DNA and sprayed the solution onto tiles and bricks. Half of the surface (for both tile and brick)
was swabbed using the double swab technique, and the other half was collected using the M-
Vac® and poured through a PES membrane filter, connected to the M-Vac® vacuum pump, The
bricks were also assessed for touch DNA from twelve volunteers, the collection was carried out
in the samie manner as the previous samples. After extraction and quantification, the results.
showed that the M-Vac® collected a significantly higher concentration of DNA ori the bricks
than double swabbing. However, the tile results:showed that the M-Vac® collected less DNA
than the double swabbing, likely due to the'surface being nonporous. The touch DNA obtained
from the bricks showed no distinct trend in whetherthe double swabbing or the M-Vac® had
higher collection rates. The data shows that the M-Vac® could be a useful tool in the forensic
science field, however, more research needs to be done on differing surfaces to-accurately

determine the amount of DNA it can collect {Vickar, Bache, Daniel, & Frascione, 2018).
2.4 Significance of Combined Method to Locate and Imprave DNA Recovery from Fabrics:

The combined utilization method:of the VMD and the M-Vac® wet vacuum system could
be efficient in the DNA downstream processing on fabric-based evidence. The first step to
collecting touch DNA is determining the location to target as touch DNA on surfaces is not
readily identifiable (Van Oorsc'hot_, Ballantyne, & Mitchell, 2010). Touch DNA samples donot
contain large-amounts of biological material and must be carefully collected to prevent the risk.

of degradation or contamination :(Alorae'r; Hassan, Albarzinji, & Goodwin, 2017). Currently,
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analysts employ swabbing techniques to collect touch DNA from clothing from crime scenes if
the location is known. in a study conducted in 2010 by researcher Van Qorschot, resuits
showed that swabs of touch DNA samples from clothing did not produce high-quality results as
expected. The swabs contained PCR inhibitor factors and produced difficult-to-interpret DNA
profiles (Van Qorschot, Ballantyne, & Mitcheil,-ZOlO}. The chemical-based buffer utilized by the

M-Vac® wet vacuum system allows for the stabilization of the touch DNA collected from a

sample. The stabilization of the DNA sample can allow for the creation-of a more complete DNA

profile. The M-Vac® obtains a higher concentration of DNA en clothing because it is pulling the
wearer and the depositor, which is not ideal. The combined method to locate and improve:
touch DNA recovery on fabrics could be an-essential tool in the forerisic science field, especially

in regards to assault/homicide cases. Further research needs to be conducted to further

-advance the multi-method DNA recovery technique.

This study tested a multi-method approach to enhance the-.effici'ency-of evidence
processing by identifying touch DNA on clothing, thus improving DNA recovery rates. The
research conducted in this study is important because forénsic laboratories face challenges’in
obtaining touch DNA from fabrics without liquid staining, which tan compromise DNA integrity.

Developing a comprehensive methodology is crucial for overcoming these.;‘chall'en'ge's and

improving DNA recovery rates. The multi-method approach integrates multiple technigues to

optimize touch DNA recovery. The approach is implemented following the application of VD
processing to visualize the location of the touch DNA on the fabrics. The multi-method
approach includes comparing wet-swab and M-Vac® techniques for DNA collection, evaluatirig
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silica-membrane-based and magnetic silica-based DNA extraction methods, and assessing the
effectiveness of size exclusion chromatography in removing metal ions from VMD-processed
DNA samples. Unlike current practices that often rely on a singular approach, the multi-method
approach combines various techniques to address multiple objectives simultaneously: It offers.
a more comprehensive and effective approach to location and DNA recovery from fabrics. The
data will provide insights into the efficacy of different DNA collection and extraction methods,
as well as the effectiveness of size exclusion chromatography in enhancing DNA recovery.
Specifically, it will reveal which combination of methods yields the highest DNA recovéry rates

from VMD-treated fabrics, thus informing future forensic practices.
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3. MATERIALS AND METHODS

3.1 Preparation of Samples Using VMD and Collection

Nine fabrics with duplicates, eighteen in total, were collected and cut into hand sized
squares for processing: Seven of the nine fabrics were from worn garments to simulate clothing
obtained from victims of a crime, and the two remaining clothing items were purchased new
from a store. One individual was-used to deposit a DNA sample to create a uniform “suspect™
profile to determine the different collection method’s efficiency in retrieving DNA from possible
‘mixed samples. The donor was previously determined to have a medium shedder status using
the methodology highlighted in the 2021 article Determination of shedder status: A comparisorn
of two-methods involving cell counting in fingerprints and the DNA ahalysis of handheld tubes.
The donor refrained from handwashing for one hour prior to the expetriment, and each fabric
sample was pressed for five seconds to obtain a palm print. The palm-prints were pressed over
the course of a month at.the same time each 'day. Once.the fabric samples were pressed to
produce a palm print containing touch DNA, VMD was performed based on the fabric.color.
VMD was performed over a month based on the avaitability of the latent print unit at the
Oklahoma State Bureau of Investigation. Dark colored fabrics were processed with 0.002g.-0f
silver and 1.0g of zinc, and the light-colored fabric samples were processed with 0.002g of gold
and 1.0g of zine. The pressure of the VMD chamber was setto 3 X 10 mbar to'vaporize both
metals until the print could be visualized, approximately one hour. Each fabric sample was then

placed into a labeled manila folder for identification.during collection. A description of the
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fabrics used within this study and the metal they-were processed with is displayed below in

Table 2. Fabrics made of various materials and colors were used in this study. The metal used

for VMD processing was chosen based on'the fabric color.

Table 2. Selection of fabric descriptions subjected to VMD analysis

'VMD Metal

Iltem Material Color
1- Fabricsquare (6.5”x7.5") 100% polyester (dri-fit} {worn} Orange Gold
2~ Fabric square (6.5"x 7.5”) | 95% nylon/5% spandex {lace) {worn) Coral Gold
3- Fabric square (6.5"x 7.5") 100% cotton (ribbed) {worn) Beige Gold
N, 65% cotton/18% rayon/16% . -
4~ Fabricsquare {6.5”"x 7.5") polyester/1% spandex (Jean) (worn) Black Silver
5- Fabric square (6.5"x7.5") | 100% polyester (brushed) (worn) 'B"la';klg :;h't'e Silver
6- Fabric square (6.5"x 7.5") 98% c_otton/Z%--span.dex {smooth} Coral Gold
: {worn)
7- Fabric square {6.5"x 7.5"). 80% _s”k/ 16% n.ylon/ 4% spandex Blue Silver
(medium weave) (worn}
8- Fabric square (6.5”x 7.5”) 100% polyester {upholstery) {new) Blug/brown Silver
9~ Fabric'square{6.5"x 7.5”) 100% polyester (fleece} (new) White/multi Gold

For touch DNA collection, each fabric.sample was photographed with scale and then

marked on butcher paper into two sections. The first half, the left side of the fabric, was

processed by the wet swabbing technique for DNA collection. The swabs were placed back into

their packjagin‘g-,-'!abe'led, and placed into @ manila folder. The right half of each sam ple fabric

was collected using the M-Vac® wet vacuum method. The.DNA filtrate of the M-Vac® wet

vacuum was poured onto the polyether sulfone (PES) filter paper twice, using a 2" diameter
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funnel to concenitrate the filtrate to the center of the filter. The filters were left to completely
dry, and then placed into ¢lear coin envelopes. The coin envelopes were labeled and then
placed in @ manila folder. Both collection folders, the swabs and filters, sat at room

temperature until DNA extraction could be conducted.

3.2 DNA Extraction

Two extraction methods were utilized in this study. The two swabs for each sample:
were cutin half and the filters were cut into quarter pieces to create replicates for each fabric
type. Two copies of each DNA sample were extracted using QIAmp™ minikit, a silica-

membrane--based extraction method. The samples were extracted according to the QIAmp™

mini kit Quick-Start Protocol (Qiagen, 2018). Thirty-six swab samples and thirty-six M-Vac® wet

vacuum samples were-placed:in separate 1.5 mL microcentrifuge tubes, respectively. 180 L of

buffer ATL and 20 uL of proteinase K were added to each sample tube. The samples were then

vortexed and placed to incubate at 56°C for one hour. Next, 200 uL of buffer AL was added and

then vortexed for 15 seconds. The samples were then incubated at 70°C for 10 minutes. After
incubation, 200 uL of ethanol was added and vortexed for 15 seconds. The samples were‘then
pipétted: irito @ QIAmp™ Mini spin column and centrifuged at 6000 x g (8000 rpm_l) for1 minute.
The flow through was discarded and the spin column was placed in-a new 2 mil collection tube:
500 pL of buffer AW1 was added to each spin column and centrifuged at 6000 x g (8000 rpm)
for 1 minute. The flow thr_oug_h was discarded and the spin column was placed in a new 2-mL
collection tube, 500 pL of buffer AW2 was added to each spin column and centrifuged atfull

speed for 3 minutes. The flow through was discarded and the spin column was placed in a new
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1.5 mL collection tube. The next step was to place 50 uL of buffer AE into the $pin columns and
incubate at room temperature for 1 minute. The samples were then centrifuged at 6000 X8
(8000 rpm}) for 1 minute to elute the DNA..25 ul DNA were placed into new 2 mL
microcentrifuge tubes for size exclusion chromatography. The DNA samples were placed in the

-20°C freezer for storage uniil quantification.

The other half of DNA sample replicates were extracted using the DNA Q™ kit, a
paramagnetic silica bead resin extraction method. The sam ples were extracted according to the
DNA 1Q™ System- Database protocol (Promega, 2016). Thirty-six swab samples and thirty-six M-
Vac® wet vacuum samples were placed separately in ClickFit® Microtubes. 250 plL of lysis
buffer, with 1 M DTT present, was added to the sample and incubated at 70°C for 30 minutes,
‘The samples were then centrifuged for 2 minutes at maximum speed, and the spin basket was
removed. The stock resin was vortexed for 10 seconds to thoroughly mix the resin. 7 pL of resin
was added to the samp_les-, and vortexed for 3 seconds at high speed. The samples were then
incubated at room'temperature for 5 minutes; vortexed for 3 seconds once every minute
during the incubation period. The tubes were then vortexed for 2 seconds at maximum speed,
and then placed into the magnetic stand. The solution was discarded without disturbing the
resin-pellet. 100 L of lysis buffer was added to the tubes and vortexed for 2 secondsat
maximum speed. The tubes were returned to the magnetic stand and the lysis buffer was
discarded. 100 pL of 1X wash buffer was added to the tubes and vortexed for 2 seconds at
maximum speed. The tubes were then returned to the magnetic stand and the wash buffer was
discarded. The washing steps was repeated two more times. The sample tube was placed on
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the magnetic stand with the lids open to aliow for the resin to air-dry for 5 minutes. 50 pL of
elution buffer was-added to the tubes and vortexed for 2 seconds at maximum speed. The
tubes were then incubated at 65°C for 5 minutes. The tubes were removed from the heating
block, vortexed for 2 seconds at maximum speed, and immediately placed in the magnetic
stand. The solution was removed and placed into new 2 mL microcentrifuge tubes. 25 ulL DNA
were placed into new 2 mL microcentrifuge tubes for size exclusion chromatography. The DNA

samples were placed in the -20°C freezer for storage until quantification.
3.3 DNA Quantification

25 pL of DNA samples that were extracted were quantified using the Quantifiler® DNA
Quantification Kit on'a Bio-rad® FX96 Real-Time System C1000 Touch Thermal Cycler. The

samples were guantified according to the protocol found in the Quantifiler® Kits User’s- Manual

{Applied Biosystems, 2006). To prepare the reagents, the primer mix'was thawed and vortexed

for 5 seconds. The Quantifiler® PCR mixture was swirled, not vortexed, before beginning sample

preparation. In a 2 mL microcentrifuge tube, 10.5 uL of primer mix and 12.5 pt of Quantifiler®

PCR reaction mix (for each .Sample) was added and vortexed for 5 seconds. The master mix tube

was then centrifuged briefly. Next, 23 uL of the master mix was pipetted intc each reaction well

of the plate. 2 pl of sample, standard, or control was added to the appropriate wells. The

reaction plate was then sealed using a MicroAmp® Optical Adhesive Film and centrifuged at

3700 rpm briefly to remove any air bubbles that were present at the bottom of the wells. The

reaction plate was then loaded onto the Bio-rad® FX96 Real-Time System C1000 Touch Thermal

Cycler, and the standard and sample riames were entered into the plate set-up program in the
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software. The plated samples underwent a 10-minute hold at 95°C to activate the Taq
polymerase that was present. The samples then underwent 40 PCR cycles, each consisting of 15
seconds at 95°C and then followed by 1 minute at 60°C. Orice the system had gathered ail data,
showing the negative control samples did not show any detectable DNA and the standard curve
was acceptable, fhe-cOnce'ntra'tion of each sample was used to target the appropriate amount

of DNA for the amplification process.
3.4 Size Exclusion Chromatography

The remaining 25 pL of extracted DNA samples underwent size exclusion
chromatography to remove any metal ions that might be présent that could inhibit PCR. The
samples were pipetted into a Micro Bio-spin® column with Bio-Gel® P-30 and centrifuged at
8000 rpm.!for_S-mi'nutes {or until all the sample'was spun down). The columns were removed,
and the samples were then placed into 2 mL microcentrifuge tubes. The DNA samiples were
then place‘d into a -20°C freezer until quantification. The size exclusion chromatography DNA.
samples were quantified using the same Quantifiler® kit as the samples from the previous

section.
3.5 DNA Amplification

Following quantification, all samples were amplified using the PowerPlex® Fusion
amplification kit on the Applied Biosystems® GeneAmp® PCR System 9700. The samples were
amplified dccording to the protocol found in the PowerPlex® Fusion System for Use on the

Applied Biosystems® Genetic Analyzers Technical Manual (Applied Biosystems, 2020). The
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mastermix was prepared consisting of 5 i, of PowerPlex® Fusion 5X master mix and 5 L of
PowerPlex® Fusion 5X primer pair mix per sample. 10 L of the prepared master mix was added
to each reaction plate well. 15 uL of DNA was added to the. corresponding wells, and then
vortexed for 10 seconds. The samples were then pipetted into the reaction well plate. The
positive amplification control used the 2800M contrsl DNA dilution, .and the negative
amplification control used distilled water in place of the'15 plL of DNA. The plate was briefly
centrifuged to remove any air bubbles from the bottom of the wells. The reaction plate was
amplified using a GeneAmp® PCR System 9700 thermal cycler according to the protocol
outlined in the PowerPlex® Fusion System for Use on the Applied Biosystems® Genetic Analyzers
Technical Manual {Applied Biosystems, 2020). PCR cycling was preceded by a 1-minute initial
activation hold at 96°C to activate the Taq polymerase. Next, the samples underwent 30 eycles
“at 94°Cfor 10 seconds, 59°C for 1 minute, and 72°C for 30 seconds. The final step was an
extension step at 60°C for 10 minutes before cycler returns to a 4°C hold until the samples were
removed from the instrument. The samples were stored in a -20°C freezer until capillary

electrophoresis could be performed.
3.6 Genetic Analysis

The amplified DNA samples.were analyzed using capillary electrophoresis on an Applied
Biosystems® 3500 Series Genetic Analyzer. The capillary electrophoresis of samples was
conducted according to the protocol outlined in the PowerPlex® Fusion.System for Use on the
Applied Biosystems® Genetic Analyzers Technical Manua'f"_(Ap'pli_ed Biosysterns, 2020). A master

mix was prepared by combining 9 pL of formamide and 1 {iL of internal lane standard {WEN)
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per sample. The mix was then vortexed for 15 seconds. 10°pL of the master mix was pipetted
into each sample well of the plate and 9.75 pb of master mix in the allelic ladder wells of the
plate. 1 pl. of amplified sample {or 1.25 pL of allelic ladder) was then-added to each
corresponding well. The plate'was then covered by the appropriate 96 well septa and
centrifuged briefly at 3700 rpm to remove any air bubbles. The plate was loaded into the.
genetic analyzer, and the appropriate run parameters were selected (15 seconds for injection

time and 15kV run voltage).
3.7 Data Analysis

in this study the independent variables encompassed various factors that were
controlled by the researchers. These included the type of collection method employed, the
specific extraction kit utilized, the application or omission of size exclusion ch romatography,
‘and the metal type in the VIMD process. The dependent variables were the responses that were.
measured and analyzed based on the changes of the independent variables. In this.context, the
dependent variables consisted of the DNA concentration ebtained and the number of allele

peaks observed in an electropherogram.

The electropherograms resulting from capillary electrophoresis were analyzed using
GeneMapper® ID-X Software v1.4 from Life Technologies™. The negative controls-and reagent
blanks were.examined to ensure that peaks were:not above the analytical thresholds
designated for each dye chan'nel;'The-'pro'ﬁles- of the electropherograms were analyzed for
completeness by determining if any allele drop-out had occurred or if any artifacts were
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present. Each sample received a score of 0 to 44 for the number of alleles present on the
electropherogram, not accounting for the sex determining loci. The concentration of the DNA
samples.was compared to determine the efficiency of each collection method. The statistical
analysis was performed using R (R Core Team, 2024) and Ime4 (Bates, Maechler, Bolker, &
Walker, 2015) to obtain a general linear mixed effect model: The metal type, collection method,
size exclusion chromatography, and extraction kit used were entered as fixed effects into the
model. Fixed effects represent the independent variable, average trends that should persist
across experiments {Winter, 2013). The sample 1D and whole plot were entered as random
effects into the model. Random effects represent all things that might affect the dependent
variable that are not within the experimental design (Winter, 2013), P-values were obtained for

each fixed effect through the general linear mixed effect models.
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4.1 DNA Concentration

The complete:quantification data for all samples and replicates are represented in Table
3 below. QIAmp™ exhibited a DNA presence in 14 of the 36 swab samples and 28 of the 36 filter
samples. In contrast, DNA 1Q™ demonstrated DNA detection in 27 of the 36 swab samples and

23 of the 36 filter samples. In the context of size exclusion chromatography, QIAmp™ revealed

4. RESU

LTS

DNA présence in 8 of the 36 swab samples and 18 of the 36 filter samples, whereas DNA IQ™

size exclusion chromatography identified the presence of DNA in 20 of the 36 swab samples

and 17 of the 36 filter samples. Fourteen samples did not have concentration results to report

from the DNA 1Q™ size exclusion ch romatdg_raphy samples, labelled as “fail” in the table _beIow

(Table 3). Inthe “fail” sam ples the reaction failed during qPCR and no data was collected. The

size exclusion chromatography column could have contributed t6 the reaction failure. The “fail”

samples were not applied to any statistical analysis performed.

‘Table 3. DNA sample concentrations

f

,z alamp DNAIQ. | QIAMP Size Exclusion | DNAIQ Size Exclusion
sample | Swab | Filter { Swab | Fiter | Swab | Filter | Swab | Filter-
11 0007006 | 0.005853 1 0001464 . 0 0 | 0.006194 | 0.000971 | 0.001636
12 0 1000229 | 000302 0000198 O 0 fail fail |
21 :0003451: O 0 10001098 a 0.035575 0 0.079022 |
22 10003142 1 0.007868.) O (0000623 . 0 | 0.001287 0 10.014838
31 . 0 0.005323 | 0.005062 | 0.002015 | 0.000571 | 0.011387 0 0
3,2 0 0013092 0 0003104 O ' 0. 11.4978 0 !
i 41 0019111 ; 0017945 | 0.000915 Q i 0 0002313 | 2.536923 0
i A2 0003617 ;0015195 0 0000391 0 0.001464 | fait fail
541 0 0.002428 | 0.000163 0 i 0 0.004997. | 0.039397 | 0.038069
52 1 0 i 0 |0058117 754E-05) O | 000012 0 1904805 |
61 1000143 10008946 0005992, 0 . 0 | 0 |0.021151; 0.00089 |
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4.1.1 Model for Extraction Kits

The generalized linear mixed effect model vielded estimates of each fixed effect,
including their corresponding standard errors, t-values; and p-values. The estimate for the
categorical effect “QIAmp™” was reported to be -0.483. This suggests that QiAm p™ sample
concentrations were, on average, lower than DNA |Q™ sample concentrations by 0.483 ng/uL.
The:standard error associated with this fixed effect was calculated to be +/-0.535. The resulting

t-value was -0.903, with a corresponding p-value of 0.366. In the figure below (Figure 3) sample
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results are displayed in a box plot. The fixed effect, the extraction kit, is displayed as the x-axis.

The response vector, DNA concentration, is displayed as the y-axis.

Figure 3: DNA Concentration (QIAmp™ V. DNA IQ™)
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Note. n=72 for DNA IQ™ and n=72 for QIAmp™

4.1.2 Model for Metal Type

Silver-treated sample concentrations were, on average, lower than gold-treated sample
concentrations by 0.415 ng/uL. The standard error associated with this fixed effect was
calculated to be +/- 0.683. The resulting t-value was -0.607, with a corresponding p-value of

0.544. In the figure below (Figure 4) sample results are displayed in a box plot. The fixed effect,
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the metal type, is displayed as the x-axis. The response vector, DNA concentration, is displayed

as the y-axis.

Figure 4: DNA Concentration (Gold V. Silver)
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4.1.3 Model for Size Exclusion Chromatography

Size exclusion chromatography sample concentrations were higher than non-size
exclusion chromatography sample concentrations by 0.022 ng/uL, on average. The standard
error associated with this fixed effect was calculated to be +/- 0.564. The resulting t-value was

0.038, with a corresponding p-value of 0.970. In the figure below (Figure 5) the fixed effect, if
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size exclusion chromatography was performed, is displayed as the x-axis. The response vector,
DNA concentration, is displayed as the y-axis.

Figure 5: DNA Concentration (Size Exclusion Chromatography Yes V. No)
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Note. n=144 for no size exclusion chromatography and n=130 for size exclusion chromatography

4.1.4 Model for Collection Type

Swab collected sample concentrations were higher than M-Vac® collected sample
concentrations by 0.687 ng/uL, on average. The standard error associated with this fixed effect
was calculated to be +/- 0.643. The resulting t-value was 1.069, with a corresponding p-value of
0.285. In the figure below (Figure 6) the fixed effect, the collection method, is displayed as the

x-axis. The response vector, DNA concentration, is displayed as the y-axis.
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Figure 6: DNA Concentration (Swab V. M-Vac®)
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4.2 Genetic Profile Quality

All sample genetic profiles were compared to the donor profile and the number of
matching allele peaks present were recorded into a data table. QIAmp™ exhibited allele peaks
within their electropherogram in 12 of the 36 swab samples and 19 of the 36 filter samples. In
contrast, DNA IQ™ demonstrated allele peaks in 5 of the 36 swab samples and 14 of the 36
filter samples. In the context of size exclusion chromatography, QIAmp™ revealed allele peaks
within their electropherogram in 15 of the 36 swab samples and 17 of the 36 filter samples,

whereas DNA IQ™ size exclusion chromatography identified allele peaks in 11 of the 36 swab
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samples and 10 of the 36 filter samples. The complete genetic profile datafor all samples and

replicates are represented in Table 4 below.

Table 4. Number of allele peaks present in a sample’s electropherogram
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A model was created to obtain the p-values for each fixed effect and the R2 value for the
complete genetic profile mixed effect model. The results, presented in Table 5, indicate that the
utilization.of size exclusion chromatography; the extraction kit, and the type of collection
method have a statistically significant impact on the number of allele peaks obtained in a
genetic profile (p< 0.05). The complete model had a marginal RZ of 0.186, assessing the

proportion of variance explained by the fixed effects included in the model.

Table 5. Results for genetic profile mixed effect model

Number of Allele Petks
predictors | Incidenice Rate Ratios - P
(Intercept] 1,09 0.55-2.15 0.812
Gold Silver [Siiver] - 0:69 0.30-1.55 0.367
Swab Mvac {Swob] 0:47 0.28-0.78 0:003
Qiamp DNAIQ [Qiamp] 1.92 ©1.15-3.10 0.007
Size Exclusion-{Yes] Q.50 0.26:0.96 0.035
Rondom Effects -
02 1.56
.TrJD Sample 1D 000 ’
Top Whole it 0.50
N ';-?hof_e: Plot : 18
- Nsompte o 36
Observations - 288
Marginal R/ Conditionaf R? | 0.186/NA.

4.2.1 Model for Extraction Kits

The generalized linear mixed effect model yielded estimates of each fixed ei;f'e'ct,
including their corresponding standard errors, z-values; and p-values. The estimate for the
categorical effect “QIAmp™” was reported to be 0.654. This suggests that QIAmp™ samples, on

average, had more peaks present than DNA IQ™ samples by 0.654. The standard error
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associated with this fixed effect was calculated to be +/- 0.244. The resulting z-value was 2.675,
with a corresponding p-value of 0.00748. In the figure below (Figure 7) sample results are
displayed in a box plot. The fixed effect, the extraction kit, is displayed as the x-axis. The
response vector, number of allele peaks present, is displayed as the y-axis. The distributions in
the box plot are difficult to discern statistical difference, suggesting the difference may be

significant but not meaningful in a practical sense.

Figure 7: Number of Allele Peaks Present (QIAmp™ V. DNA 1Q™)
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4.2.2 Model for Metal Type

Silver-treated samples, on average, had less peaks present than gold-treated samples by
0.376. The standard error associated with this fixed effect was calculated to be +/- 0.416. The
resulting z-value was -0.903, with a corresponding p-value of 0.367. In the figure below (Figure
8) sample results are displayed in a box plot. The fixed effect, the metal type, is displayed as the

x-axis. The response vector, number of allele peaks present, is displayed as the y-axis.

Figure 8: Number of Allele Peaks Present (Gold V. Silver)
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4.2.3 Model for Size Exclusion Chromatography

Size exclusion chromatography samples had less peaks present than non-size exclusion
chromatography samples by 0.528. The standard error associated with this fixed effect was
calculated to be +/- 0.250. The resulting z-value was -2.109, with a corresponding p-value of
0.03493. In the figure below (Figure 9) the fixed effect, if size exclusion chromatography was
performed, is displayed as the x-axis. The response vector, number of allele peaks present, is

displayed as the y-axis.

Figure 9: Number of Allele Peaks Present (Size Exclusion Chromatography Yes V. No)
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4.2.4 Mixed Effect Model for Collection Type

Swab collected samples had less peaks present than M-Vac® collected samples by 0.755
alleles on average. The standard error associated with this fixed effect was calculated to be +/-
0.256. The resulting z-value was -2.945, with a corresponding p-value of 0.00323. In the figure
below (Figure 10), the fixed effect, the collection method, is displayed as the x-axis. The
response vector, number of allele peaks present, is displayed as the y-axis. The distributions
displayed in the box plot are difficult to discern statistical difference, suggesting the difference

may be significant but not meaningful in a practical sense.

Figure 10: Number of Allele Peaks Present (Swab V. M-Vac®)
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5. DISCUSSION

This study undertook a multi-method approach to improve the efficiency of evidence
processing by identifying touch DNA on clothing and enhancing recovery rates. The multi-
method approach employed various techniques to optimize touch DNA recovery. The approach
was initiated after VMD processing to visualize the location of DNA on the fabric’s surface. The
multi-method approach involved comparing wet-swab and M-Vac® techniqués for DNA
collaction, evaluating 'silica-..membr'a_ne-base_d and magnetic silica-based DNA extraction
methods, and gauging the efficacy of size exclusion chromatography in -el'im'in'atin'g metal ions
from VMD-processed DNA samples. The data generated provided insights into the combination:
of methods that yields the highest DNA recovery rates from VMD-treated fabrics, thus

providing a guideline for future practices.
5.1 DNA Coricentration

Following the collection of concentration data from each sample, the study exarined
thé connections between the fixed and random effects to assess the effectiveness of the multi-
method approach in recovering touch DNA from fabrics. The efficiency of each independent
variahle, 'inclludin_g metal type, collection method, the utilization of size exclusion
chromatography, and the type of extraction k"it,_ was assessed through statistical analysis

employing a general linear mixed effect model with a.gamma.distribution..
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When examining individual fixed effects, it was found that gold-treated samples
outperformed silver-treated samples by 0.41505 ng/uL on average. Among collection methods,
double swabbirg vielded higher DNA concentrations compared to samples collected using the
M-Vac® wet vacuum method by 0.68715 ng/jL. Samples that were subjected to size exclusion
chromatography exhibited higher overall DNA concentrations, on average; compared to those
not undergoing this process by 0.02154 ng/uL. However, it is worth noting that these effects
had minimal impact on the DNA concentration obtained. Additionally, DNA i1Q™ extracted
samples performed better than'their'countérpart,_ QlAmp™ extraction samples by 0.48307
ng/pL. None of the observed average estimates among the methods demonstrated significance
or substantive relevance to the concentration of DNA recovered. Ih the examination to the
statistical significance pertaining to each fixed effect, the metal type exhibited a p-value of
0.544, denoting insignificance n its impact oh the concentration of DNA yielded. Similarly, the
collection type manifested no statistical significance (p=0.285) concerning the concentration of
touch DNA retrieved. The statistical analysis revealed that the extraction kit utilized yielded a p-
value of 0.366, suggesting insignificance in its influence on the concentration of-obt_a'in'e_d DNA.
Finally, the utilization of size exclusion chromatography exhibited no statistically significant
association (p=0.970) with the concentration of recovered DNA from fabric samples. The p-
values from the mixed effect model suggest that different independent variables (i.e, the metal
type used, collection method, type of extraction kit used, and the utilization of size exclusion
chromatography) do not significantly influence the concentration of touch DNA retrieved from

fabrics.

45




5.2 Genetic Profile O;u'ality

The quality of a genetic profile.obtained from each sample was completed by receiving a
score of 0 to 44 for the number of alleles present on the e'l'ectropherogr_am,_not accounting for
the sex determining foci.. The maximum number of allele peaks obtained for a sample was 38
and-the minimum was no allele peaks obtained. The relationships betiveen the study’s fixed
effects and random effects were used to evaluate the efficiency of the multi-method approach,
As stated previously, the efficiency of each independent variable was ev_aluated'by statistical

analysis using a general linear mixed effect model with a negative binomial disttibution.

Individually, gold-treated samples vielded more allele peaks in an electropherogram, on
average, compared to silver-treated samples by 0.37597 peaks. Samples collected using the M-
Vac® wet vacuum method outperformed samples collected-using the double swabbing method
by 0.75465 peaks. Sarviples that were hot subjected to size exclusion chromatography exhibited
maore complete overall genetic profiles compared to those that underwent this process by
0.52774 peaks on average. Finally, QI/Amp™ extracted samples performed better than their

counterpart, DNA IQ™ extraction samples by 0.65385 peaks. None of the observed average

estimates among the methods demonstrated substantive relevance and had a minimal impact

on the quality of genetic profiles obtained from samples. Ih the analysis of the statistical
significance associated with each fixed effect, it was found that the metal type vielded a p-value
of 0.36657, indicating a lack of significance in its effect of the quality of a genetic profile.
However, the collection type showed a statistically significant impact (p=0.00323) on the

number of allele peaks obtained in a genetic profile: Additionally, the cheice of extraction kit
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resultedin a p-value of 0.00748, suggesting that it significantly influences the completeness of 3

genetic profile. Lastly; the use of size exclusion chromatography demonstrated statistically
significant correlation {p=0.03493) with the number of allele peaks.obtained:in.a genetic profile

recovered from fabric samples.

As depicted in Table 5, employing a multi-method-approach that includes M-Vac® wet
vacuuin as the collection method, the QlAmp™ rini kit for extraction, and does not undergo
size exclusion chromatography as an additional cleaning step yields a statistically significant
impact on the quantity of allele peaks obtained in a genetic profile. The utilization of size
exclusion.chromatography, the extraction kit, and the chosen collection method exhibit a
correlation with the number of allele peaks discerned. on an electropherogram. However, it is
noteworthy that none of these factors; nor their combination, substantially predicts the
variability in the overall quantity of allele peaks. These factors {utilization of size exclusion
chromatography, the extraction kit, and the choesen collection method) merely explain around

18% to 20% of the total variation.
5.3 Limitations

Several limitations were encountered during the execution of this study, primarily

stemming from equipment availability and the visibility of Vacduum Metal Deposition (VMD)

prints. The University of Central Oklahoma lacked ownership of a VMD instrument;

necessitating the involvement of the Oklahoma State Bureau of Investigation for processing

fabric samples when accessible. However, this.arrangement revealed a second constraint: VMD
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prints on fabrics-appeared visible only within a narrow time frame post-processing. Upon return
to researchers, the prints ceased to be fully discernible, leaving behind a residual film where the
metal had been deposited but failing to yield identifiable palm prints. Investigations concerning
the duration of print visibility through VMD remains sparse in exist'i'ng literature. An article
authored by‘the Home Office Scientific Development Branch in'2005.assertsthat VMID prints.
have been observed to retain visibility for a duration of a few hours, Notably, metal particles
persist on'the fabric surface over time but.the quality of the print does not. Although this
phenomenon did not have a significant influence on the current'study, given that the
visualization of ridge detail was not required, the residual presence of metal ions on the fabric

surface offered valuable indications concerning the potential location of touch DNA.
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6. CONCLUSION

The goal of this study was to address the streamlining of evidence procéssing for the
identification of touch DNA on clothing, with a focus on improving DNA recovery and efficiency.
The multi-method approach had three main objectives: compare the wet-swab and Microbial
wet-vacuum (M-Vac®) techniques forcollection of touch DNA, compare_.si!ica-mem‘brane—base_d
and magnetic silica-based DNA extraction methods, and assess the effectiveness of size
exclusion c_hromatograph_y in the removal of metal iohs from samples. With regards to the
collection method, there was not a significant impact.on the concentration of DNA obtained
when comparing the double swabbing method and the M-Vac® collection method. However,
the M-Vac® collection method produced genetic profiles with more allele peaks present
com_p_ared_-t_o-the double swabbing collection methad. In the case of the extraction kits
commparison, there was no statistically significant effect found between the extraction kits in this
study to the concentration of touch DNA recovered. Although, the silica-membrane-based
extraction method (QIAmp™) produced genetic profiles with more allele peaks present than its
counterpart, the magnetic silica-based extraction method (DNA 1Q™). Regarding the efficacy of
size exclusion chrqmatography, the samples that were subjected to the size exclusion
chromatography process and the samples that bypassed this process showed no significant
differences in regards to the concentration of DNA. Nevertheless, samples that were not
subjected to size exclusion _c'hromatog_raphy_ yielded genetic profiles exhibiting a higher count of
allele peaks in comparison to the samples that underwent the size exclusion chromatography
process.
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With these results in consideration, the techniques within the multi-method approach
{M-Vac® collection method, QIAmp™ mini kit extraction, and bypassing size exclusion
chromatography) employed in this study significantly impacts touch DNA genetic profiles but
does not affect the concentration obtained during collection. The utilization of size exclusion
chromatography, the type of extraction kit used, and the collection method can affect the
quality of a genetic profile obtained from a sample. However, it is worthy to note that the
difference is minute and based on the limited dataset presented in this study. When
considering these fi'ndin_gs in a casework context; the number of allele peaks detected in a
genetic profile holds greater importance than the concentration of DNA acquired. Utilizing a
technique involving the M-Vac® wet vacuum for touch DNA sample collection, followed by DNA
extraction usihg the QIAmp™ kit, without the need for size exclusion chromatography, ¢an yield
more comprehensive genetic profiles. This method could be employed by analysts in cases
where there is overlap with the latent prints unit or when they encounter difficulties in locating
potential touch DNA on fabric evidence. The application of vacuum metal deposition and the
M-Vac® wet vacuum holds promise as a tool in the field of forensic science. Future research
-should be conducted outside the scope of this study. One possibility is re_pIic_at'ing-:this-"study-
with test subjects of differing shedder statuses. Repetition with more su bjects may show a
more noteworthy difference in the collection methods for touch DNA on fabrics. Another
option is replicating this study but -simu’lating‘-_a crime or some form of physical exeréise before
depositing the prints onto the fabric. In actual casework, suspects would I’ikely be sweatier and

grab or push more firmly, allowing for the possibility of more skin cells to be deposited in the
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print. Simulating some form of physical exercise before.depositing the print may lead to higher
DNA concentration yields and more complete DNA profiles. Ad_d'iti'o_n'al'_l_y_, a study on the
‘maximum time for VMD to stay visible on fabrics should be conducted. There is limited
literature that discusses how long VMD metal remains visible on fabrics and it would be
worthwhile to have a time range for processing fébr_-i_cs. Currently, analysts that perform VMD

should consider marking around the areathat showed print-like patterns.
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Appendix A: R Markdown of a Combined Method to Locate and Improve

DNA Recovery from Fabrics

Makenzie Driever, Dr. Rhonda Williams
2024-03-28

Load Libraries
library(tidyverse)

library(lme4)
library(DHARMa)

library(dplyr)

Load Data
getwd()

## [1] "C:/Users/maken/OneDrive/Desktop/Thesis/R_analyses"

setwd("C:/Users/maken/OneDrive/Desktop/Thesis/R_Analyses")

dat <- read_csv("Thesis data table CSV.csv") |>

mutate(Sample_ID = factor(Sample_ID),
Whole_Plot = str_extract(Sample_ID, "[0-9]*(?=.)"),
DNA_Concentration2 = DNA_Concentration + ©.00000000001)

Summary of Data

summary(dat)

## Sample_Number Sample_ID Fabric_Type Hand_Side

## Min. : 188 1,3 : 8 Length:288 Length:288

## 1st Qu.: 72.75 1.2 8 Class :character Class :character
## Median :144.50 2.1 8 Mode :character Mode :character
## Mean :144.50 2.2 8

## 3rd Qu.:216.25 3.1 8

## Max. :288.00 3.2 : 8

i (Other):240

## Gold_Silver Swab_Mvac Qiamp_DNAIQ Size_Excl
usion

## Length:288 Length:288 Length:288 Length:28
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## Class :character Class :character Class :character Class :ch

aracter

## Mode :character Mode :character Mode :character Mode :ch
aracter

it

##

#t#

#H#

## DNA_Concentration  Number_of_Allele_Peaks Whole Plot

## Min. : 0.000000 Min. : 0.000 Length:288

## 1st Qu.: ©.000000 1st Qu.: 6.000 Class :character
## Median : 0.000216 Median : 0.000 Mode :character
## Mean : 0.091434 Mean  1.311

## 3rd Qu.: ©.003795 3rd Qu.: 1.000

## Max. :11.497865 Max. :38.000

## NA's 114

## DNA_Concentration2
## Min. : ©.000000
## 1st Qu.: ©.000000
## Median : 0.000216

## Mean : 0.091434
## 3rd Qu.: 0.003795
## Max. :11.497805

## NA's 114

Linear Mixed Effect Models

Linear Mixed effect models are used for data that is collected and summarized in groups. These
models simultaneously represent fixed and random effects of a data set. Fixed effects represent
average trends that should persist across experiments. Random effects represent the extent
these trends vary across levels of a grouping element. For both dependent variables, a general
linear mixed effect model was used.
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DNA Concentration Linear Mixed Effect Models

The metal type, collection method, size exclusion chromatography, and extraction kit used
were entered as fixed effects into the models. The sample ID and whole plot error terms were
entered as random effects into the model. A gamma distribution was applied.

dna_mod <- glmer(DNA_Concentration2 ~ Gold_Silver + (1|Whole_Plot)
+ Swab_Mvac + (1|Sample_ID) + Qiamp_DNAIQ + Size Excl
usion, data = dat, family = Gamma(link = "log"))

summary (dna_mod)

## Generalized linear mixed model fit by maximum likelihood (Laplace

##  Approximation) [glmerMod]

## Family: Gamma ( log )

## Formula: DNA_Concentration2 ~ Gold_Silver + (1 | Whole Plot) + Swab
Mvac +

#it (1 | Sample_ID) + Qiamp_DNAIQ + Size Exclusion
e Data: dat

H##

i AIC BIC loglLik deviance df.resid
## -5562.8 -5533.9 2789.4 -5578.8 266
##

## Scaled residuals:

#i Min 1Q Median 3Q Max

## -0.5091 -0.5091 -0.4970 -0.0474 4.1479

##

## Random effects:

## Groups Name Variance Std.Dev.

## Sample_ID (Intercept) 13.5770 3.6847

## Whole_Plot (Intercept) ©0.7119 0.8438

## Residual 3.8583 1.9643

## Number of obs: 274, groups: Sample_ID, 36; Whole Plot, 18
R

## Fixed effects:

it Estimate Std. Error t value Pr(>|z]|)

## (Intercept) -4.,82907 0.66742 -7.235 4.64e-13 ***

## Gold SilverSilver -0.41505 0.68324 -9.607 0.544

## Swab_MvacSwab 0.68715 0.64278 1.069 0.285

## Qiamp_DNAIQQiamp -0.48307 0.53480 -0.9063 0.366

## Size_ExclusionYes ©.02154 0.56412 0.038 0.970

## ---

## Signif. codes: @ "***' 9,991 '"**' 9.01 '*' ©.05 '." 0.1 ' ' 1
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## Correlation of Fixed Effects:

## (Intr) G1d_SS Swb_MS Q DNAI
## Gld_SlvrSlv -0.448

## Swab_MvcSwb -0.458 -0.011

## Qmp_DNAIQQm -0.529 -0.018 0.201

## Sz_ExclsnYs -0.360 0.014 -0.100 0.101

hist(dat$DNA_Concentration)

Histogram of dat$DNA_Concentration
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boxplot(DNA_Concentration ~ Fabric_Type, data = dat)
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boxplot(DNA_Concentration ~ Swab_Mvac, data = dat)
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boxplot(DNA_Concentration ~ Size_Exclusion, data = dat)
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Genetic Profile Quality Linear Mixed Effect Models

The metal type, collection method, size exclusion chromatography, and extraction kit used
were entered as fixed effects into the model. The sample ID and whole plot error terms were
entered as random effects into the model. a negative binomial distribution was applied.

allele_mod <- glmer.nb(Number_of_ Allele_ Peaks ~ Gold _Silver + (1|Whole
_Plot)

+ Swab_Mvac + (1|Sample_ID) + Qiamp DNAIQ + Siz
e_Exclusion, data = dat)

## boundary (singular) fit: see help('isSingular')
summary(allele mod)

## Generalized linear mixed model fit by maximum likelihood (Laplace
##  Approximation) [glmerMod]

## Family: Negative Binomial(@.409) ( log )

## Formula: Number_of_Allele_Peaks ~ Gold_Silver + (1 | Whole Plot) +
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Swab_Mvac +

#i
b3

HE

#i#
it
4
i
4
it
#

#i#

i
HE
¥

##

it
it
it
Hit
it
it
it
it
i
#it
it
#it
##
it
It
gz
it
##

Swab_MvacSwab

(1 | Sample_ID) + Qiamp_DNAIQ + Size Exclusion
Data: dat
AIC BIC loglLik deviance df.resid
725.4 754.7 -354.7 709.4 280
Scaled residuals:
Min 1Q Median 3Q Max
-0.6177 -©6.5073 -0.4290 ©.1565 7.6013
Random effects:
Groups Name Variance Std.Dev.

Sample_ID (Intercept) 5.795e-11 7.613e-06
Whole.Plot (Intercept) 4.957e-01 7.640e-01

Number of obs: 288, groups:

Fixed effects:

Estimate Std. Error z value Pr(>|z])

(Intercept)- 0.08279
Gold_SilverSilver -9.37597
-@.75465
Qiamp_DNAIQQiamp ©.65385
Size_ExclusionYes -©.52774

0.34746
©.41639
0.25628

@.24445

©.25821

9.238
-2.903
-2.945

2.675

-2.169

0.81167
0.36657
0.00323 **

9.,00748 **
9.03493 *

Signif. codes: © *¥¥*' 9,991 '**' §.01 '*' ©.05 '." 9.1

Correlation of Fixed Effects:
| (Intr) Gld_SS Swb_MS Q_DNAI
Gld_S1vrSlv -0.533

Swab.MvcSwb -8.293 0.009

Qmp_DNAIQQM -©.368 -0.027 -0.207

Sz_ExclsnYs -0.314 ©.034 -0.085 -0.058

optimizer (Nelder_Mead) convergence code: @ (OK)

boundary (singular) fit: see help('isSingular"')
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hist(dat$Number of Allele Peaks)

Histogram of dat$Number_of_Aliele_Peaks
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boxplot(Number_of_Allele_Peaks ~ Gold_Silver, data = dat)
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boxplot(Number_of_Allele_Peaks ~ Qiamp_DNAIQ, data = dat)
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boxplot(Number_of_Allele_Peaks ~ Size_Exclusion, data = dat)
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