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COMPARISON OF DIFFERENT PROTEASES AND DIRECT CELL LYSIS
METHODS USED FOR THE RECOVERY OF EXOGENOUS DNA FROM

FINGERNAIL EVIDENCE

CAITLIN ROSE 1ZZ0

ABSTRACT

Fingernail samples are analyzed in forensic casework to determine the source of
the nail and/or to recover a foreign profile from beneath the nail. When extracting from a
fingernail sample, it is possible to recover deoxyribonucleic acid (DNA) of the nail donor
from within the nail and from the surface of the nail; similarly, foreign DNA may also be
present on and recovered from the nail surface. When attempting to recover the latter,
fingernail samples present particular problems. Often, the foreign component is masked
by the greater mass of donor DNA present within and on the nail sample. This masking
effect is exacerbated by the use of proteinase K (PK) in DNA extractions, as PK, with an
average of 200 cut sites per keratin molecule, is capable of breaking open the keratin
matrix of the nail and exposing the nail DNA intercalated in the matrix. Directly
extracting nail clippings, in contrast to swabbing or scraping, would further introduce nail
DNA when using proteinase K. The present study explores whether utilizing other
proteases (ZyGEM, Acrosolv, and Factor Xa) with fewer cut sites than PK or direct lysis

methods (IGEPAL® CA-630 and MAWI iSWAB™-ID) would minimize recovery of nail



DNA from within the nail and thus mitigate the masking effect often seen with fingernail
samples.

The endogenous DNA extraction efficiency of each suggested method was
compared with the manufacturer’s standard QIAGEN QIAamp” DNA Investigator
extraction protocol for hand-washed and/or laboratory-cleaned nails. The extraction
results from the hand-washed nails demonstrate variability both within samples from the
same donor and between donors. In contrast to previously published literature, a
comparison of the results between the hand-washed and cleaned nails suggests that much
of the endogenous DNA recovered from fingernail samples is derived from DNA on the
surface rather than from within the nail.

QIAamp® extraction with the inclusion of dithiothreitol (DTT) recovered
significantly more DNA (0.845 + 0.651 nanograms of DNA per milligram of nail [ng
DNA/mg nail]; p = 0.0045) than the same protocol without DTT (0.278 £+ 0.253 ng
DNA/mg nail). IGEPAL® recovered the least endogenous DNA (0.005 + 0.012 ng
DNA/mg nail) from the nail. The ZyGEM extraction recovered the second lowest
amount (0.163 + 0.161 ng DNA/mg nail) and both the Acrosolv (0.546 = 0.607 ng
DNA/mg nail) and MAWI’s iSWAB™-ID (0.681 + 0.780 ng DNA/mg nail) methods
recovered more DNA than the QIAamp® protocol without DTT. An assessment of the
electropherograms resulting from cleaned fingernails across all extraction methods for
one donor showed that both IGEPAL® and MAWI failed to recover a complete profile,

whereas the remaining methods were able to recover complete profiles of the nail donor.

Vi



An assessment of donor variability found variations in terms of endogenous nail DNA
recovery.

Fingernails were also spiked with blood, saliva, or semen to assess the recovery of
foreign DNA. The extractions of the spiked nail samples demonstrate variability across
all samples, owing, to some degree, to inconsistencies of sample preparation.
IGEPAL"™’s inability to recover complete foreign profiles suggests that the method may
not be viable for extraction of fingernail samples. Conversely, the ZyGEM, Acrosolv,
and MAWTI extraction methods demonstrate potential as alternative extraction methods

for fingernail samples and would benefit from additional experimentation.
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1. INTRODUCTION
1.1 The Fingernail as Forensic Evidence

Fingernail samples are encountered during the course of routine forensic
deoxyribonucleic acid (DNA) laboratory casework. When considering a fingernail as a
means of identification, both endogenous and exogenous DNA can be recovered.
Endogenous DNA from the nail donor can be recovered from within the nail because nail
formation—a process called keratinization—includes DNA fragmentation; the
fragmented DNA is then incorporated into and protected by the keratin framework of the
nail [1,2].

Endogenous non-nail DNA from the nail donor and exogenous DNA from a
foreign donor can also be recovered from the surface of the nail. The recovery of a
foreign profile may indicate contact occurred between two parties. In such a case, the
hands become agents of DNA transfer [3]. Epithelial cells (e-cells) can accumulate
beneath the fingernails by simple, unconscious acts. Kwok et al. conducted a study to
assess how often a group of students touched their faces in the span of one hour (hr) and
found that the students touched their faces an average of 23 times per hour, 44% of which
involved mucosal membrane contact [4]. Such incidences underline how often one’s
hands come into contact with one’s own skin, offering prime opportunities for the
accumulation of e-cells beneath fingernails.

An alternative explanation for the accumulation of DNA beneath fingernails lies
in cell-free DNA. Studies have demonstrated that the cells of the outer layer of the

epidermis are often enucleated, such that there is little DNA present in the cell; it has



been postulated that the DNA recovered in incidences of touch DNA has originated from
sweat and sebaceous fluid in the form of cell-free DNA [5]. Such a hypothesis could be
equally likely to explain the accumulation of DNA—both from the nail donor and foreign
sources—beneath the fingernail. In addition to epithelial cells and cell-free DNA, body
fluids from oneself and foreign sources can also accumulate on the hands, and thus

beneath the fingernails, via contact with various body parts [5,6].

1.1.1 Endogenous Recovery of Nail DNA from Fingernails

A variety of fields utilize fingernail samples, including epidemiology and forensic
science. Epidemiologic studies typically employ fingernail samples in order to extract
endogenous nail DNA for genome-wide association studies, biomarker analysis,
diagnostics, and molecular autopsy [1,7,8]. Forensic studies extract endogenous nail
DNA with the goal of identifying the source of the fingernail, often in instances of
decomposing bodies [9]. The extraction methods used in the recovery of endogenous nail
DNA have typically involved either organic extraction or silica column extraction. There
is much variation in the lysis buffers employed across these studies [9—11]. Additionally,
the epidemiologic and forensic studies tend to differ in their method of quantification,
i.e., PicoGreen™, NanoDrop, or real-time polymerase chain reaction (GQPCR) [7,9,11].
Therefore, the values presented in the literature (Table 1) tend to vary with the chosen

methods of extraction and quantification [1].



Table 1. Literature Review: Endogenous Nail DNA Recovery from Fingernails. A selection
of published studies exploring the recovery of endogenous nail DNA from within fingernails.
The table lists the amount of nail extracted, the extraction method, the quantification method, and
the average amount of DNA recovery. Dithiothreitol (DTT), ethylenediaminetetraacetic acid
(EDTA), hydrochloric acid, (HCI), microgram (pg), milligram (mg), nanogram (ng), sodium
chloride (NaCl), sodium dodecyl sulfate (SDS), sodium hydroxide (NaOH), phenol/chloroform
(P/C), proteinase K (PK), Tris(hydroxymethyl)aminomethane (Tris), Tris-EDTA (TE).

Reference UL Extraction Quantification | Average Result
Amount
1 15 mg NaOH digestion — P/C NanoDrop 393 ng/mg
® . . NanoDrop 687.4 ng/10 mg
7 10 mg QIAamp~ DNA Micro Kit PicoGreen® 294 ng/10 mg
8 10 mg TE + PK digestion — P/C NanoDrop 80.8 ng/10 mg
Buffer (Tris-HCI, DTT, Quanti filer®
9 5mg EDTA, NaCl, SDS, PK) — I 100.5 ng/mg
QIAamp® Mini column uman
Organic extraction 1.5 ng/10 mg
11 10 mg QIAamp® DNA Investigator | NanoDrop 0.45 pg/10 mg
QIAamp”® Mini Kit 0.9 ug/10 mg
PK digestion — QIAamp” NanoDrop 91.7 ng/mg
12 4-10mg . . ®
MinElute columns PicoGreen 43.2 ng/mg

1.1.2 Exogenous Recovery of DNA from Fingernails

In forensic science, the successful recovery of a foreign profile beneath a victim
or assailant’s fingernails could suggest physical contact occurred between the parties
involved [13]. During the commission of a crime, there may be instances when the
victim and/or assailant come into contact with the skin or body fluid of the other; for
example, defensive actions and assault can result in a transfer of DNA [14,15].

Published studies regarding the analysis of fingernail samples for casework have
employed a variety of extraction methods, including organic extraction, Chelex” (with
and without the addition of PK), and silica column-based methods [14,16,17].
Fernandez-Rodriguez et al. examined fingernail clippings, scrapings, and swabs from 40

cases using organic extraction and Quantiblot®; a mixture was recovered in six cases; in



four of the six cases, a suspect was identified in the recovered mixture [16]. Harbison et
al. published two cases in which victims were submerged in water for two to three hrs
and subsequent analysis of their fingernail debris—recovering via soaking in distilled
water—with Chelex® and PK led to the identification of a suspect in the first case and the
corroboration of a witness’s statement in the second case [17]. Piccinini et al. conducted
a review of fingernail clippings from homicides that occurred in Milan from 1996 to
2000. A foreign profile—from fingernail debris recovered by washing the surface of the
clipping—was recovered using organic extraction in 11 of 31 cases; in 7 of the 11 cases,
the foreign profile was consistent with the suspect [18].

Numerous studies have attempted to characterize the nature of DNA found
underneath fingernails. Such studies have included examinations of the typical amount
of foreign DNA beneath the fingernails of the general population [14,19]. Cook et al., for
example, found that 6% of 100 fingernail swabs of the general population, which were
amplified using the AmpFISTR® SGM Plus” kit, contained reportable mixtures (5 or
more foreign alleles) [14]. Further studies have attempted to correlate ‘high level’
profiles—those with more foreign alleles—with physical contact and shared cohabitation
[19-21]. Studies have also been conducted on decedents from violent [22,23] and non-
violent deaths [24] to assess foreign DNA recovery levels from beneath their nails.
Finally, additional studies attempted to recreate fingernail casework samples by having
paired volunteers simulate defensive actions (such as scratching) or assault (such as
digital penetration) in order to assess DNA recovery levels [19,21,25,26]. Overall, the

studies suggest that a high number of foreign alleles in a profile is indicative of physical



contact; the definition of ‘high’ ranges from 4 alleles to 12 or more alleles when
amplifying with the AmpF/STR® SGM Plus® kit [14,20,21]. Many of these studies have
extracted swabs or scrapings from nails rather than extracting nails directly, and thus

have not needed to consider the structure of fingernails.

1.2 The Nail Unit

The nail unit can be divided into external and internal components. Of most
importance internally are the nail matrix, the nail bed and the hyponychium (Figure 1).
The nail matrix, or nail root, is germinative epithelium that extends from the proximal
end of the nail plate to the edge of the lunula, which is the white semicircle edge
sometimes visible through the nail plate [27]. The nail matrix is responsible for the
primary production of the nail plate as it is in the matrix where cells undergo
differentiation and form keratinized tissue [27,28,29]. The nail bed is the vascularized,
epithelial surface upon which the nail plate rests [27]. The nail bed is also thought to
contribute, in part, to the formation of the nail plate; however, the extent of that
contribution is contested [29,30]. Some have reported that approximately 80% of the nail
plate is produced by the matrix and the remaining 20% is produced by the nail bed, while
others have reported a 30:1 ratio of matrix to nail bed production [29,31]. The
hyponychium of the nail unit is both a space and surface between the distal edge of the

finger and the free edge of the nail plate [27].
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Figure 1. Sagittal Section of the Nail Unit. Adapted from Saito et al. [32]

Externally (Figure 2), the proximal and lateral nail folds are cutaneous folds that
provide borders for the nail plate. The cuticle is stratum corneum that functions to seal

the proximal groove, which is where the proximal edge of the nail plate rests [27].
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Figure 2. Plane View of the Nail Unit. Adapted from Lai-Cheong et al. [33]

The nail plate is categorized as keratinized epithelia [27]. There are three
identified zones, or layers, of the nail plate, although the existence of the third zone is
contested [27,34]. The dorsal nail plate has high calcium, phospholipid, and sulfthydryl
group content; the intermediate nail plate, which is two times thicker than the dorsal

plate, has nuclear remnants, high phosphatase activity and disulfide bonds, and low



calcium, phospholipid, and sulfhydryl group content [35]. The contested ventral nail
plate is very thin and has high calcium, phospholipid, and sulthydryl group content as

well as high acid phosphatase activity and nuclear remnants [27,35].

1.2.1 Nail Plate Keratinization

Keratinization involves the differentiation of living cells to dead, keratinized cells
[36]. The process of keratinization leads to the replacement of cytoplasm and organelles
with keratin intermediate filaments [36]. A cell goes through mitosis and produces two
daughter cells; either one or both of those daughter cells become differentiated for keratin
production as the cells move distally, toward the tip of the finger, across the nail matrix
[36]. In contrast to the keratinizing cells of the epidermis, which follow a vertical
differentiation axis, keratinocytes of the nail grow on a diagonal axis [37]. Within the
differentiated keratinocyte, keratin messenger ribonucleic acid (mRNA) production
commences, leading to the production of keratin proteins and filaments [36]. As the
keratinocyte matures, ribonucleic acid (RNA) and cellular proteins are no longer
produced, the organelles—including the nucleus—begin to degrade, and the cell flattens
[36]. During this process, the degraded DNA becomes intercalated between the forming
keratin filaments [2]. Once fully differentiated, the keratin-filled cell becomes embedded
in a stable matrix of other keratinized cells and proteins, which are linked by disulfide

bonds [36,38,39].



1.2.2 Keratin

At present, 54 different keratin genes have been identified and are located on
either chromosomes 12 or 17 [40]. Each specific keratin is encoded by its own gene,
such that the 54 different keratins result directly from transcription and translation of
individual gene sequences, rather than from various post-translation modifications of
precursors [40,41]. The term ‘keratin’ was originally used to characterize all proteins
that could be extracted from skin and skin appendages; it was subsequently discovered
that skin and its various appendages actually consist of a variety of proteins [40]. The
definition of keratin was then simplified to describe a specific type of intermediate
filament proteins distinct from the keratin-associated proteins and enzymes that are also
found in keratinized tissue [40].

There are numerous ways to categorize keratins. Overall, there are two types of
keratins based on secondary structure: alpha- (o) and beta- (B) keratins. Beta-keratins
have a B-pleated sheet secondary structure and are commonly found in the epidermal
appendages of birds, such as claws, beaks, and feathers. Alpha-keratins, with an o-
helical secondary structure, are common to vertebrates. The keratin of human fingernails
consists of a-keratin and, as such, the following discussion will be specific to a-keratin
[40].

Keratins can also be categorized as acidic (Type I) or basic/neutral (Type II), as
shown in Figure 3; the two types correspond to the two gene families that code for keratin
[40,42]. Type I and Type II keratins can be further characterized as either soft or hard

keratins [40]. The “soft” or “hard” designation is made on the basis of sulfur content—



derived from the presence of cysteine—such that soft keratins, common to the epidermis,

have lower cysteine content than hard keratins, which are common to hair [42,43].

o-keratin
Acidic Basic
(Type I) (Type II)
v | v |
Soft Hard S\(l)’ft Ha\il;d

Figure 3. Keratin Categorization. Alpha-keratins can be classified as either acidic (Type I) or
basic (Type II) keratins. Both acidic and basic keratins can then be further categorized as either
hard or soft keratins.

1.2.2.1 Keratin Structure

The primary structure of a keratin protein is an amino acid chain [40]. While the
amino acid sequence of a particular type of keratin is often conserved across various
species, each specific keratin type can differ in sequence or number of amino acids [40].
The specific sequence of amino acids at this structural level can ultimately impact the
properties and capabilities of the mature keratin filament; particularly, the primary amino
acid sequence can influence all subsequent structural levels of the mature filament, as
well as the formation of bonds between keratin filaments and between filaments and
associated proteins [40]. For example, cysteine plays a crucial role in the formation of
disulfide bonds within and between keratin filaments; a cysteine residue’s position in the
primary structure—and in the secondary, tertiary, and quaternary structures—will impact

bond formation and keratin architecture [40].



The secondary structure of a keratin protein consists of three domains: a head
domain, a rod domain, and a tail domain [40]. The positively-charged, non-helical head
domain consists of 50 to 100 amino acids and plays a crucial role in interactions with
other components in the cell; the head domain is typically cysteine-rich, allowing for the
formation of disulfide bonds between keratin filaments and other proteins [40].
Similarly, the tail domain is non-helical and positively charged; the tail domain is also
cysteine-rich to allow for disulfide bond formation [40]. Both the head and tail domains
are accessible on the filament surface, which further facilitates interaction with other
filaments and proteins, as well as enables protease attack [44]. Both the head and tail
domains have a sequence diversity that is unmatched by the rod domain [45].

The rod domain has an o-helical structure and consists of approximately 310
amino acids [40]. The charge of the rod domain varies depending on whether the keratin
is Type I or Type II [40]. Repeating patterns of seven amino acids, termed heptads, make
up the rod domain; the heptads are crucial for a-helical structure and later tertiary
structure [40]. The helix is stabilized by hydrophobic and apolar amino acids in the first
and fourth positions of the heptad, as well as by charged amino acids in the fifth and
seventh positions [40]. Additionally, the a-helix is maintained by hydrogen bonds and
disulfide bonds [38].

The tertiary structure of keratin protein is the heterodimer, which is formed
through the parallel association of one acidic and one basic keratin molecule [40]. Two
keratin molecules can self-assemble into heterodimers by aligning their respective rod

domains, which are generally homologous; the molecules then become bonded by
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disulfide cross-linkages between the rod domains [39,40]. The heterodimer is considered
the basic unit of the keratin filament [40].

Building upon the heterodimer, the quaternary structure (Figure 4) of the keratin
filament is complex [40]. Two heterodimers will align end-to-end and stagger side-by-
side to form a tetramer, or protofilament [36,39,45]. Two protofilaments will associate
side-by-side to form a protofibril, or octamer [36,40]. Four protofibrils associate to form

the intermediate filament [36].

. I =
domain ﬁ é 2 2 %
Rod ’ g % 2 %
domain —_— —_— g — % ‘ —_— % 2
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a-helix Heterodimer Protofilament Protofibril Intermediate filament

Figure 4. Keratin Intermediate Filament Formation.Secondary, tertiary, and quaternary
keratin structure. Two a-helix chains coil to form a heterodimer, which associate side-by-side
and end-to-end to form a protofilament. Two protofilaments assemble to form a protofibril,
which associate in groups of four to form an intermediate filament. Adapted from Wang et al.
[36].
1.2.2.2 Keratin Expression

The various types of keratinized tissue will have different patterns of keratin
expression; therefore, the keratins produced in the epidermis differ from that of hair,
which, in turn, are different from the nail [40,45]. The nail plate has been found to

express 10 to 20% soft keratin and 80 to 90% hard keratin [42,46]. Heid et al. used gel

electrophoresis and immunoblotting, in addition to peptide mapping and binding
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analyses, to study keratin expression in the human nail; they identified Type I (Hal, Ha2,
Ha3-1, Ha3-II, Ha4) and Type II (Hbl, Hb2, Hb3, Hb4) hard keratins common to hair
[47,48]. Heid et al. also recovered Type I (K14, K16, K17) and Type II soft keratins

common to the skin (K5, K6) [47,48].

1.3 Sampling Methods for Fingernails

There are inherent issues when attempting to recover a foreign profile from a
fingernail sample. The major contributor will typically be the nail donor and the amount
of donor DNA could mask a foreign profile [9]. To this point, Oz et al. had volunteers
scratch one another and then extracted their nail clippings using an organic extraction
procedure; they recovered only the profiles of the nail donor and concluded that
fingernail evidence would be best utilized only when relevant and not on a routine basis
[6]. This masking effect is due to recovery of DNA both from within the nail itself and
from the donor’s DNA on the surface of the nail. Furthermore, the foreign component is
often of a low quantity [49]. The DNA of the nail donor that is present on the nail
surface will be collected regardless of the sampling method employed. However, it may
be possible to mitigate the recovery of donor DNA from within the nail.

Three collection methods are commonly used for processing fingernail evidence:
swabbing, scraping, and clipping [50]. Swabbing of nails may occur with wet swabs or
utilizing the double-swab method, which calls for swabbing with a wet swab, followed by
a dry swab; scrapings are collected with a tapered wooden stick [14,51,52]. Clippings are

subsequently sampled by soaking, which involves directly extracting from a nail clipping
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by submerging the nail in a lysis solution [53]. Oz et al. noted that their laboratory
procedure was to process whole nail clippings as the samples were typically too small to
be swabbed or scraped; additionally, whole clippings were extracted to increase the
likelihood of recovering a foreign profile [6]. Rogers and Newton suggest in Clinical
Forensic Medicine that collecting nail clippings is the most ideal of all three methods;
however, they note that clippings may not be a viable option in instances of sexual assault
examinations where victims may be unwilling to have their nails clipped for personal,
cultural, or religious reasons [50,51]. In such cases, scraping and swabbing are common
alternatives [51].

Hebda et al. compared sampling methods (i.e., swabbing, scraping, and soaking)
to assess which method recovered the most foreign DNA and the least nail donor DNA
[53]. DNA from all samples collected across the methods was isolated using organic
extraction; specifically, a digestion buffer consisting of 20 millimolar (mM) Tris, 50 mM
EDTA and 0.1% SDS was used in combination with 5 microliters (uL) of 20 mg/mL PK
[53]. Hebda et al. found that soaking the nail clipping overnight tended to recover more
foreign DNA than either swabbing or scraping, but the nail donor was typically the major
contributor in the resulting autosomal short tandem repeat (STR) profiles; the nail donor
was the major contributor less often when sampling with swabbing or scraping [53].

While swabbing or scraping nail samples to collect DNA on the surface of the nail
would address the issue of DNA recovery from the nail itself, it does not account for non-
nail donor DNA present on the surface of the nail. Furthermore, Hebda et al. found that

swabbing only recovered approximately 61% of a 1-uL. male blood aliquot that was

13



placed on the female nail samples; scraping recovered even less (33%) [53]. Conversely,
soaking the nail clipping in the lysis buffer recovered approximately 96% of the foreign
DNA spiked onto the nail [53]. Directly extracting fingernail clippings allows for
increased recovery of surface DNA; however, Hebda et al. found that the soaking method
more often had the nail profile as the major component than the other collection methods
[53]. The recovery of endogenous nail DNA is exacerbated by the use of PK in DNA

extractions when coupled with the soaking sampling method.

1.4 Extraction of Fingernails: Proteinase K

Proteinase K is a serine alkaline protease commonly used in DNA extractions as a
part of both organic and silica column protocols [54]. The protease is used for such a
purpose owing to its broad cleavage specificity for aliphatic and aromatic amino acids
[54,55]. Proteinase K, as indicated in Table 2, has an optimal temperature of 37°C, with a
range of 20°C to 60°C [56]. Additionally, the protease’s activity increases in the presence
of up to 2% SDS [57]. In the presence of buffers containing 3 mM DTT, PK retains 70%
of its activity [58]. Proteinase K can be inactivated via heating at temperatures above its

activity range [59].

14



Table 2. Characteristics of Selected Proteases. The table lists the optimal pH and temperature
for selected proteases as well as the number of cut sites each protease will make in a selection of
keratins that are present in the nail plate.

Characteristic Protease

PK ZyGEM: EAI Factor Xa
Optimal pH 7.5-12[60] 6.5 [61] 7.6 -8.0[62]
Optimal temperature (°C) 37 [56] 75[63] 37[62]
Keratin Cut Sites: Hard
Keratins [47,64,65] PK ZyGEM: EAI Factor Xa
Ha4 208 45 0
Hb4 282 77 1
5(;1:2:11:615(]:“ Sites: Soft Keratins PK ZyGEM: EAl Factor Xa
K5 252 77 0
K14 215 60 0

Proteinase K is isolated from Engyodontium album, which is a fungus that grows
on keratin; the “K” of PK stands for “keratin,” owing to the protease’s ability to digest
keratin [54]. Therefore, it is not surprising that PK is often the protease of choice when
extracting fingernails [7-10,66,67]. Using the sequence of Ha4, a hard keratin with 436
amino acids making up its protein sequence, there are 208 eligible PK cut sites. Figure 5
depicts the locations of those cut sites. Therefore, it is not surprising that PK efficiently
releases DNA from the keratin protein matrix; a greater number of cleavage sites in
keratin leads to increased lysis of the keratin matrix, which equates to increased
accessibility of endogenous nail DNA. As such, the use of PK may be considered an
influential factor in the recovery of endogenous nail DNA from within a fingernail [65].
Selecting a protease with fewer keratin cut sites than PK may result in decreased recovery

of endogenous nail DNA when also employing the soaking sampling method.
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MLYAKPPPTINGIKGLQRKERLKPAHIHLQQLTCFSITCSSTMSYSCCLP 50

SLGCRTSCSSRPCVPPSCHGYTLPGACNIPANVSNCNWFCEGSFNGSEKE 100
TMQFLNDRLASYLEKVRQLERDNAELEKLIQERSQQQEPLLCPSYQSYFK 150
TIEELQQKILCAKAENARLVVNIDNAKLASDDFRSKYQTEQSLRLLVESD 200
INSIRRILDELTLCKSDLESQVESLREELICLKKNHEEEVNTLRSQLGDR 250
LNVEVDTAPTVDLNQVLNETRSQYEALVEINRREVEQWFATQTEELNKQV 300
VSSSEQLQSCQAEIELRRTVNALEIELQAQHNLRDSLENTLTESEAHYS 350
SQLSQVQSLITNVESQLAEIRCDLERQNQEYQVLLDVRARLECEINTYRS 400
LLESEDCKLPCNPCATTNASGNSCGPCGTSQKGCCN 436

Figure 5. Cleavage of a Hard Keratin (Ha4) by Proteinase K. The red lettering indicates an
amino acid where the protease will cleave. Alanine (A), arginine (R), asparagine (N), aspartic
acid (D), cysteine (C), glutamic acid (E), glutamine (Q), glycine (G), histidine (H), isoleucine (I),
leucine (L), lysine (K), methionine (M), phenylalanine (F), proline (P), serine (S), threonine (T),
tryptophan (W), tyrosine (Y), valine (V) [64,65].
1.5 Current Goals

Extracting fingernail clippings directly offers opposing advantages and
disadvantages; the method will recover more foreign DNA, but also more endogenous
DNA from within the nail [53]. Proteinase K is commonly utilized in the extraction of
fingernail samples. The use of PK likely exacerbates the masking issue often
encountered in fingernail samples as PK will make numerous cuts in keratin proteins,
allowing the DNA intercalated within the nail to be exposed and extracted. The goal of
the present research is to examine alternative proteases (ZyGEM’s EA1, Factor Xa, and
Acrosolv) that may cut keratin molecules in fewer places than PK, thus minimizing the
extraction of nail DNA while efficiently releasing DNA from exogenous body fluids and
epithelial cells. Additionally, direct lysis methods utilizing IGEPAL® CA-630 and
MAWI DNA Technologies’ iSWAB™™-ID kit were explored to determine their efficiency

in extracting exogenous DNA on the surface of a fingernail. The present goal is to take

advantage of increased recovery of foreign DNA on the surface of the nail by soaking
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clippings while mitigating the increased recovery of endogenous nail DNA associated

with the soaking sampling method.

1.5.1 ZyGEM: EAl

The neutral EA1 protease of ZyGEM prepGEM™ is a zinc metalloprotease
isolated from a Bacillus species found on Mount Erebus in Antarctica [63,68]. EAI has
been employed for the analysis of a variety of samples, including buccal swabs, whole
blood, ultraviolet (UV)-degraded samples, and miscellaneous evidentiary samples (i.e.,
beer bottle necks, collars of shirts, latex gloves, cigarette butts); in published research,
EA1 extractions performed as well as or better in comparison to traditional extraction
methods [69,70].

The benefits of EA1 for DNA extraction lie in the fact that it utilizes a closed-tube
methodology that minimizes opportunities for contamination and yield reduction that can
occur when the numerous wash and transfer steps of other protocols are needed [71]. The
enzyme and appropriate buffer are combined with the sample, the tube is closed, and is
heated to 75°C, followed by 95°C [71]. The thermophilic enzyme is activated at 75°C,
leading to cell lysis and destruction of nucleases; EA1 exhibits significantly reduced
activity at temperatures below 40°C [63,72]. Denaturation as well as self-digestion of
EA1 occurs at 95°C [71]. The enzyme can be combined with various proprietary buffers
to extract different body fluids.

Regarding the application of EA1 for fingernail analysis, EA1 will preferentially

cleave at leucine and phenylalanine [68]. In comparison to PK, the EA1 protease cleaves
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keratin at an average of 60 sites (Figure 6; Table 2). The EA1 protease was selected on
the basis of its closed-tube methodology as well as its decreased number of keratin cut

sites.

MLYAKPPPTINGIKGLQRKERLKPAHIHLQQLTCFSITCSSTMSYSCCLP 50

SLGCRTSCSSRPCVPPSCHGYTLPGACNIPANVSNCNWFCEGSFNGSEKE 100
TMQFLNDRLASYLEKVRQLERDNAELEKLIQERSQQQEPLLCPSYQSYFK 150
TIEELQQKILCAKAENARLVVNIDNAKLASDDFRSKYQTEQSLRLLVESD 200
INSIRRILDELTLCKSDLESQVESLREELICLKKNHEEEVNTLRSQLGDR 250
LNVEVDTAPTVDLNQVLNETRSQYEALVEINRREVEQWFATQTEELNKQV 300
VSSSEQLQSCQAEIIELRRTVNALEIELQAQHNLRDSLENTLTESEAHYS 350
SQLSQVQSLITNVESQLAEIRCDLERQNQEYQVLLDVRARLECEINTYRS 400
LLESEDCKLPCNPCATTNASGNSCGPCGTSQKGCCN 436

Figure 6. Cleavage of a Hard Keratin (Ha4) by EA1. The red lettering indicates an amino acid
where the protease will cleave [64].

1.5.2 Factor Xa

Factor Xa (FXa) is a serine protease that functions in the blood coagulation
pathway to convert the thrombin precursor to its active form [73]. The protease has been
utilized in scientific literature to cleave fusion proteins [74,75]. The activity of the
protease has been found to increase as incubation temperature increases from 4°C to 37°C
[76]. Factor Xa has been recorded to work in the presence of detergents, such as Triton
X-100 (up to 1%) and Nonidet P-40; conversely, SDS has been found to reduce FXa
activity [76]. In the case of reducing agents, the QIAexpressionist protocol for FXa
treatment of fusion proteins does not suggest the use of DTT; conversely, the protocol
notes that up to 5 mM B-mercaptoethanol has not been found to have a detrimental
influence on FXa activity [76].

New England BioLabs® recommends the use of dansyl-glu-gly-arg-chloromethyl

ketone to irreversibly inhibit the protease, as the compound will bind to the protease’s
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active site [77]. Conversely, Eaton et al. stopped FXa digestion by the addition of 0.4%
SDS and incubation at 80°C [78]. Quinlan et al. used 25 mM B-mercaptoethanol to
terminate FXa digestion [79].

Factor Xa has not been previously applied to DNA extraction. Factor Xa has a
highly specific cut site; it will cleave after arginine in the sequence I-(E or D)-G-R [80].
Due to its specific cut site, FXa will typically cleave keratin either once or not at all; it is
primarily on the basis of its specific cleavage that FXa was selected as a viable option to
decrease endogenous nail DNA recovery from fingernails while maintaining recovery of

DNA on the surface of the nail (Table 2).

1.5.3 Acrosolv

Acrosolv, a component of ZyGEM’s forensicGEM'™ Sexcrime kit, is a
proprietary protease solution that is used in conjunction with ZyGEM’s EA1 protease to
lyse sperm [81]. Acrosolv contains mesophilic enzymes that are capable of degrading
cell walls [82]. The reagent does not require reducing agents (such as -mercaptoethanol
and DTT), which are often used to process fingernails for endogenous nail DNA
[40,81,83]. Acrosolv can lyse sperm, which may be an exogenous source of DNA after a
sexual assault. The protocol utilizes a 52°C temperature stage to activate the mesophilic
enzymes of Acrosolv, a 75°C step to activate the thermophilic EA1, and a 95°C step to

inactivate EA1 [82].
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1.5.4 IGEPAL" CA-630

In addition to alternative proteases for fingernail analysis, methods were also
considered that could directly lyse exogenous cells of the nail donor and any foreign
donors that are on the surface of the nail. Svec et al. investigated the use of direct lysis
solutions for the extraction of RNA from small samples, i.e., samples with fewer than
1,000 cells [84]. IGEPAL® CA-630, a non-ionic detergent, was one of the direct lysis
solutions Svec et al. investigated, among others, and which showed promising extraction
results [84,85]. The use of IGEPAL® as an extraction method allows for the possibility

of recovering DNA on the surface of the nail without breaking open the nail keratin.

1.5.5 MAWI iSWAB™-ID

The MAWI DNA Technologies’ iSWAB™.-ID kit was designed to improve DNA
recovery from reference swabs and evidentiary sample swabs [86]. The kit consists of a
vial with a pronged insert, which is intended for concentration and stabilization, and a
storage/collection buffer [86]. The pronged insert is designed to scrape cells off of swabs
that are inserted into the vial; the prongs, therefore, function to increase sample recovery
[87]. The collection method was designed to combat recovery issues from swabs and to
allow for room temperature storage and long-term storage [86].

The proprietary buffer system is capable of lysing human cells [88]. Over the
course of a several hour incubation period, the MAWI iSWAB™ buffer performs a mild
lysis of human cells [89]. After incubation, the buffer can then be taken directly to PCR

analysis without needing an extraction step [89].
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The collection/storage buffer of MAWI’s iSWAB™-ID was specifically designed
for the extraction of buccal cells [87]. The work of Gordon has also determined that the
buffer is capable of lysing blood cells using the same incubation time frame, as well as
semen when using an increased lysis period; therefore, MAWI extraction would feasibly
be applicable across multiple sample types [90].

The MAWI buffer was considered as a potential extraction method for fingernails.
The buffer’s purported mild lysis may be suitable for the recovery of exogenous DNA
without recovering DNA from within the nail. Furthermore, the lack of an extraction step
makes the MAWI buffer an attractive option for fingernail analysis; an extraction step

would likely increase the chance of endogenous nail recovery.
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2. MATERIALS AND METHODS
2.1 Sample Collection

Thirteen sample donors (ten females and three males) clipped and collected their
fingernails to contribute to the present study. Volunteers were asked to remove any nail
polish present on their fingernails before collection and were also asked to clean the
surface and beneath each nail with a nail brush or other appropriate tool. After clipping
their nails, the donors placed all nail clippings from both hands in a single glassine
envelope, which was then placed inside a manila envelope. The manila envelope was
labeled with the volunteer’s donor number, the date of collection, and the volunteer’s sex.
Donors provided multiple samples, if possible, based on their personal nail care regime; a
specific length of nail clippings was not specified in order to increase sample return. All
fingernail clippings were stored at room temperature until use.

Each donor also provided a reference buccal swab. A reference buccal swab and
liquid saliva samples were collected from an additional male donor. Male blood and
semen were purchased from BioreclamationIVT (Baltimore, MD). The buccal swabs
were stored at room temperature, the liquid saliva was stored at 4°C, and the liquid blood
and semen samples were stored at -30°C.

Sample collection procedures were in compliance with the Boston University

School of Medicine Institutional Review Board protocol #H-26187.
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2.2 Sample Preparation

Initial experiments were carried out on the nails as received with no additional
cleaning method applied to the samples in the laboratory. Donors had been instructed to
clean their nails prior to collection; these samples were termed “hand-washed” nails. The
hand-washed nail represents a more thorough cleaning procedure than the average person
might do, or than might be encountered as evidence. The samples were weighed on a
Denver Instrument Analytical Semi-Micro Balance (Bohemia, NY) with a target of 3 to
10 mg of nail per sample. Some samples were cut with cleaned scissors in order to fall
within that weight range, while other samples had to consist of multiple clippings to
reach the target weight. Samples weighing between 3 to 10 mg were left as is, samples
between 10 to 15 mg were cut into 2 pieces, and samples weighing 15 to 20 mg were cut
into 3 pieces. After being cut, the samples were reweighed.

Additionally, cleaning the nails with an electric toothbrush (Infinity Rechargeable
Toothbrush) was explored (CVSHealth, Woonsocket, RI). The electric toothbrush was
dipped into TE buffer (10 mM Tris, 0.1 mM EDTA) and was then used to scrub each nail
for 30 seconds (sec). Each nail was held with clean tweezers in a weigh boat during the
cleaning procedure. The entire surface of the nail, including both sides and the edges,
was cleaned. The nail was then rinsed with 100 pL of TE and blotted dry with a
Kimwipe (Kimberly-Clark Professional, Roswell, GA).  The toothbrush head
(CVSHealth EasyFlex TotalPower; Woonsocket, RI) was submerged first in 10% bleach
and then 70% ethanol between nail samples to clean the brush head. The toothbrush head

was replaced every 100 samples. The nails were weighed after cleaning.
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2.3 Control Profiles

The reference buccal swabs and liquid saliva swabs were extracted with ZyGEM
(MicroGEM, Southampton, England) prepGEM™, using the manufacturer’s protocol for
saliva [72]. The neat semen samples were extracted with Acrosolv (MicroGEM,
Southampton, England), according to the manufacturer’s protocol [82]. The neat blood
samples were extracted with the QIAGEN QIAamp® DNA Investigator kit (Hilden,
Germany), using the manufacturer’s protocol for the isolation of DNA from small blood
volumes [91].

The extracts were then carried through quantification, amplification, and capillary

electrophoresis, as detailed below, to obtain reference profiles for all donors.

2.4 Epithelial Cell Preparation

An e-cell preparation was prepared using protocols adapted from Gordon and
Montville [90,92]. Neat saliva (1600 pL) and TE buffer (400 puL) were added to a 1.5-
milliliter (mL) microcentrifuge tube and vortexed to mix thoroughly. The sample was
centrifuged at 5,000 revolutions per minute (rpm) for 5 minutes (min). The supernatant
was removed and the pellet was resuspended in 400 pL of TE buffer. The centrifugation,
supernatant removal, and resuspension steps were repeated twice more. The pellet was
then resuspended in 200 pL of TE buffer. The pellet was broken up via vortexing.

A Bright-Line Hemacytometer (Hausser Scientific, Horsham, PA) and coverslip
were cleaned with an alcohol wipe. Eight microliters of the epithelial cell preparation

were pipetted onto the hemacytometer and covered with a coverslip. The hemacytometer
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was placed on a Nikon Eclipse TE2000-S microscope employing phase contrast
microscopy at 40x magnification. The cells were counted through use of MMI CellCut
(Molecular Machines & Industries, Eching, Germany) equipment and computer software.
An average cell count was determined by averaging the counts of five square millimeters.
The average cell count was then divided by the product of the area (1 mm?) and the depth
(0.1 mm) to determine the number of cells per pL, which was then multiplied by 0.0066
nanograms per microliter (ng/pulL) to determine the ng of DNA per uL. Using the
determined ng of DNA per pL of the epithelial cell preparation in order to target a
specific DNA concentration, 6 pL of sample was aliquoted into individual 1.5-mL tubes

and dried overnight.

2.5 Endogenous Nail Recovery

Each extraction method, discussed below, was used on nail clippings to assess
recovery of DNA from within the nail itself. A selection of extraction methods was
initially carried out on nails in the condition in which the samples were received, i.e., no
additional cleaning was employed in the laboratory; the nails are termed “hand-washed”
nails.

Subsequently, all viable extraction methods were carried out on nails cleaned with
the electric toothbrush method and referred to as “cleaned” nails. The extracts were then
quantitated using the method described below. Endogenous recovery was assessed in
terms of ng of DNA per mg of nail (ng DNA/mg nail) in order to present DNA recovery

relative to the amount of nail extracted. Select extracts were also carried through
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amplification and capillary electrophoresis, as described below. Data is presented in the
form of boxplots, wherein the ends of the box represent the 1% and 3™ quartiles and the
horizontal line within the box is the median of the dataset. Lines, called whiskers, may
extend from each end of the box to the upper and lower data points. Black dots above the

whisker extending from the top of the boxplot represent outliers.

2.5.1 Method Selection

Proteases were selected using the ExPASy PeptideCutter (Swiss Institute of
Bioinformatics, Lausanne, Switzerland) [65]. Sequences—retrieved from the Human
Intermediate Filament Database—of both soft and hard keratins known to be present in
the nail plate were analyzed with the PeptideCutter to determine which proteases would
have the fewest cut sites in keratin molecules [64]. Various properties of the proteases—
including cleavage specificity, number of keratin cut sites, optimal pH range, optimal
temperature, and cost—were assessed to determine if the proteases would prove suitable.
ZyGEM, although not included in the ExXPASy database, was investigated on the basis of
its direct lysis procedure and fewer keratin cut sites in comparison to PK. Acrosolv is
similarly not included in the ExXPASy database but was investigated on the basis of its
combined use with ZyGEM and its ability to lyse sperm without the use of reducing
agents.

The non-ionic detergent, IGEPAL® CA-630, was investigated on the basis of
work done by Svec et al., Le et al., and Shatzkes et al., which suggested that direct lysis

with some detergents, including IGEPAL®, allowed for increased recovery of RNA from

26



samples with low cell numbers [84,93,94]. It was hypothesized that IGEPAL™’s direct
lysis capabilities would be sufficient to recover foreign profiles on the surface of
fingernails while not being so astringent as to lyse the keratin matrix of the nails.

The collection/storage buffer employed in MAWI DNA Technologies’
iSWAB™.-ID kit was investigated on the basis of the reagent’s mild lysis and the work of
Gordon [89,90]. Similar to IGEPAL®, it was hypothesized that the MAWI buffer’s lysis
capabilities would be sufficient to recover foreign profiles on the surface of fingernails

while not being so astringent as to lyse the keratin matrix of the nails.

2.5.2 Qldamp®: Proteinase K
Extraction with proteinase K was carried out via the QIAGEN QIAamp® DNA
Investigator kit, according to the manufacturer’s protocol for the isolation of DNA from

nail clippings; the protocol is outlined in Figure 7 [91].

Lysis Addition of
Buffer ATL Chaotropic Wash
. Buffer AW1
1 MDTT Salts Bind Buffer AW? Elute
PK Buffer AL Ethanol Ethanol = Buffer ATE
N v ¥
Incubation Incubation
(56°C) (70°C)

Figure 7. QTAGEN QIAamp® DNA Investigator Extraction Protocol. Diagram of the phases

of QIAamp® extraction. Adapted from QIAGEN QIAamp® DNA Investigator Handbook [91].
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Initially, the QIAamp” extractions were carried out using hand-washed nail
samples (n = 12) from 3 different donors (Donors A, B, and C). All sample extracts were
stored at -30°C until further analysis. Select extracts were carried through amplification
and capillary electrophoresis to generate electropherograms.

An ancillary experiment was carried out using hand-washed nail samples (n = 3)
from Donor A utilizing a 24-hr incubation period, with vortexing every 30 min for the
first 8 hrs of the incubation and once at the end of the incubation period. Select extracts
were carried through amplification and capillary electrophoresis to generate profiles.

An additional experiment was carried out on the individual components of the
QIAamp® DNA Investigator kit. The experiment was first done using e-cell preparations,
prepared as described above. Each preparation was resuspended in 40 pL of TE buffer,
vortexed, and incubated at room temperature for 30 min.

Three of the extraction protocols assessed the components of the lysis step: Buffer
ATL alone (n = 3), DTT alone (n = 3), and PK alone (n = 3); each extraction was
incubated for the requisite hr and carried through the remaining steps of the QIAamp®
protocol. The full QIAamp® DNA Investigator protocol (n = 3) was carried out as a
control.

A similar experiment was carried out on hand-washed nail samples from Donor
C. The experiments testing Buffer ATL and the full protocol control remained the same,
whereas the experiments with PK and DTT alone also included the addition of Buffer

ATL so that the “PK + ATL” and “DTT + ATL” protocols were carried out in a buffered
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solution. Select extracts were carried through amplification and capillary electrophoresis
to generate profiles.

Across three different experiments, the QIAamp® extraction method was used on
17 Donor A nail samples cleaned with the electric toothbrush. In order to investigate the
influence of DTT on the recovery of DNA from within a fingernail, the QIAamp®
extraction was modified to exclude DTT for a further 12 cleaned nails across three
different experiments. The breakdown of experiments contributing to the total number of
QIAamp®™ samples is presented in Figure 8. All sample extracts were stored at -30°C
until further analysis. Select extracts were carried through amplification and capillary

electrophoresis to generate profiles.

A

Figure 8. Experiments Involving QIAamp® Extraction with and without DTT. A) The 3
experiments contributing to the 17 cleaned Donor A nails extracted with QIAamp” with DTT; B)
The 3 experiments contributing to the 12 cleaned Donor A nails extracted with QIAamp” without
DTT.

Initially, ten cleaned nails were extracted with DTT and five without; these

samples were unpaired and could not provide a controlled comparison between the two
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extraction methods. Then, paired samples were used to provide matched controls; to
prepare paired samples, one cleaned Donor A nail was cut in half and each half was
extracted with either the QIAamp® method with DTT (n = 4) or the QIAamp” method
without DTT (n = 4), so that each half of the nail could provide a controlled comparison
to the other half of the nail.

A subset of 6 nails of the total 29 cleaned Donor A nails extracted with the
QIAamp® method, both with and without DTT, were used for an assessment of the
QIAamp® components. The samples were paired, wherein one nail was cut into thirds
and each third was extracted with either the QIAamp® method with DTT, the QlAamp®
method without DTT, or extracted only with Buffer ATL, followed by the Buffer AL

step.

2.5.3 ZyGEM: EAI

Extraction with ZyGEM was carried out according to the manufacturer’s protocol
for saliva analysis [72]. Each nail sample was placed into a 0.2-mL thermocycler tube,
and the ZyGEM master mix was then added. The ZyGEM master mix consisted of 10 pL
of 10X Buffer Blue, 1 pL of prepGEM™ enzyme, and 89 pL of deionized (DI) water, for
a total volume of 100 pL per sample. The volume of DI water and enzyme added were
such that the final concentration of the 10X Buffer Blue was 1X. Although Buffer Blue
is specifically designed for saliva extraction, the method would likely still be effective
when extracting e-cells. The method, however, may encounter issues when extracting

blood as Buffer Blue has not been formulated specifically for blood extraction and
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therefore may be unable to neutralize heme; ZyGEM has additionally been shown to be
unable to extract semen samples [70].

The sample tubes were then placed in a GeneAmp ™ PCR (polymerase chain
reaction) System 9700 (ThermoFisher Scientific, Waltham, MA) thermocycler at 75°C
for 10 min and 95°C for 2 min. Later, the GeneAmp' ™ thermocycler was replaced with
the SimpliAmp™ Thermal Cycler (Applied Biosystems, Foster City, CA). After the
heating steps were completed, the nail was removed with clean tweezers and discarded.
All sample extracts were stored at -30°C until further analysis.

A control experiment was run using 1X Buffer Blue to assess if extraction
occurred when using the buffer alone. Each nail sample was placed into a 0.2-mL
thermocycler tube, and the master mix was then added. The master mix consisted of 10
pL of 10X Buffer Blue and 90 pL of DI water, for a total volume of 100 uL. per sample.
The volume of DI water added was such that the final concentration of the 10X buffer
was 1X. All sample extracts were stored at -30°C until further analysis.

In total, the ZyGEM and the 1X Buffer Blue extractions were each carried out on
eight hand-washed nails collected from Donors A and B. Three hand-washed Donor B
nails were each extracted with ZyGEM or 1X Buffer Blue and were unpaired samples.
The remainder of the hand-washed nails, from Donors A and B, were used in a paired
experiment in which one nail was cut into two pieces and each piece was extracted with
either the ZyGEM method (n = 5) or the 1X Buffer Blue method (n = 5). Select samples

were carried through amplification and capillary electrophoresis to generate profiles.
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The standard ZyGEM protocol (n = 10) and the 1X Buffer Blue control (n = 5)
were each carried out on cleaned nail samples from Donor A. All sample extracts were
stored at -30°C until further analysis. Select extracts were carried through amplification

and capillary electrophoresis to generate profiles.

2.5.4 Factor Xa

Given that there is no presently-published research regarding the use of FXa (New
England BioLabs, Ipswich, MA) for DNA extraction, the enzyme’s capability of
recovering DNA from e-cell preparations was assessed. The epithelial cell preparations
utilized were prepared as described above. The application of FXa was assessed through
a variety of methods utilizing ZyGEM prepGEM™ or QIAGEN QIAamp® DNA
Investigator. All sample extracts were stored at -30°C until analysis.

The FXa extraction methodology was adapted from New England BioLabs® and
QIAGEN [76,77]. The FXa buffer (pH 8.0) required 20 mM Tris-HCI (Sigma, St. Louis,
MO), 100 mM NacCl (Sigma, St. Louis, MO), and 2 mM CaCl, (Fluka, St. Louis, MO)
[77].

FXa was first assessed as a standalone method (n = 3), in which the e-cell
preparation was resuspended in 50 pL of FXa buffer, vortexed, and incubated at room
temperature for 30 min. Next, 0.5 puL of FXa was added to the sample—for a total
volume of 50.5 pL—and was vortexed. The sample was then incubated in a water bath at
23°C for 6 hrs, with vortexing every hr. Subsequently, the sample was placed in the

thermocycler at 75°C for 10 min and 95°C for 2 min in an attempt to heat-kill FXa.
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In a second method, FXa was paired with ZyGEM (“FXa—ZyGEM?”; n = 3). The
e-cell preparation was resuspended in 44 pL of FXa buffer, vortexed, and incubated at
room temperature for 30 min. Then, 0.5 pL of FXa was added to the sample and
vortexed. The sample was then incubated in a water bath at 23°C for 6 hrs, with
vortexing every hr. Then, 4 puL of 10X Buffer Blue and 2 pL of ZyGEM prepGEM™
enzyme were added, for a total volume of 50.5 puL.. The sample was vortexed and placed
in the thermocycler at 75°C for 10 min and 95°C for 2 min.

Two types of ZyGEM controls were also processed in order to assess the percent
recovery of the FXa methods. In the standard ZyGEM control (n = 3), the e-cell
preparation was resuspended in 44 puL of TE buffer, vortexed, and incubated at room
temperature for 30 min. Then, 4 pL of 10X Buffer Blue and 2 pL of ZyGEM
prepGEM™ enzyme were added, for a total volume of 50 pL. The sample was vortexed
and placed in the thermocycler at 75°C for 10 min and 95°C for 2 min. The second
ZyGEM control (n = 3) differed from the first only in that the e-cell preparation was
resuspended in 44 pL of FXa buffer rather than TE buffer. The different protocols for

FXa extraction utilizing ZyGEM and/or heat-killing are presented in Figure 9.
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Figure 9. FXa Extraction Protocols with ZyGEM. The FXa extractions utilizing heat-killing
and ZyGEM.

FXa was also paired with the addition of Buffer AL (“FXa—Buffer AL”) and the
subsequent steps of the QIAamp” DNA Investigator protocol (n = 3). The e-cell
preparation was resuspended in 40 pL of FXa buffer, vortexed, and incubated at room
temperature for 30 min. Then, 0.5 pL of FXa was added to the sample and vortexed.
The sample was incubated in a water bath at 23°C for 6 hrs, with vortexing every hr. The
sample was taken through a modified QIAamp® extraction, beginning with the addition
of Buffer AL. For these extractions, the volume of Buffer ATE was increased from 25
pL to 50 pL.

FXa was additionally paired with PK (n = 3) as a method of inactivating FXa
(“FXa—PK—Buffer AL”). The e-cell preparation was resuspended in 40 puL of FXa

buffer, vortexed, and incubated at room temperature for 30 min. Then, 0.5 pL of FXa

was added to the sample and vortexed. The sample was then incubated in a water bath at
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23°C for 6 hrs, with vortexing every hr. Proteinase K (20 uL) was then added, and the
sample was vortexed before a 1-hr incubation at 56°C. The sample was vortexed every
10 min during the incubation. The sample was then taken through a modified QIAamp®
extraction, beginning with the addition of Buffer AL. For these extractions, the volume
of Buffer ATE was increased from 25 pL to 50 pL.

A standard QIAamp” DNA Investigator protocol (n = 3) was carried out an e-cell
preparation that was resuspended in 40 pL. TE buffer; the method utilized an increased
incubation length (6 hrs) and an increased Buffer ATE elution volume (50 pL). All
sample extracts were stored at -30°C until further analysis. The FXa protocols utilizing

QIAamp® are detailed in Figure 10.

FXa—Buffer FXa—PK—

Figure 10. FXa Extraction Protocols with QIAamp®. The FXa extractions utilizing heat-killing

and QIAamp”.
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2.5.5 Acrosolv

Cleaned nails from Donor A (n = 8) were extracted with the Acrosolv and
ZyGEM (“Acrosolv/ZyGEM”) method, modified from the manufacturer’s protocol [82].
Each nail sample was placed into a 0.2-mL thermocycler tube, and the master mix was
then added. The master mix consisted of 12 pL of Acrosolv, 10 pL of Buffer Orange
Plus, 1 pL of prepGEM™ enzyme, and 76 pL of DI water, for a total volume of 100 pL
per sample. The tubes were then placed into the thermocycler at 52°C for 5 min, 75°C
for 3 min, and 95°C for 3 min. The nail was removed with cleaned tweezers and
discarded. All sample extracts were stored at -30°C until further analysis. Select
samples were carried through amplification and capillary electrophoresis to generate

profiles.

2.5.6 IGEPAL® CA-630

A protocol for extraction with IGEPAL® CA-630, the equivalent of Nonidet P-40,
was adapted from various published studies that utilized the detergent [84,85,94-96]. A
1% IGEPAL" solution was prepared from the IGEPAL" stock reagent (Sigma, St. Louis,
MO) using TE buffer. The solution was stored at -30°C in 1-mL aliquots for later use.
The 1% IGEPAL® solution was diluted with TE buffer to prepare a 0.5% IGEPAL"
solution, which was also stored at -30°C in 1-mL aliquots for later use.

To extract the nail samples with IGEPAL®, Donor A nails were placed in 1.5-mL
microcentrifuge tubes. One hundred microliters of an IGEPAL® solution were added to

the tube and vortexed. The samples were incubated at room temperature for one hr. Both
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1% and 0.5% IGEPAL® solutions were used to extract three hand-washed nail samples
each. An IGEPAL® quantification control was carried out in which 2 pL of 0.5% and 1%
IGEPAL" were respectively added into the qPCR plate wells in the place of a DNA
sample during quantification; the resulting internal positive control (IPC) values were
then assessed.

Subsequently, all IGEPAL® extractions utilized a 0.5% solution. Three cleaned
Donor A nails were extracted with 0.5% IGEPAL®. All sample extracts were stored at
-30°C until further analysis. Select extracts were carried through amplification and
capillary electrophoresis to generate profiles.

An ancillary experiment was conducted to determine the ability of IGEPAL® to
extract DNA from blood samples (n = 3); the intent of the experiment was to determine if
IGEPAL® could counteract the inhibitory effect of heme in blood, given that the solution
is a detergent and lacks a protease component. Two microliters of blood were added to a
0.2-mL tube and dried overnight; the sample was then resuspended in 20 puL of DI water.
Eighty microliters of 0.5% IGEPAL® was added and the tube was vortexed. The sample
was incubated at room temperature for one hr. All sample extracts were stored at -30°C
until further analysis. A control ZyGEM experiment was also conducted on 2 pL of
blood in accordance with the manufacturer’s protocol for extraction of blood [72].

After IGEPAL" extraction of blood proved to show inhibition (demonstrated by
the samples’ IPC results) and low recovery, a modified protocol was devised, which
combined the IGEPAL® procedure and the ZyGEM protocol (“IGEPAL®—ZyGEM”) for

blood extraction [72]. Eighty-nine microliters of 0.5% IGEPAL® were added to a 2-uL
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aliquot of dried, neat blood. After an hr incubation at room temperature, 11 pL of Buffer
Red Plus and 1 pL of prepGEM™ were added to each tube for a total volume of 100 pL.
The tube was placed in the thermocycler for 15 min at 75°C and 5 min at 95°C. All
sample extracts were stored at -30°C until analysis. Select extracts were carried through
amplification and capillary electrophoresis to generate profiles. Although the ZyGEM kit
utilized in this method is designed specifically for the analysis of blood, the method
would also likely be capable of extracting saliva and e-cell samples; however, the method
would be unable to lyse semen samples [70].

The extraction efficiency of ZyGEM was then assessed in the presence of
IGEPAL®. Two-microliter aliquots of blood were pipetted into individual 0.2-mL tubes
and dried overnight. A ZyGEM extraction, wherein the requisite amount of DI water was
replaced with an equivalent volume of 0.5% IGEPAL®, of 3 of the 2-uL blood samples
was carried out. A ZyGEM control extraction of three similarly-prepared blood samples
was also done. All sample extracts were stored at -30°C until analysis.

Six cleaned nails from Donor A were extracted with the combined
IGEPAL"—ZyGEM method. All sample extracts were stored at -30°C until analysis.
Select extracts were carried through amplification and capillary electrophoresis to

generate profiles.

2.5.7 MAWI
Six cleaned Donor A nail samples were extracted using the buffer from the

iSWAB™.-ID kit (MAWI DNA Technologies, Hayward, CA). One hundred microliters
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of the buffer, termed “MAWTI buffer,” were removed from the provided pronged tube and
placed into a 1.5-mL microcentrifuge tube containing a cleaned nail sample. The
samples were left at room temperature for three hours; the samples were vortexed every
hour [89]. The samples were diluted 1:10 in DI water prior to quantification and
amplification [89]. All sample extracts were stored at -30°C until further analysis. Select
samples were carried through amplification and capillary electrophoresis to generate

profiles.

2.6 Donor Variability

Donor inter-variability was assessed using ten different donors. Four cleaned
nails were extracted per donor; two nails were extracted with the QIAamp® protocol with
DTT and two with the ZyGEM method. All sample extracts were stored at -30°C until
analysis.  Select extractions were carried through amplification and capillary

electrophoresis to generate profiles.

2.7 Exogenous Recovery
2.7.1 Spiked Nail Set One

Spiked nail sets were prepared to assess foreign recovery of the extraction
methods. All nail samples were cleaned with an electric toothbrush and weighed as
discussed above. Each of the proposed extraction methods was assessed using the body

fluid the method was tailored to, i.e., the ZyGEM extraction utilized the protocol for
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saliva and was tested on saliva-spiked nails, whereas the IGEPAL®*—ZyGEM method
utilized the ZyGEM protocol for blood and was tested on blood-spiked nails.

One microliter of neat blood was aliquoted onto the undersurface of eight nail
samples and dried overnight. Four nails were extracted with the QIAamp”™ method using
DTT and four with the combined IGEPAL®—ZyGEM method. Control aliquots of 1 pL
of blood were prepared. Two aliquots were extracted with the QIAamp® method and two
with the IGEPAL®*—ZyGEM method. All sample extracts were stored at -30°C until
quantification, amplification, and capillary electrophoresis were carried out.

Two microliters of neat saliva were aliquoted onto the undersurface of eight
fingernail samples and dried overnight. Four nails were extracted with the QIAamp®
method using DTT and four with the ZyGEM method. Control aliquots of 2 pL of saliva
were prepared. Two aliquots were extracted with the QIAamp” method and two with the
ZyGEM method. All sample extracts were stored at -30°C until quantification,
amplification, and capillary electrophoresis were carried out.

One microliter of neat semen was aliquoted onto the undersurface of eight
fingernail samples and dried overnight. Four nails were extracted with the QIAamp®
method using DTT and four with the Acrosolv/ZyGEM method. Control aliquots of 1 pL
of semen were prepared; two aliquots were extracted per each method. All sample
extracts were stored at -30°C until quantification, amplification, and capillary

electrophoresis were carried out.
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2.7.2 Spiked Nails Set Two

Based on the results of the first set of spiked nails, a second set of spiked nails
was prepared with the intention of decreasing the amount of foreign DNA present. The
goal was to target the foreign component to account for approximately 50% of the total
DNA present in the sample. Each of the proposed extraction methods was assessed using
the body fluid the method was tailored to; the MAWI extraction was the exception and
was tested on blood. Extraction of the spiked nail sets was assessed in terms of percent
recovery of male DNA, percentage of unique nail and foreign alleles recovered, and

average nail and foreign peak height.

2.7.2.1 IGEPAL® Extraction of Blood-Spiked Nails

All nail samples were cleaned with an electric toothbrush and weighed as
discussed above. One microliter of blood, diluted 1 pL in 18 pL of DI water, was
aliquoted onto the undersurface of each fingernail sample and dried overnight. Four
spiked nails were extracted with the QIAamp® method without DTT and four with the
combined IGEPAL®—ZyGEM method. Control aliquots of 1 pL of diluted blood were
prepared. Two aliquots were extracted with the QIAamp® method without DTT and two
with the IGEPAL®*—ZyGEM method. All sample extracts were stored at -30°C until

quantification, amplification, and capillary electrophoresis were carried out.
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2.7.2.2 ZyGEM Extraction of Saliva-Spiked Nails

All nail samples were cleaned with an electric toothbrush and weighed as
discussed above. One microliter of saliva, diluted 1 pL in 2 uL DI water, was aliquoted
onto the undersurface of each fingernail sample and dried overnight. Four nails were
extracted with the QIAamp® method without DTT and four with the ZyGEM method.
Control aliquots of 1 pL of diluted saliva were prepared. Two aliquots were extracted
with the QIAamp® method without DTT and two with the ZyGEM method. All sample
extracts were stored at -30°C until quantification, amplification, and capillary

electrophoresis were carried out.

2.7.2.3 Acrosolv Extraction of Semen-Spiked Nails

All nail samples were cleaned with an electric toothbrush and weighed as
discussed above. One microliter of semen, diluted 1 pL in 74 pL of DI water, was
aliquoted onto the undersurface of each fingernail sample and dried overnight. Four nails
were extracted with the QlAamp” method without DTT, four nails with the QIAamp®
method with DTT, and four with the Acrosolv/ZyGEM method. Control aliquots of 1 puL
of diluted semen were prepared; two aliquots were extracted per method. All sample
extracts were stored at -30°C until quantification, amplification, and capillary

electrophoresis were carried out.
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2.7.2.4 MAWI Extraction of Blood-Spiked Nails

All nail samples were cleaned with an electric toothbrush and weighed as discussed
above. One microliter of blood, diluted 1 pL in 18 puL of DI water, was aliquoted onto
the undersurface of each fingernail sample and dried overnight. Four nails were extracted
in the MAWI buffer as previously described. The previously-discussed extraction of
blood-spiked nails with the QIAamp® extraction protocol without DTT was used for
comparison. Control aliquots of 1 pL of diluted blood were prepared. Two aliquots were
extracted with the MAWI method and two with ZyGEM, according to the manufacturer’s
protocol for analysis of blood [72]. All sample extracts were stored at -30°C until
quantification, amplification, and capillary electrophoresis were carried out. MAWI-
extracted samples were diluted 1:10 prior to quantification and amplification.

Additionally, a second set of nail samples was prepared in which the spiked blood
was targeted to account for approximately 80% of the total DNA recovered from the
spiked nail samples. Five microliters of blood were diluted in 14 pL of DI water; the
diluted blood was aliquoted onto the undersurface of each fingernail sample and was
dried overnight. Four nails were extracted in the MAWI buffer as previously described.
Control aliquots of 1 puL of diluted blood were prepared and two aliquots were extracted
with the MAWI method. All sample extracts were stored at -30°C until quantification,
amplification, and capillary electrophoresis were carried out. MAWI-extracted samples

were diluted 1:10 in DI water prior to quantification and amplification.
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2.8 Quantification

All sample extracts were quantified with the Quantifiler® Duo DNA
Quantification Kit (Applied Biosystems, Foster City, CA), as per the manufacturer’s
protocol, using the 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA)
[97]. Sample concentrations were determined using an external, validated calibration
curve as outlined by Grgicak et al. [98]. All sample quantifications for the endogenous
nail recovery experiments on hand-washed nails were performed in duplicate; all sample
quantifications for the endogenous nail recovery from cleaned nails and exogenous

recovery experiments were performed singularly.

2.9 Amplification

Select samples, as discussed above, were amplified. Sample extracts were
amplified with the AmpF/STR® Identifiler® Plus PCR Amplification Kit (Life
Technologies, Woburn, MA), as per the manufacturer’s protocol [99]. The target DNA
mass was 1 ng for most samples; hand-washed nail samples in which trace male DNA
was detected in the quantification used a target mass of 1.5 ng. Dilutions of samples
were prepared in TE buffer. The amplification occurred in a GeneAmp'™ PCR System
9700, using 28 cycles of 95°C for 11 min, 94°C for 20 sec, and 59°C for 3 min, followed

by a final extension at 60°C for 10 min, and a final hold at 4°C.
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2.10 Capillary Electrophoresis

A master mix containing GeneScan' " 600 LIZ™ Size Standard (ThermoFisher
Scientific, Waltham, MA) and highly deionized (Hi-Di) formamide (Life Technologies,
Woburn, MA) was prepared according to the manufacturer’s protocol [99]. Ten
microliters of master mix were added to each well of a 96-well plate. One microliter of
allelic ladder was placed into the appropriate wells; one microliter of sample was added
to the appropriate wells. All amplified samples were injected for 5 sec at 3.0 kilovolts on
a 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA). The samples with
targeted masses of 1.5 ng were also injected for 10 sec. POP-4™ polymer
(ThermoFisher Scientific, Waltham, MA) was utilized during capillary electrophoresis.
The resulting electropherogram data was analyzed with GeneMapper® ID-X v. 1.1.1
software (Applied Biosystems, Foster City, CA). An analytical threshold (AT) of 30

relative fluorescence units (RFU) was utilized in profile analysis.

2.11 Statistical Analysis

Statistical analysis was conducted with JMP® Pro v. 13.0 software (SAS Institute,
Cary, NC). Averages are presented as “mean + one standard deviation”. Average
recovery of DNA was compared between extraction methods via z-tests or one-way

ANOVA. P-values below 0.05 were considered statistically significant.

45



3. RESULTS AND DISCUSSION
3.1 Endogenous Recovery of Nail DNA from Hand-Washed Fingernails
3.1.1 QI4damp® Extraction

Nails termed “hand-washed” were extracted as received with no cleaning process
employed in the laboratory; the samples were only cleaned via the hand-washing done by
each donor prior to collection. Hand-washed nails were extracted with the QIAGEN
QIAamp® DNA Investigator protocol employing DTT and a one-hr incubation period.
The average recovery and standard deviation for each of three donors is shown in Table
3. Endogenous recovery was assessed in terms of ng DNA/mg nail in order to present
DNA recovery relative to the amount of nail extracted. The difference between the
means across all three donors was not found to be statistically significant. One Donor B
sample, which was identified as an outlier, was not included in the analysis. The
excluded sample recovered 146.91 ng DNA/mg nail; had this sample been included,
Donor B would have an average recovery of 55.27 + 79.74 ng DNA/mg nail. Even
without the inclusion of the outlier, Donor B exhibited the greatest variation of the three
donors. Previously published studies have suggested that there may be variation in DNA
content across and within donors, but the variation present here is likely attributable to
DNA remaining on the surface of the nail, rather than variation inherent in Donor B [11].
The variation observed suggests that it is possible that some of the DNA recovered from
the hand-washed samples could be attributable to DNA remaining on the surface of the
nail, rather than DNA solely extracted from within the nail. The possibility of recovering

DNA still remaining on the surface of the nail, even after the hand-washing step taken by
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the donors, highlighted the need for sample cleaning in the laboratory prior to extraction
for experimental samples.

Table 3. DNA Recovery from QIAamp® Extraction of Hand-Washed Nails Across Three
Donors. DNA recovery is presented in terms of ng of DNA per mg of nail from Donors A (n =
3), B(n=2),and C (n = 3). One sample from Donor B was removed as an outlier. The
difference between the averages of each donor was not statistically significant.

Donor Average ng DNA/mg nail
Am=3) 3.163 £1.639
B(n=2) 9.45+10.843
C(n=3) 12.298 + 4.764

The quantification results of the Donor B sample with the second highest recovery
(17.11 ng DNA/mg nail) also demonstrated trace levels of male DNA (0.01 ng DNA/mg
nail). Given that Donor B is a female, the presence of male DNA in the sample
represents a foreign contributor; the detection of male DNA further suggests that the
donor’s hand-washing prior to sample collection may not have been sufficient to remove
all DNA present on the surface of the nail. Flanagan et al. saw a similar result in their
assessment of foreign DNA recovery from fingernails; donors were instructed to wash
their hands immediately prior to collection of control samples, but foreign alleles were
still detected in 14 of 48 fingernail swabs [15]. If foreign DNA is present in the samples,
it is likely that non-nail DNA from the donor also remains on the surface of the nail,
making it difficult to ascertain whether the DNA recovered in the extraction of hand-
washed nails is from the nail itself, from cells on the surface of the nail, or from a
combination of DNA from within the nail and from the nail surface.

DNA from four of the hand-washed nail samples was amplified to gain a sense of
the profile quality that is achieved when hand-washed fingernail samples are extracted

with the QIAamp® DNA Investigator protocol. Foreign alleles were not identified in the
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resulting electropherograms of any of the samples using an AT of 30 RFU, including the
Donor B sample with a male DNA quantification result of 0.005 ng/uL; furthermore, in
that specific Donor B sample, a peak for the Y allele was not present at the amelogenin
locus, even below the designated AT. This is possibly an example of the masking effect
seen with fingernail samples in which the more prevalent DNA source (i.e., the nail

donor) masks the minor component (i.e., the foreign donor) [9].

3.1.1.1 QIAamp® Incubation Length

The QIAamp® DNA Investigator protocol for the extraction of nails suggests an
incubation length of one hr to overnight [91]. A one-hr incubation period was selected on
the basis of the study’s goal to recover the least amount of DNA from the nail. However,
the influence of an increased incubation period was additionally assessed on nails from
Donor A. Table 4 shows the average recovery and standard deviation from 3 hand-
washed nails incubated for 24 hrs compared with the 3 Donor A samples from the
previously-discussed 1-hr incubation. Both the 1-hr and 24-hr incubations resulted in a
range of values, which can likely be attributable to the hand-washed nature of the
samples. The decrease seen in average recovery of the 24-hr incubation in comparison to
the 1-hr incubation was not statistically significant.

Table 4. Comparison of QIAamp® Recovery of DNA from Hand-Washed Nails Using Two
Incubation Times. Nail samples from Donor A were extracted with either a 1-hr (n = 3) or 24-hr
(n = 3) incubation period. The difference between the mean DNA recovery (in terms of ng of
DNA per mg of nail) of the two incubation lengths was not statistically significant.

Incubation Length | Average ng DNA/mg nail
1 hr (n=3) 3.163 £1.639
24 hr (n=3) 2,405+ 1.334
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Allouche et al. assessed endogenous recovery from cadaver nails using a digestion
buffer of DTT, Tris-HCI, EDTA, NaCl, SDS, and PK, which was followed by
purification on the QTAGEN QIAamp® DNA Mini Kit columns; they also saw a decrease
in DNA recovery when using an increased incubation period. They recovered an average
of 54.1 ng DNA/mg nail after overnight incubation in the lysis buffer (16 hrs) and an
average of 100.5 ng DNA/mg nail after a 1-hr incubation [9]. The disparity between the
present results and the results of Allouche et al. may be attributable to the nature of the
cleaning method used in both studies. The samples in the present study were clipped
after donors washed their hands and beneath their fingernails. The hand-washing step
may have removed more biological material than typically encountered, leading to a
reduction in recovery. Conversely, Allouche et al. cleaned the nails, which were
collected from living volunteers and both fresh and decomposing cadavers, by incubation
for 15 min in water, with shaking, followed by 3 min in ethanol [9]. Furthermore, they
did note they recovered samples with indications of contamination despite the use of their
cleaning method; in-house studies from their laboratory have additionally found
indications of mixtures on samples that had been cleaned with their methodology [9].
The increased recovery seen in the work of Allouche et al. may then be attributable to
DNA remaining on the surface of the nails, owing to an inefficient cleaning method.
Additionally, the lysis buffer employed by Allouche et al. may be more astringent than
that of the QIAamp® extraction; it is difficult to compare the two, given the proprietary

nature of the QIAamp” buffer.
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In further support of the trend of decreased recovery after longer incubation times,
Adamowicz et al. found both a reduction of DNA yield and quality when extracting
buccal and blood swabs with the QIAamp® DNA Investigator kit for 24 hrs, in
comparison to 1-hr, 3-hr, and 18-hr incubations; they suggest that the reduction may be
attributable to either sample retention in the swab or DNA degradation during the

incubation period [100].

3.1.1.2 Extraction of Epithelial Cell Preparations from Saliva with QlAamp®
Components

The lysis step of the QIAamp” extraction calls for the use of multiple components
(Buffer ATL, DTT, and PK), which could each have their own influence on the amount
of DNA recovered from fingernail samples. Accordingly, the extraction ability of each
lysis component was first separately assessed on e-cell preparations; the full protocol
(“DTT + PK + ATL”) was done as a control. Extraction efficiency was assessed in terms
of total ng of DNA recovered from each e-cell sample. Table 5 shows the average ng of
DNA recovered and respective standard deviation of each method.

Table 5. DNA Recovery from E-Cell Preparations from Saliva with Different QIAamp®
Extraction Components. A comparison of the average total ng of DNA recovered via extraction
with each individual component of the QIAamp® lysis steps, including the full protocol (DTT +
PK + ATL) as a control. Each extraction method was carried out on three replicate samples of e-
cells.

QIAamp” Component | Average Total ng
Buffer ATL (n=3) 51.926 + 6.875
DTT in TE buffer (n = 3) 81.723 +32.362
PK in TE buffer (n =3) 118.104 + 17.004
DTT + PK+ ATL (n=13) 96.551 + 12.924
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While the recovery of the PK (n = 3) method was greater than the recovery of the
full QIAamp® (n = 3) extraction (DTT + PK + ATL), the difference was not statistically
significant. Furthermore, the recovery of the PK method was greater than the recoveries
of all other methods; the differences between the PK method and the Buffer ATL (p =
0.0018) and DTT (p = 0.04) methods were statistically significant. It was anticipated that
the PK method would recover the most DNA of all components, owing to its broad
cleavage specificity.

The recovery of the DTT (n = 3) extraction was not statistically different from
that of the DTT + PK + ATL method. It was not anticipated that the DTT method and
the full protocol would give comparable results, given that DTT functions to reduce
disulfide bonds and lacks a protease component. The DTT method recovery was
additionally not statistically different than the Buffer ATL recovery. Buffer ATL, which
contains SDS, recovered the lowest amount of DNA; the decrease in recovery in

comparison to the DTT + PK + ATL method was statistically significant (p = 0.0164).

3.1.1.3 Extraction of Hand-Washed Fingernails with QIAamp® Components

The QIAamp® component extraction efficiencies were then assessed on hand-
washed fingernail samples from Donor C (Table 6). The extraction method utilizing only
PK (n = 3) recovered more DNA than the full protocol (DTT + PK + ATL; n = 3), but the
difference was not statistically significant. Furthermore, the recovery of the PK method
was greater than the recoveries of the other methods; the differences between the PK

method and the Buffer ATL (n = 3; p = 0.0181) and ATL + DTT (n = 2; p = 0.0240)
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methods were statistically significant. Again, this result was anticipated and underscores
the crucial role that PK plays in the recovery of DNA from fingernails, given its broad
cleavage specificity and numerous cut sites in keratin sequences.

Table 6. DNA Recovery from Hand-Washed Nails with Different QIAamp® Extraction
Components. A comparison of the ng of DNA per mg of nail recovered via extraction with each
individual component of the QIAamp® lysis steps, including the full protocol (“DTT + PK +
ATL”) to serve as a control. All methods were carried out on three samples, with the exception
of the DTT + ATL method, which was carried out on two samples.

QIAamp® Component D‘?\;Izl/‘z;g;:agﬂ
Buffer ATL (n=3) 0.724 +£0.141
DTT + ATL (n=2) 0.068 = 0.086
PK+ ATL (n=3) 15.186 +9.683
DTT + PK + ATL (n=3) 12.298 + 4.764

The DTT + ATL method recovered the least amount of DNA. Furthermore, the
DTT + ATL extractions recovered less DNA than did Buffer ATL alone, but the
difference was not statistically significant. Buffer ATL recovered approximately 16
times less DNA than the DTT + PK + ATL method and the difference was statistically
significant (p = 0.0436). Despite the low recovery of DNA from nails when utilizing
Buffer ATL or DTT + ATL, neither method was further pursued on the basis of work by
Doran [101]. Doran compared different soaking solutions to assess which recovered the
most foreign DNA from spiked fingernail samples; Buffer ATL was found to recover the
lowest amount of foreign DNA—even less than water [101].

Two of the hand-washed female nail samples had trace levels of male DNA
detected, suggesting that the DNA recovery in the experiment cannot be solely attributed
to endogenous nail DNA; it is possible that endogenous non-nail DNA remained on the

surface of the nail. Foreign alleles were not identified in the resulting electropherograms
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of any of the hand-washed samples—including the samples with male DNA
quantification results (0.005 and 0.011 ng/uL)}—when using an AT of 30 RFU. A peak
for the Y allele was not present at the amelogenin locus even below the designated AT
for the samples with a male DNA quantification result. The respective human to male
ratio for both samples with a positive male quantification without detection of the Y

allele was 26.35 to 0.03 ng DNA/mg nail and 17.42 to 0.05 ng DNA/mg nail.

3.1.2 ZyGEM

Hand-washed fingernail samples from Donor B were extracted with ZyGEM (n =
3) as well as with 1X Buffer Blue alone (n = 3); average recoveries are shown in Table 7.
On average, the 1X Buffer Blue extraction recovered more DNA than the ZyGEM
extraction; however, the difference was not statistically significant.

Table 7. DNA Recovery from Hand-Washed Nails with ZyGEM. A comparison of the ng of
DNA per mg of nail recovered from Donor B nails via ZyGEM (n = 3) and 1X Buffer Blue (n =
3) alone. The recovery difference between the two methods was not statistically significant.

Extraction Method | Average ng DNA/mg nail
1X Buffer Blue (n=3) 1.862 £ 0.988
ZyGEM (n =3) 0.893 + 1.400

It was an unexpected result that the 1X Buffer Blue extraction recovered
approximately equivalent amounts as the full ZyGEM extraction given that the former
lacks the protease component of the latter. Therefore, a second experiment was
conducted comparing the ZyGEM and 1X Buffer Blue methods on paired nail samples
from Donors A and B to assess if 1X Buffer Blue consistently extracted a similar amount

of DNA per mg of nail as ZyGEM (Figure 11). The nails were cut in half, with each half
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being used for one of the two extraction methods. All three halved samples from Donor
A demonstrated the anticipated relationship between the extraction methods: the ZyGEM
extraction recovered more DNA than the 1X Buffer Blue extraction. In contrast, the two
halved samples from Donor B provided similar results to the previously described
experiment and recovered more DNA from the half of the nail extracted with the 1X
Buffer Blue protocol. In sample B-Z-7, for example, the recovery was more than three
times greater with 1X Buffer Blue (7.136 ng DNA/mg nail) than with ZyGEM (1.962 ng
DNA/mg nail). Furthermore, sample B-Z-7 demonstrates the potential variation that can

exist in the amount of DNA across the surface of one hand-washed nail.
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Figure 11. DNA Recovery from Paired Hand-Washed Nails with ZyGEM. A) A comparison
of the ng of DNA per mg of nail recovered from halved nails via ZyGEM (n = 5) and 1X Buffer
Blue (n = 5) alone; B) Enhanced view of the x-axis.

3.1.3 Factor Xa

E-cells, prepared as previously described, were used to assess the extraction
viability of FXa for the release of DNA from exogenous sources. Control samples of e-
cells were prepared and extracted in order to assess the total amount of DNA per each 6-

pL e-cell aliquot. Control samples extracted with ZyGEM recovered an average of
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112.75 ng per each 6-uL e-cell preparation, while the QIAamp® extraction of equivalent
control samples recovered an average of 94.11 ng.

E-cell preparations were extracted with different variations of FXa. Table 8
shows the average total ng and standard deviation of DNA recovered across the methods.
Percent recoveries of each method in comparison to control extractions are shown in
Figure 12. First, e-cell preparations were extracted with FXa, followed by an attempted
heat-kill via incubation in a thermocycler at 75°C for 10 min and 95°C for 2 min; the
extraction method was termed “FXa.” The method recovered an average of 29.40%
recovery of the DNA present in the e-cell preparation. The heat-killed FXa extraction
recovered significantly less DNA than the control samples (p < 0.0001). When the FXa
extraction was followed by the addition of the ZyGEM enzyme and buffer
(“FXa—ZyGEM?”) to ensure the removal of FXa from the solution, an average of 20.76%
was recovered. This result was surprising, as it was anticipated that the addition of
ZyGEM following the FXa extraction would increase, rather than decrease, recovery.
The difference between FXa—ZyGEM and the control samples was statistically
significant (p < 0.0001), but the difference between the FXa extractions with and without
the addition of ZyGEM was not statistically significant.

Table 8. FXa Extraction Recovery of DNA from E-Cells. A comparison of the average total ng
of DNA recovered and the standard deviation per extraction method (n = 3 each).

Extraction Method Average Total ng
FXa(n=3) 29.327 £ 10.446
FXA—ZyGEM (n=3) 20.705 £7.919
ZyGEM in FXa Buffer (n=3) 78.999 + 6.182
ZyGEM Control (n = 3) 112.750 + 12.359
FXa—Buffer AL (n=3) 44,141 £ 3.706
FXa—PK—Buffer AL (n =3) 96.829 £ 6.130
QIAamp® Control (n = 3) 86.771 +26.788
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Figure 12. FXa Extraction Method Percent Recovery of DNA from E-Cells. A comparison of
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Additionally, the function of ZyGEM was assessed in the presence of the FXa
buffer; the extraction efficiency decreased with only 79.19% recovery; this is a
statistically different recovery in comparison to the recovery of ZyGEM in TE buffer (p <
0.0001). When FXa extractions were carried through a modified QIAamp® extraction
(“FXa—Buffer AL”), starting with the addition of Buffer AL to the FXa-extracted
sample, the method had 44.25% recovery and a statistically significant difference (p <
0.0001) in comparison to the control samples.

In the final method examined, PK was added to the FXa extract
(“FXa—PK—Buffer AL”) and incubated for the typical 1 hr at 56°C; the extract was
then carried through the remaining QIAamp® steps, starting with the addition of Buffer
AL.  The method obtained 97.06% recovery.  The difference between the

FXa—PK—Buffer AL method and the average control recovery of both the QIAamp®
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and ZyGEM methods was not statistically significant. Although the FXa—PK—Buffer
AL method would appear viable, the increased recovery seen with this method is not
likely to carry over to fingernail extractions. In the present extraction, PK was added
directly to the tube containing FXa, FXa buffer, and the e-cell preparation; the e-cell
preparation was, therefore, still present for PK to extract from directly. In contrast, the
fingernail would be removed from the tube after FXa extraction, such that the fingernail
will not be exposed to PK.

FXa was selected for this study on the basis of its specific cut sequence, which
meant that few, if any, cleavages in keratin molecules would occur. However, while its
specificity made the enzyme an attractive candidate to reduce the amount of DNA that
can be recovered from within the nail, the same specificity hinders the efficiency of DNA
extraction. Given the low percent recoveries from the e-cell samples, which have an
ample amount of DNA, FXa was determined to be an unviable extraction method, given
that fingernail samples tend to have lower quantities of DNA than the prepared e-cell

samples.

3.1.4 IGEPAL®CA-630

IGEPAL"® CA-630 was investigated to assess extraction efficiency from fingernail
samples. Two concentrations of detergent were tested: 0.5% and 1% (Table 9). The
0.5% IGEPAL® solution (n = 3) recovered more DNA than the 1% IGEPAL® solution (n
= 3), but the difference in recovery was not statistically significant. The possibility of an

inhibitory reaction between IGEPAL® and the quantification chemistry was considered.
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The IPC cycle threshold (Cr) values of the samples were found to be outside the
acceptable range of 28.37 to 29.98, indicating inhibition. Neat volumes of 0.5% and 1%
IGEPAL® were quantified to assess inhibition; the 0.5% solution had an IPC Cr value
just above the expected range (30.07), whereas the 1% solution had an average IPC Cr of
30.98. While the IPC Cr values of both concentrations were outside the accepted range,
the 0.5% solution was less so and was therefore used for subsequent experiments.

Table 9. Comparison of IGEPAL® Concentration. The ng of DNA per mg of nail extracted
from hand-washed nails with IGEPAL®, employing 0.5% (n = 3) and 1% (n = 3) solutions. The
average recovery across the two concentrations was not statistically different.

Extraction Method Average ng DNA/mg nail
0.5% IGEPAL" 0.058 + 0.051
1% IGEPAL" 0.047 £ 0.041

3.1.4.1 IGEPAL® Extraction of Blood

Since IGEPAL® CA-630 can be employed as a direct lysis method for exogenous
DNA sources and does not require a purification step, the detergent was used to extract 2-
pL blood aliquots to assess neutralization of inhibitors (Table 10). Two microliter
aliquots of blood were dried overnight before being extracted with IGEPAL®™; an
additional set of aliquots was extracted with ZyGEM as a control. IGEPAL® extraction
recovered only 6.43% of the DNA recovered in the control samples; the decrease in
recovery from IGEPAL® in comparison to ZyGEM was statistically significant (p =
0.0314). Such a low percent recovery makes IGEPAL® unviable as an extraction method
for blood. Additionally, the average IPC Cr value from the IGEPAL® extractions was
36.04, well above the expected range of 28.37 to 29.98 [98]. The IPC Cr value suggests

the samples were inhibited, likely due to the detergent’s inability to neutralize heme.
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Table 10. Extraction of Blood with IGEPAL®. The total ng of DNA extracted from 2-pL
aliquots of blood with IGEPAL" (n = 3), IGEPAL"—ZyGEM and ZyGEM (n = 3). The average
percent recovery of both IGEPAL® methods are presented relative to the amount of DNA
recovered with ZyGEM extraction.

Extraction Method Average Total ng | Average Percent Recovery
IGEPAL" (n=3) 1.570 + 0.083 6.43%
IGEPAL"—ZyGEM (n = 3) 18.721 = 7.230 76.64%%
ZyGEM Control (n = 3) 24.423 £ 15.778 -

To combat IGEPAL®’s inability to neutralize heme, the IGEPAL® extraction was
paired with ZyGEM (“IGEPAL"—ZyGEM”), such that ZyGEM enzyme and buffer was
added to the solution following a 1-hour room temperature incubation in 0.5% IGEPAL®.
Across 3 nail samples, the IGEPAL®—ZyGEM method recovered an average 76.65% of
the DNA present in the blood aliquot (Table 10). The difference in recovery between
IGEPAL® and IGEPAL®—ZyGEM was not found to be statistically significant; the
difference in recovery between IGEPAL®*—ZyGEM and the ZyGEM control was also
not found to be statistically significant. Furthermore, the average IPC Cr value for
IGEPAL®—ZyGEM was 29.48, suggesting that the addition of ZyGEM after the
IGEPAL® incubation was sufficient to neutralize the heme in the sample. The

IGEPAL®—ZyGEM protocol was subsequently employed.

3.1.4.2 ZyGEM Extraction Efficiency in 0.5% IGEPAL®

As it was determined that the IGEPAL® extraction required a follow-up ZyGEM
extraction, the functioning capability of ZyGEM in IGEPAL® was assessed. A ZyGEM
extraction, wherein the requisite amount of DI water was replaced with an equivalent

volume of IGEPAL®, was carried out on 3 2-uL blood samples. A ZyGEM control
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extraction of 3 similarly-prepared samples was also done. The ZyGEM extraction in
IGEPAL" recovered an average of 54.63% of the DNA recovered by the ZyGEM control
(Table 11). The difference between recoveries was not statistically significant.

Table 11. ZyGEM Extraction Efficiency in 0.5% IGEPAL. Total ng of DNA recovered by

ZyGEM in IGEPAL® (n = 3) and ZyGEM alone (n = 3). The percent recovery of ZyGEM in
IGEPAL" is presented relative to the recovery of the ZyGEM control.

Extraction Method Total ng of DNA Percent Recovery
ZyGEM in IGEPAL" (n = 3) 53.501 + 28.299 54.63%
ZyGEM Control (n = 3) 97.932 +55.145 -

3.2 Endogenous Recovery of Nail DNA from Cleaned Fingernails
3.2.1 QIdamp® Extraction

The “cleaned” nail samples were scrubbed with an electric toothbrush in the
laboratory. The QIAamp® DNA Investigator extraction protocol was used on cleaned
nails from Donor A in order to assess endogenous nail DNA recovery, as any nail donor
or foreign DNA that may have remained on the surface of the hand-washed nails would
complicate the assessment of recovery of each method.

The QIAamp® DNA Investigator manual calls for the use of DTT when extracting
fingernail samples; as such, that method was applied to the hand-washed fingernails
discussed previously [91]. The keratin matrix of fingernails is resistant to digestion
owing to the numerous disulfide bonds between and within the keratin molecules and
associated proteins [40]. To encourage increased keratinolysis, reducing agents such as
DTT are included in extraction protocols to increase lysis and DNA recovery [40,102].

Given that the goal of the present research is to reduce recovery of nail DNA, an
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assessment was undertaken to determine if the use of DTT had a significant impact on
DNA recovery from within the nail.

Across three different experiments, 17 cleaned nails were extracted with the
QIAamp® protocol with the addition of 1 M DTT and 12 cleaned nails were extracted
with the QIAamp® protocol without the addition of DTT. Figure 13 depicts the
distribution of the ng DNA/mg nail recovered from each sample across all three
experiments. Two samples extracted with DTT (6.18 and 8.21 ng DNA/mg nail) were
excluded from Figure 13 on the basis of being outliers—it is possible that these outliers
represent inefficiency on the part of the toothbrush cleaning method. The protocol with
DTT recovered more DNA per mg (0.845 + 0.651 ng DNA/mg nail) than the protocol

without DTT (0.278 + 0.253 ng DNA/mg nail); the increase was statistically significant

(p = 0.0045).
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Figure 13. Comparison of the Effect of DTT on QIAamp® Extraction. The DTT method (n =
15) demonstrated an increased recovery in comparison to the method without DTT (n = 12). The
difference between the two recoveries was statistically significant (p = 0.0045).
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Within this dataset, one nail sample was cut three times; all three nail pieces were
extracted with the QIAamp”™ method without DTT. From the three nail pieces, 0.114 ng
DNA/mg nail, 0.393 ng DNA/mg nail, and 0.469 ng DNA/mg nail were respectively
recovered. The range of values recovered from one nail sample that had been cut three
times demonstrates the variation can that be found even within one sample.

A selection of studies examining endogenous nail DNA recovery was presented in
Table 1. Park et al. (using PicoGreen™) and Klassen et al. (using NanoDrop) recovered
equivalent amounts to the present study, with average recoveries of 2.94 ng and 8.08 ng
DNA/mg nail respectively [7,8]. Park et al. also utilized NanoDrop in addition to
PicoGreen®, but the NanoDrop quantification recovered an average of 68.74 ng DNA/mg
nail. The recoveries of the other studies ranged from approximately 40 to 150 ng
DNA/mg nail [11,12]. The cleaning processes used across the studies typically involved
washing the nail in water, ethanol, a detergent, or some combination thereof; Allouche et
al. identified samples with potential contamination even after washing nail samples in
water for 15 min and 3 min in ethanol with shaking [1,9,103]. Differences in endogenous
nail DNA recovery may be attributable to differences in the cleaning method across the
studies or quantification methods. Additionally, of the studies presented in Table 1, only
one utilized qPCR; the remaining studies employed NanoDrop or PicoGreen”.
NanoDrop may overestimate the amount of DNA present in a sample as the method is not
human-specific and may also detect absorbance due to the presence of phenol and

proteins [1].
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3.2.1.1 Effect of DTT on Extraction of Paired Nail Samples

A subset of 8 of the 29 samples extracted with QIAamp® with and without DTT
consisted of 4 nail samples that had been cut in half, with each half being used for one
extraction method. In three of the four halved nail sets (Figure 14), the DTT method (n =
4) recovered more DNA per mg than the method lacking DTT (n = 4). Sample A-C-14,
the singular sample in which that amount of DNA recovered without DTT exceeded that
recovered with DTT, may demonstrate the variation that can be seen across the surface of
one nail. The totality of the above results underscores that the best course of action is to
use DTT when attempting to recover endogenous DNA from within the nail and to omit

DTT when attempting to recover a foreign profile from the nail surface.
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Figure 14. Paired Nail Samples Extracted with and without DTT. The recovery of the DTT
method (n = 4) in comparison to the method without DTT (n = 4) using paired samples.
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3.2.1.2 Extraction of Cleaned Nails with QIAamp” Components

A second subset of 6 of the 29 samples extracted with or without DTT was used
in an assessment of the QIAamp® lysis components to investigate the effect each
component may have on DNA recovery from cleaned nails. Three nails were cut into
thirds, and each third was extracted with Buffer ATL alone, Buffer ATL and PK (“PK +
ATL”), or Buffer ATL with PK and DTT (“DTT + PK + ATL”). The variability seen
across the three samples is shown in Figure 15 and suggests the possibility that the
cleaning method may not be entirely effective at removing all DNA on the surface of the
nail. Of the three samples, only one sample (A-C-26) demonstrated the anticipated
distribution of recovery, such that the DTT + PK + ATL method recovered the most
DNA (0.401 ng DNA/mg nail), followed by PK + ATL (0.081 ng DNA/mg nail), and
then Buffer ATL alone (0.027 ng DNA/mg nail). Sample A-C-24 demonstrated the
greatest recovery with the PK + ATL method, while sample A-C-27 demonstrated the

greatest recovery with the DTT + PK + ATL method.
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Figure 15. Comparison of Recovery via QIAamp® Components. Three nail samples were cut
into three pieces each; one-third of each nail was extracted with each extraction condition (n =3
for each method.

3.2.2ZyGEM

ZyGEM was used to extract 10 cleaned nail samples from Donor A; 1X Buffer
Blue was used to extract 5 cleaned nail samples from Donor A (Figure 16). The average
recovery from the ZyGEM extraction (0.136 + 0.161 ng DNA/mg nail) was nearly 2-fold
higher than that of the 1X Buffer Blue extraction (0.071 £ 0.099 ng DNA/mg nail), but
the difference was not statistically significant. Furthermore, the average recoveries of
both ZyGEM and 1X Buffer Blue were lower than that of the average QIAamp®
extraction without DTT (0.278 + 0.253 ng DNA/mg nail), but the difference was not
statistically significant. ZyGEM has approximately 60 cut sites in keratin, in comparison
to PK’s average 200; it was hypothesized that the decreased cut sites would have a

noticeable impact on endogenous nail DNA recovery.
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Figure 16. ZyGEM Extraction of Cleaned Nails. Recovery of DNA per mg of nail with
ZyGEM (n = 10) and 1X Buffer Blue (n = 5) extractions of Donor A nails, with the QIAarnp®
without DTT (n = 12) included for comparison. The difference between the methods was not
statistically significant.

3.2.3 Acrosolv

Eight cleaned nails from Donor A were extracted with the Acrosolv/ZyGEM
method. One sample extracted with Acrosolv/ZyGEM (5.15 ng DNA/mg nail) was
removed as an outlier and was not included in Figure 17. The Acrosolv/ZyGEM protocol
recovered more DNA (0.546 + 0.607 ng DNA/mg nail) than the QIAamp® protocol
without DTT (0.278 + 0.253 ng DNA/mg nail), but the difference between the two was
not statistically significant. The increased recovery observed with the Acrosolv/ZyGEM
protocol may be attributable to the presence of both mesophilic and thermophilic

proteases in the reagents; alternatively, the increased recovery may be related to potential
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DNA remaining on the surface of the nail despite being cleaned with an electric

toothbrush.
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Figure 17. Acrosolv Extraction of Cleaned Nails. Recovery of DNA per mg of nail from
Acrosolv/ZyGEM (n = 7) extraction, with QIAamp® without DTT (n = 12) included for
comparison. One outlier (5.15 ng DNA/mg nail) was removed from the Acrosolv/ZyGEM
dataset. The difference was not statistically significant.

3.2.4 IGEPAL"

The IGEPAL® extraction was performed on three cleaned nails from Donor A,
and the combined IGEPAL®"—ZyGEM extraction was performed on six cleaned Donor A
nails (Figure 18). The average recovery of the IGEPAL® extraction (0.022 + 0.038 ng
DNA/mg nail) was higher than that of IGEPAL*—ZyGEM (0.005 + 0.012 ng DNA/mg
nail); the difference was not statistically significant. Of the three IGEPAL® extractions,
two samples had reported quantities of zero; of six IGEPAL®—ZyGEM extractions, five
samples had reported quantities of zero. Both extraction methods achieved lower

recoveries than the QIAamp® protocol without DTT (0.278 + 0.253 ng DNA/mg nail) but
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the difference between the QIAamp” without DTT and both IGEPAL® protocols were
not statistically significant. These results suggest that the detergent functions as it was

intended and does not excessively lyse the nail matrix.
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Figure 18. IGEPAL® Extraction of Cleaned Nails. Recovery of DNA per mg of nail from
IGEPAL® (n = 3), IGEPAL*—ZyGEM (n = 6), and the QIAamp” protocol with no DTT (n =
12). The difference between IGEPAL®—>ZyGEM and QIAamp® was not statistically significant.
3.2.5 MAWI

The MAWTI extraction was carried out on six cleaned nails from Donor A (Figure
19). The average recovery of the MAWI extraction (0.681 + 0.780 ng DNA/mg nail) was
more than 2-fold higher than that of the QIAamp® protocol without DTT (0.278 + 0.253
ng DNA/mg nail), but the difference between the two methods was not statistically
significant. Wide variation was noted in the MAWI extractions (0 to 2.055 ng DNA/mg
nail). Additionally, quantification of two samples indicated no DNA was present. The

increased recovery of MAWI in comparison to the QIAamp® method without DTT may

be attributable to components in the proprietary MAWI buffer, which may result in
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increased lysis of the keratin matrix. Gordon’s investigation of the iISWAB-ID™ kit
found that the buffer was capable of lysing sperm with a prolonged incubation period
[90]. The keratin matrix of nails, like sperm, contains numerous disulfide bonds [40].
Alternatively, the increased recovery may be attributable to DNA remaining on the

surface of the nail.
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Figure 19. MAWI Extraction of Cleaned Nails. Recovery of DNA per mg of nail from the
MAWTI protocol (n = 6), with the QIAamp® protocol with no DTT (n = 12) included for
comparison. The difference in average recovery across the two methods was not statistically
significant.

3.2.6 Summary of Extractions of Cleaned Nails

Recovery of endogenous nail DNA was assessed to determine if any of the
proposed alternative extraction methods resulted in decreased recovery of DNA from
within the nail. All experimental extraction methods recovered less endogenous DNA
from the cleaned fingernails than did the QIAamp® protocol with DTT (Table 12). All
differences were statistically significant, with the exception of the difference for the

Acrosolv/ZyGEM and MAWI methods. Furthermore, the both Acrosolv/ZyGEM and
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MAWI methods were the only two to recover more DNA than the QIAamp® protocol
without DTT, but the difference was not statistically significant. The differences in
recovery between QIAamp” protocol without DTT and the other methods were not
statistically significant. The difference between both Acrosolv/ZyGEM recovery and
MAWI recovery and the QlAamp” protocol with DTT was not statistically significant.
The differences in recovery between the QIAamp® protocol with DTT and the
IGEPAL®—ZyGEM method (p = 0.0009) and the ZyGEM method (p = 0.0009) were
statistically significant. Of the proposed alternative extraction methods, the
IGEPAL"—ZyGEM method recovered the least DNA from within the nail, with ZyGEM
recovering the second lowest amount. As the goal of the present research is to minimize
recovery of DNA from within the nail, both IGEPAL®*—ZyGEM and ZyGEM are more
promising methods than the Acrosolv/ZyGEM and MAWI methods, based on
minimizing endogenous nail DNA recovery alone.

Table 12. Average Endogenous Nail DNA Recovery. The average ng DNA/mg nail recovery of
each extraction method. The recoveries of the extraction methods not connected by the same
letter in the ‘Statistical Significance’ column are significantly different.

. Average n Statistical

Extraction Method DNA/mgg nagil Significance
ZyGEM (n = 10) 0.136 +0.161 C
Acrosolv/ZyGEM (n = 7) 0.546+0.607| A | B | C
IGEPAL"—ZyGEM (n = 6) 0.005 + 0.012 C
MAWI (n = 6) 0.681+0.780 | A | B
QIAamp” (DTT) (n = 15) 0.845+0.651 | A
QIAamp” (No DTT) (n = 12) 0.278 +0.253 B|C

Using the Student’s #-test in JMP, all extraction methods were compared to all
other methods. The letters “A”, “B”, and “C” in the “Statistical Significance” column of

Table 12 indicate which values are not statistically significantly different from each
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value; the methods that are identified by the same letter are not statistically significantly
different from the other methods identified by that same letter.

Figure 20 demonstrates the spread of data across the six extraction methods. The
MAWI extraction recovered the greatest spread of results, with QIAamp® with DTT and
Acrosolv/ZyGEM demonstrating the second and third highest range. All three extraction

methods also recovered the most DNA of all methods.
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Figure 20. Summary of Recovery Distribution of Extractions of Cleaned Nails. Recovery of
DNA per mg of nail across all extraction methods: ZyGEM (n = 10), Acrosolv/ZyGEM (n = 7),
IGEPAL®*—ZyGEM (n = 6), MAWI (n = 6), QIlAamp” with DTT (n = 15), and QIAamp”
without DTT (n = 12). Data points are indicated by “¢” and the average recovery of each dataset
is represented by “ A”.

3.2.6.1 Source of Endogenous DNA from Fingernails

Previous literature has suggested that the majority of the nail donor DNA

recovered from a fingernail sample is attributable to recovery from within the keratin
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matrix of the nail [24,101]. Foran et al. swabbed fingernails to recover any debris
beneath the nails, and the swabs were then extracted; the nails were clipped and extracted
with organic extraction [104]. They recovered an average of 1.9 ng/uL. of DNA from the
fingernail swabs; conversely, soaking the nail recovered an average of 11.3 ng/uL of
DNA [104]. The units presented by Foran et al. do not allow for comparison to the
results of the present study in terms of total ng of DNA recovered.

Hand-washed Donor A nails extracted with QIAamp® with DTT recovered 3.163
+ 1.639 ng DNA/mg nail, whereas the extraction of cleaned nails with the same method
resulted in 0.845 £ 0.651 ng DNA/mg nail. Comparing the recovery across the cleaned
and hand-washed nails demonstrated that higher recoveries and greater variation were
associated with the hand-washed nails, suggesting that much of the nail donor DNA
recovered from a hand-washed fingernail sample is from surface DNA, rather than
endogenous nail DNA. However, it is still possible to recover DNA from within the
fingernail and minimization of that recovery may benefit the amplification of non-donor

DNA.

3.2.6.2 Endogenous DNA Profile Quality by Method

Having extracted nails from one donor, it was possible to assess the quality of the
resulting electropherograms across multiple extraction methods. There was no indication
of foreign DNA in any of the quantification results or electropherograms. Additionally,
the IPC Cr values from the qPCR of all six samples were within the acceptable IPC Cr

range of 28.37 to 29.98, providing no indication of inhibition. IGEPAL®*—ZyGEM and
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MAWI were the only methods that failed to produce complete profiles, with IGEPAL®
producing the least complete profile of only 7 alleles (Table 13). The MAWI profile,
conversely, contained 19 of a possible 27 alleles.

Table 13. Allele Recovery and Average Peak Height of Extraction Methods. The table lists
the percentage of allele recovery, the ng of DNA amplified per sample, and the average peak
height across the profile.

Extraction Method Allele Recovery ng of DNA Amplified Average Peak Height
QIAamp” (DTT) 100.00% 1.01 370
QIAamp” (No DTT) 100.00% 0.43 451
ZyGEM 100.00% 0.34 457
Acrosolv/ZyGEM 100.00% 0.85 465
IGEPAL"—ZyGEM 25.92% 0.05 45
MAWI 70.37% 0.05 82

Despite the amplification of the most ng of DNA of the four methods that
provided complete profiles, the QIAamp® extraction with DTT had the lowest average
peak height. This may be attributable to the degradation of DNA within the nail matrix.

Figure 21 depicts the blue dye loci of the Identifiler kit (D8S1179, D21S11,
D7S820, and CSFIPO) of electropherograms resulting from each extraction method.
Both the IGEPAL®—ZyGEM and MAWI methods—the two direct lysis methods—
demonstrate decreased peak height in comparison to the other extraction methods. The
IGEPAL®—ZyGEM electropherogram demonstrates four missing alleles in the blue dye
channel. This underscores the conclusion that the extraction method does not lyse
keratinized cells to release endogenous DNA, as demonstrated by the lack of a complete
profile. The MAWI profile is more complete than that of the IGEPAL®*—ZyGEM
extraction, but still demonstrates dropout of 2 alleles in the blue dye channel. In contrast,

the other extraction methods besides the direct lysis protocols show complete profiles.
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Figure 21. Profile Quality Across Extraction Methods. Blue dye loci (D8S1179, D21S11,
D7S820, and CSF1PO) across six extraction methods. A) QIAamp” with DTT; B) QIlAamp”
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3.3 Inter-Donor Variability

Preuner et al. attributed their recovered variability in DNA yield to possible
variation of keratin content, such that even nail samples with a standardized weight may
contain different amounts of nuclei or cell-free DNA [11]. Nakaniski et al. attempted to
quantify DNA recovery variation across donors in terms of gender, finger providing the
nail, and age but found no statistically significant differences between any of the
variables [105]. Nakaniski et al., however, made no assessment of variation between
individuals, rather looking only at overall averages [105]. In the present study, inter-
donor variability of DNA recovery was assessed across ten donors. Four cleaned nails
were extracted per donor: two nails were extracted with the QIAamp® protocol with DTT
and the remaining two with ZyGEM.

Figure 22 illustrates the trend that the QIAamp® protocol with DTT recovered
more DNA than the ZyGEM protocol; additionally, the figure demonstrates the spread of
recovery seen within samples from a single donor, which is more pronounced in the
QIAamp® extractions—particularly in Donors D, G, I, and L—than in the ZyGEM
extractions. This variation could be due to natural variation in DNA content within an
individual or it is possible that the electric toothbrush cleaning method was not equally

effective at removing all DNA on the surface of the nail.
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Figure 22. Inter-Donor Variability. Recovery of ng of DNA per mg of nail across ten donors
for two QIAamp® with DTT extractions and two ZyGEM extractions per donor.

In an assessment of profile completeness, Donor A was included for comparison.
Across eleven donors, only one failed to produce a profile (Donor E). Of the remaining
donors, all produced complete profiles (Table 14). Table 14 demonstrates the range of
amplified ng of DNA and average peak height achieved across the donors. Donors H and
I best exemplify the variation seen between the different donors; Donors H and I had the
same mass of DNA amplified (1.12 ng), but Donor H displayed a nearly 2-fold decrease

in average peak height.
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Table 14. Allele Recovery and Average Peak Height Across Donors. The table lists the
percentage of allele recovery, the ng of DNA amplified per sample, and the average peak height

per profile.

Donor | Allele Recovery ng of DNA Amped Average Peak Height

A 100.00% 1.01 370
D 100.00% 0.95 1013
E 0.00% 0.02 -
F 100.00% 0.31 335
G 100.00% 0.78 790
H 100.00% 1.12 662
I 100.00% 1.12 1136
J 100.00% 0.19 260
K 100.00% 0.28 214
L 100.00% 1.03 669
M 100.00% 0.96 888

Figure 23 and Figure 24 depict the blue dye loci (D8S1179, D21S11, D7S820,

and CSF1PO) from one electropherogram per donor; each sample was extracted with

QIAamp® method with DTT. Figure 23 depicts Donor A and Donors D through H;

Figure 24 depicts Donors I through M.
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3.4 Exogenous Recovery of DNA
3.4.1 Spiked Nail Set 1

In the first prepared sample set of spiked nails, the foreign component was
consistently the major contributor; average mixture proportions for the foreign
component were 95.89%, 77.32%, and 96.96% for blood, saliva, and semen respectively.
Given that the foreign contributor is typically the minor component in casework samples,

these samples were not considered further.

3.4.2 Spiked Nail Set 2

As the foreign component was applied in excess to the nails in the first spiked set,
dilutions were prepared of each body fluid in order to target a more equivalent ratio of
foreign DNA to nail donor DNA. Based upon the reported experimental results of
Kettner at al. and an evidentiary sample also reported by Kettner et al., the foreign
component was targeted to account for 50% of the total DNA recovery [25]. Each of the
proposed extraction methods was assessed using the body fluid the method was tailored
to: the IGEPAL®*—ZyGEM, ZyGEM, and Acrosolv/ZyGEM procedures were
specifically tailored to extract blood, saliva, and semen, respectively. The MAWI
extraction, created for buccal samples, was the sole exception and was used to extract
blood.

The variation observed may be attributable to inconsistencies when spiking the
nails with the foreign fluid. Small volumes (1 pL) of diluted blood were pipetted onto

small pieces of nail. Inconsistencies may have arisen from the fact that pipetting error
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may increase when aliquoting small volumes. Additionally, difficulty was encountered
due to adhesion between the fluid and the nail; when attempting to pipet the fluid onto the
nail, the nail would occasionally adhere to the pipet tip, causing a potential loss of fluid.
As such, due to inconsistencies when preparing the nail sets, percent recovery values may

be considered approximate and variation was observed in all datasets.

3.4.2.1 IGEPAL® Extraction of Blood-Spiked Nails

Two sets of four nails each were spiked with diluted male blood and dried
overnight. The two nail sets were extracted with either IGEPAL®*—ZyGEM or
QIAamp® without DTT. When preparing the nail sets, one nail (sample A-S2-13) was
halved and each half was extracted with one of the two extraction methods. Controls of
diluted male blood also were prepared and dried overnight. Extractions of the controls
with the IGEPAL®—ZyGEM method recovered an average of 0.665 ng of male DNA,
whereas the QIAamp” extraction of the blood recovered only 0.137 ng of male DNA.
Accordingly, the average IGEPAL® recovery was used as the control value to assess
percent recovery.

The IGEPAL®—ZyGEM extraction recovered an average of 0.072 + 0.092 ng of
male DNA from the spiked nails, which represents an average percent recovery of
10.76% (Table 15). Conversely, the QIAamp” extraction, lacking DTT, recovered an
average of 0.052 + 0.038 ng, with an average percent recovery of 7.86%. Given the
previously-discussed issues with sample preparation, percent recovery values are

considered approximate.
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Table 15. Recovery of Male DNA from Blood-Spiked Nails. Total ng of male DNA recovered
from blood-spiked nails extracted with IGEPAL®—>ZyGEM (n=4) and QIAamp® without DTT
(n =4) and average percent recovery of male DNA.

Extraction Method Total ng of Male DNA | Average Percent Recovery
QIAamp” (No DTT) 0.052 + 0.076 7.86%
IGEPAL"—ZyGEM 0.072 + 0.092 10.76%

Across 16 loci, there were a total of 20 unique nail alleles and 23 unique foreign
alleles for this particular combination of male blood and female nails. One QIAamp®
extraction was removed on the basis of experimental error during sample processing.
The three QIAamp® extractions recovered 60% or more of the unique nail alleles present,
for an average of 83% + 20.81% (Table 16). On average, the QIAamp” extractions
recovered 71.01% + 46.49% of the unique foreign alleles. In only one sample did the
percentage of unique foreign alleles recovered exceed that of the unique nail alleles. As
fingernails are considered intimate samples, many laboratories have protocols with which
the intimate sample donor can be subtracted from the profile in order to determine the
presence of a foreign contributor, thus the increased recovery of the nail donor in the

QIAamp” extractions may not be an issue.
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Table 16. Blood-Spiked Nails Extracted with IGEPAL"— ZyGEM and QIAamp®. The table
displays the ng of DNA amplified per sample, the percentage of unique nail and foreign alleles
recovered, and the average respective peak height of the nail and foreign alleles.

Percentage Percentage of
. Average . Average
Extraction ng of SR Nail Unique Foreign
Sample DNA Nail Foreign g
Method Peak Peak
Amplified Alleles Heicht Alleles Heisht
Recovered 18 Recovered 18
QlAamp® A-S2-1 0.00 100% 301 95.65% 193
(No DTI?[) A-52-5 1.00 90% 176 17.39% 40
A-S2-13B 0.41 60% 58 100% 106
® | A-S2-2 0.50 0% 0 56.52% 41
IGEiAL A-52-6 0.00 0% 0 60.87% 43
A-S2-11A 0.01 0% 0 4.35% 36
ZyGEM
Y A-S2-13A 0.00 0% 0 4.35% 31

The IGEPAL®—ZyGEM extractions recovered no unique nail alleles, suggesting
that IGEPAL® does not lyse the keratin of the nail enough to cause a masking effect.
This is further underlined by the halved sample (A-S2-13), in which the QIAamp®-
extracted half recovered 60% of the unique nail alleles, but the IGEPAL"-extracted
sample recovered no unique nail alleles. This result aligns with the results of the minimal
endogenous recovery observed when the IGEPAL®*—ZyGEM method was applied to
cleaned nail samples. However, the IGEPAL®—ZyGEM extraction also failed to recover
complete foreign profiles; the two samples with the most complete foreign profile
recovery achieved only 56.52% and 60.87% completeness of the profile. In contrast, two
of the three QIAamp® samples produced foreign profiles as complete as or more so than
the IGEPAL*—ZyGEM method.  Variability was also present across the four
IGEPAL"—ZyGEM samples in terms of the amelogenin recovery: the two samples with

the lowest foreign recovery lacked both the X and Y allele, one sample recovered only

the Y allele, and the remaining sample recovered both the X and Y alleles. Additionally,
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the average foreign peak height across all IGEPAL®—ZyGEM extractions (38 RFU)
was, on average, lower than that of the QIAamp® extractions (113 RFU).

Figure 25 provides a comparison of the green dye loci (D3S1358, THOI,
D13S317, D16S539, D2S1338) from a QIAamp” extraction without DTT (sample A-S2-
1) and an IGEPAL®—ZyGEM extraction (sample A-S2-6) of blood-spiked nails. The
green dye was selected on the basis of having the fewest loci where the nail donor and
foreign donor shared alleles. The IGEPAL®—ZyGEM sample shown demonstrates the
most complete recovery of the foreign profile. The figure demonstrates both the disparity
in peak height between the two extraction methods as well as the disparity in foreign
profile completeness. The IGEPAL®—ZyGEM extractions failed to recover complete
profiles, so while the method is effective at recovering less nail DNA, the method fails to

meet the burden of efficiently recovering foreign profiles.
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Figure 25. Profiles Blood-Spiked Nail Extracted with IGEPAL®—ZyGEM. Green dye loci
(D3S1358, THO1, D13S317, D16S539, D2S1338) electropherograms for extraction of blood-
spiked nails. A) QIAamp” extraction without DTT (sample A-S2-1); B) IGEPAL®—ZyGEM
extraction (sample A-S2-6). Red arrows indicate unique foreign alleles.

The lack of nail allele recovery from the IGEPAL®—ZyGEM extractions of the
spiked nails follows the low recovery of endogenous nail DNA from the cleaned nail
samples. However, IGEPAL®—ZyGEM also proves unable to efficiently lyse and
recover the foreign component on the nail. Baghirova et al. noted that, at an unspecified
low concentration of IGEPAL®, the detergent would be unable to lyse the nuclear
membrane of cells [106]. The incomplete foreign profiles suggest that IGEPAL®’s lack
of strong lysis ability—a boon when trying to minimize recovery from within the nail—
hinders the extraction of the foreign component on the spiked nail samples. In addition to

incomplete lysis, IGEPAL® may also be unable to effectively desorb the blood spike
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from the nail. Furthermore, investigation into ZyGEM efficiency in the presence of
IGEPAL® found that the enzyme had approximately 50% decreased function. These
factors may culminate in IGEPAL’s inefficiency at extracting foreign DNA sources from
the surface of nails. Given this inefficiency, the QIAamp” method did prove to be more

effective than the IGEPAL"—ZyGEM method at recovering foreign profiles.

3.4.2.2 ZyGEM Extraction of Saliva-Spiked Nails

Two sets of four nails each were spiked with diluted male saliva and dried
overnight. The two nail sets were extracted with either ZyGEM or QIAamp® without
DTT. When preparing the nail sets, two nails (samples A-S2-8 and A-S2-14) were
halved and each half was extracted with one of the two extraction methods. Controls of
diluted male saliva also were prepared and dried overnight.

Controls were extracted with ZyGEM and QIAamp® without DTT. ZyGEM
treatment recovered an average of 0.338 ng of male DNA, whereas the QIAamp”
extraction of the saliva control recovered only 0.044 ng of male DNA. Accordingly, the
average ZyGEM recovery was used as the control value to assess percent recovery.

The ZyGEM extraction recovered an average of 0.526 + 0.691 ng of male DNA
from the spiked nails, which represents more DNA than was recovered in the ZyGEM
extractions of the saliva control (Table 17); the values ranged from 0 to 1.539 ng.
Conversely, the QIAamp® extraction, lacking DTT, recovered an average of 0.064 =+
0.074 ng, with an average percent recovery of 18.93%; the values ranged from 0 to 0.137

ng. Given the previously-discussed issues with sample preparation, percent recovery
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values are considered approximate and may explain the large variation of recovery
observed.
Table 17. Recovery of Male DNA from Saliva-Spiked Nails. Total ng of male DNA recovered

from saliva-spiked nails extracted with ZyGEM (n = 4) and QIAamp® without DTT (n = 4) and
average percent recovery of male DNA recovered from saliva-spiked nails.

Extraction Method Average Total ng of Male DNA | Average Percent Recovery
ZyGEM (n=4) 0.526 + 0.691 100.00%
QIAamp” (No DTT) (n = 4) 0.064 + 0.074 18.93%

There were a total of 18 unique nail alleles and 21 unique foreign alleles across 16
loci for this particular combination of male saliva and female nails. One QIAamp®
profile was not analyzed due to experimental error in sample processing. Of the three
remaining profiles, one sample contained over 50% of the unique nail alleles and the two
others had all unique nail alleles present (Table 18). On average, QIAamp” recovered
85.19% + 25.66% of nail alleles and 46.03% + 9.91% of foreign alleles. There were no
instances in which the QIAamp” method recovered a complete foreign profile.

Table 18. Saliva-Spiked Nails Extracted with ZyGEM and QIAamp®. The table displays the
ng of DNA amplified per sample, the percentage of unique nail and foreign alleles recovered, and
the average respective peak height of the nail and foreign alleles.

Percentage Percentage
. Average f Uni Average
Extraction ng of of Unique Nail ol tnique Foreign
Sample DNA Nail Foreign
Method . Peak Peak
Amplified Alleles Heicht Alleles Height
Recovered g Recovered g
Aamp® A-S2-8B 0.06 55.56% 44 57.14% 59
8\1 o DTT) | AS2-12B 0.94 100% 722 42.86% 55
A-S2-14B 0.99 100% 809 38.10% 79
A-S2-4 0.26 100% 439 19.05% 39
ZyGEM | A-S2-8A 0.12 100% 242 95.24% 100
A-S2-14A 0.04 94.44% 93 0% -
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One ZyGEM profile was not analyzed due to experimental error in sample
processing. Of the three remaining samples, two samples recovered all unique nail
alleles; the ZyGEM extractions recovered an average 98.15% =+ 3.2% of unique nail
alleles. There was no instance in which a full complement of unique foreign alleles was
recovered. Variability was observed in foreign allele recovery, with 0%, 19% and 95%
recovery across the three samples. The variability may be attributable to sample
inconsistencies resulting from spiking the nails, as observed with the blood-spiked nails.
Given the increased variability seen in these samples, it is not possible to draw
conclusions as to which extraction method may be preferred.

Figure 26 provides a comparison of the green dye loci (D3S1358, THOI,
D13S317, D16S539, D2S1338) from a QIAamp” extraction without DTT (sample A-S2-
14B) and two ZyGEM extractions (sample A-S2-8A and A-S2-14A) of saliva-spiked
nails. The green dye was selected on the basis of having the fewest loci where the nail
donor and foreign donor shared alleles; the two ZyGEM profiles displayed demonstrate
the variability of foreign recovery achieved. At locus D2S1338, comparison of the
QIAamp® extraction and the ZyGEM sample with 95% foreign demonstrates the
potential of the ZyGEM to recover increased foreign alleles in comparison to QIAamp®.
However, comparison between the two ZyGEM profiles underlies the variability

achieved across the ZyGEM samples.
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Figure 26. Profiles of Saliva-Spiked Nails Extracted with ZyGEM. Green dye loci (D3S1358,
THO1, D13S317, D16S539, D2S1338) electropherograms for extraction of saliva-spiked nails.
A) QIAamp® extraction without DTT (sample A-S2-14B); B) ZyGEM extraction (sample A-S2-
8A); C) ZyGEM extraction (sample A-S2-14A). Red arrows indicate unique foreign alleles.

The ZyGEM sample with 95% foreign recovery suggests that the ZyGEM method
has potential to be a viable option for recovery of foreign profiles from fingernails. The

ZyGEM method would benefit from additional experiments and an increased sample size.
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3.4.2.3 Acrosolv Extraction of Semen-Spiked Nails

Three sets of four nails each were spiked with diluted male semen and dried
overnight. The three nail sets were extracted with QIAamp® without DTT, QIAamp®
with DTT, or Acrosolv/ZyGEM. When preparing the nail sets, three nails (samples A-
S2-7, A-S2-10, and A-S2-15) were halved and each half was extracted with either
QIAamp® without DTT or Acrosolv/ZyGEM. Controls of diluted male semen also were
prepared and dried overnight. Extractions of the controls using Acrosolv/ZyGEM
recovered an average of 3.675 ng of male DNA, whereas the QIAamp” extraction with
DTT of the semen recovered 3.731 ng of male DNA. Accordingly, the average
QIAamp® recovery was used as the control value to assess percent recovery.

The Acrosolv/ZyGEM extraction recovered an average of 1.819 + 0.400 ng of
male DNA from the spiked nails, which represents an average percent recovery of
48.75% (Table 19). Conversely, the QIAamp” extraction, lacking DTT, recovered an
average of 0.224 + 0.126 ng, with an average percent recovery of 6.00%, while the
method with DTT recovered an average of 0.833 + 0.397 ng, with an average percent
recovery of 22.33%. Given the previously-discussed issues with sample preparation,
percent recovery values are considered approximate.

Table 19. Recovery of Male DNA from Semen-Spiked Nails. Total ng of male DNA recovered
from semen-spiked nails extracted with QIAamp® without DTT (n =4), QIAamp® with DTT (n =
4), and Acrosolv/ZyGEM (n = 4); B) Average percent recovery of male DNA recovered from
semen-spiked nails.

Extraction Method Average Total ng of Male DNA | Average Percent Recovery
QIAamp” (No DTT) (n = 4) 0.224 +0.126 6.00%
QIAamp” (DTT) (n = 4) 0.833 £0.397 22.33%
Acrosolv/ZyGEM (n = 4) 1.819 = 0.400 48.75%

90



There were a total of 15 unique nail alleles and 18 unique foreign donor alleles
across 16 loci for this particular combination of semen and female nails. The QIAamp®
extractions without DTT recovered an average of 73.34% =+ 32.20% of unique nail alleles
(Table 20). The extractions without DTT additionally recovered an average of 69.45% +
43.62% of unique foreign alleles. In three of four samples, the average peak height of the
nail alleles was greater than that of the foreign alleles.

Table 20. Semen-Spiked Nails Extracted with Acrosolv/ZyGEM and QIAamp®. The table
displays the ng of DNA amplified per sample, the percentage of unique nail and foreign alleles
recovered and the average respective peak height of the nail and foreign alleles.

Percentage Percentage
. Average . Average
. ng of of Unique . of Unique .
Extraction . Nail . Foreign
Sample DNA Nail Foreign .
Method . Peak Nail Peak
Amplified Alleles Height Alleles Height
Recovered g Recovered g
A-52-7C 0.22 86.67% 174 77.78% 86
QIAamp® | A-S2-8C 0.80 80% 100 100% 79
(No DTT) | A-S2-10A 1.02 100% 1976 5.56% 116
A-S2-15A 0.11 26.67% 39 94.44% 72
A-52-22 1.00 100% 327 100% 438
QIAamp” | A-S2-24A 1.00 100% 240 100% 241
(DTT) A-S2-25A 1.00 100% 380 100% 200
A-S2-26A 0.99 100% 165 100% 172
A-S2-7A 0.70 100% 245 100% 158
Acrosolv/ | A-S2-9A 0.25 33.33% 91 100% 234
ZyGEM | A-S2-10B 0.63 93.33% 207 100% 230
A-52-15C 0.75 53.33% 401 61.11% 107

The QIAamp® extractions with DTT recovered all unique nail and foreign alleles
in all four samples. Additionally, the average peak height obtained per sample was
greater for the foreign alleles in three of four samples. The increased recovery of nail and

foreign alleles in comparison to the extraction without DTT demonstrates the key role

that DTT plays in the extraction of DNA from both nails and sperm.
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The Acrosolv/ZyGEM extraction recovered an average of 70% + 31.97% of
unique nail alleles and an average 90.28% + 19.45% of the unique foreign alleles; three
of four samples recovered all unique foreign alleles. Furthermore, the Acrosolv/ZyGEM
protocol recovered a greater percentage of foreign alleles than nail alleles in three of four
samples. However, the fourth sample recovered only 61% of the foreign profile,
demonstrating the same variation seen in the saliva-spiked nail set.

Figure 27 provides a comparison of the green dye loci (D3S1358, THOI,
D13S317, D16S539, D2S1338) from a QIAamp” extraction without DTT (sample A-S2-
8C), QIAamp” extraction with DTT (sample A-S2-26A), and two Acrosolv/ZyGEM
extractions (sample A-S2-9A and A-S2-15C) of blood-spiked nails. The green dye was
selected on the basis of having the fewest loci where the nail donor and foreign donor
shared alleles. The two Acrosolv/ZyGEM profiles depict the greatest (100%) and the
least (61%) recovery of the foreign profile. The QIAamp® extractions and the
Acrosolv/ZyGEM profile with 100% foreign recovery demonstrate comparable recovery
of the unique foreign alleles. A comparison of the two Acrosolv/ZyGEM samples

demonstrates the variability seen in foreign recovery using the spiked nails.
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Figure 27. Profiles of Semen-Spiked Nails Extracted with Acrosolv/ZyGEM. Green dye loci
(D3S1358, THO1, D13S317, D16S539, D2S1338) electropherograms for extraction of semen-
spiked nails. A) QIAamp® extraction without DTT (sample A-S2-8C); B) QIAamp® extraction
with DTT (sample A-S2-26A); C) Acrosolv/ZyGEM extraction (sample A-S2-9A); D)
Acrosolv/ZyGEM extraction (sample A-S2-15C). Red arrows indicate unique foreign alleles.
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It is promising that three of the four Acrosolv/ZyGEM samples recovered
complete foreign profiles. Similar to the ZyGEM method, the Acrosolv/ZyGEM method

would benefit from additional experiments and an increased sample size.

3.4.2.4 MAWI Extraction of Blood-Spiked Nails

Two concentrations of foreign fluid were targeted for the MAWI extractions to
account for the dilution step required prior to quantification and amplification.
Consistent with the previously prepared spiked nail sets, one set of four nails was
prepared wherein foreign fluid was targeted to account for 50% of the total DNA present
in the sample. Additionally, a second set of four nails was spiked with diluted blood such
that the foreign fluid would account for 80% of the total DNA present in the sample.
When preparing the nail sets, one nail (samples A-S2-28) was halved and each half was
used in either the 50% or the 80% sample set. Both nail sets were extracted with the
MAWI buffer. Controls of diluted male blood also were prepared and dried overnight.
The 50%-targeted samples were compared against the previously-discussed QIAamp®
extractions of blood spiked nails.

MAWTI extractions of the controls where 50% foreign composition was targeted
recovered an average of 1.596 ng male DNA and the ZyGEM extraction recovered 2.685
ng of male DNA. Accordingly, the average ZyGEM recovery was used as the control
value to assess percent recovery. MAWTI extractions of the controls where 80% foreign

composition was targeted recovered an average of 19.525 ng of male DNA.
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The 50%-targeted nail spikes recovered an average of 2.519 + 0.225 ng of male
DNA (Table 21). For the 80%-targeted nail spikes, the average ng of male DNA
recovered was more than the amount of DNA recovered from the control samples.
Conversely, the QIAamp® extraction without DTT recovered only 2.68% of the available
foreign fluid. One sample was excluded from the average total ng of male DNA
calculation for the 50%-targeted MAWI extractions on the basis of being an outlier (38.8
ng). Given the previously-discussed issues with sample preparation, percent recovery

values are considered approximate.

Table 21. Recovery of Male DNA from Blood-Spiked Nails Extracted with MAWI. Total ng
of male DNA recovered from blood-spiked nails (of different foreign target concentrations)
extracted with QIAamp® without DTT (n = 4) 50%-targeted MAWI (n = 4), and 80%-targeted
MAWI (n = 4) and average percent recovery of male DNA recovered from blood-spiked nails.

Targeted Foreign
Extraction Method T Average Total ng of| Average Percent
Male DNA Recovery
Percentage
QIAamp” (No DTT) (n = 4) 50% 0.072 £ 0.092 2.68%
MAWI (n=4) 50% 2.519+£0.225 93.82%
MAWI (n=4) 80% 35.684 £ 11.810 100%

There were a total of 20 unique nail alleles and 23 unique foreign donor alleles
across 16 loci for the combination of male blood and female nails. Two of the four
MAWI-extracted 50%-targeted spiked nails were analyzed to produce profiles and were
compared against the QIAamp” extractions of blood-spiked nails previously discussed.
Both 50%-targeted samples recovered only 10% of the unique nail alleles; conversely,
MAWI recovered 89.13% + 15.37% of the unique foreign alleles present (Table 22). In

both samples, the average peak height was greater for the foreign alleles than for the

unique nail alleles. In contrast, the three QIAamp® extractions of the 50%-targeted blood
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samples recovered more than 50% of all unique nail alleles and an average 71.01% =+
46.49% of unique foreign alleles.
Table 22. Blood-Spiked Nails Extracted with MAWI. The table displays the ng of DNA

amplified per sample, the percentage of unique nail and foreign alleles recovered and the average
respective peak height of the nail and foreign alleles.

Percentage Percentage
. of Unique Aver?ge of Unique Aver?ge
Extraction STl s ng of ]?NA Nail Nail Hortiun Foreign

Method Amplified Peak Peak

Alleles Height Alleles Height

Recovered Recovered
QIAamp” | A-S2-1 0.00 100% 301 95.65% 193
(No DTT) | A-S2-5 1.00 90% 176 17.39% 40
(50% Target) | A.52-13B 0.41 60% 58 100% 106
MAWI A-S2-27A 0.06 10% 38 78.26% 70
(50% Target) | A-S2-28B 0.77 10% 81 100% 781
MAWI A-S2-28A 0.41 5% 76 100% 401
(80% Target) | A-S2-20B 0.82 0% 0 100% 802

Two of the four MAWI-extracted 80%-targeted spiked nails were analyzed to
produce profiles and were compared against the QIAamp® extractions of blood-spiked
nails previously discussed. Both samples recovered low amounts of nail alleles, in
comparison to complete recovery of all unique foreign alleles. As with the 50%-targeted
samples, the average peak height of the foreign alleles was greater than that of the nail
alleles. The 80%-targeted samples resulted in full recovery of the unique foreign alleles.

Figure 28 provides a comparison of the green dye loci (D3S1358, THOI,
D13S317, D16S539, D2S1338) from a QIAamp” extraction without DTT (sample A-S2-
1), a 50%-targeted MAWI extraction (sample A-S2-28B), and an 80%-targeted MAWI
extraction (sample A-S2-29B) of blood-spiked nails. The green dye was selected on the

basis of having the fewest loci where the nail donor and foreign donor shared alleles.
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The figure demonstrates the equivalent recovery of foreign alleles across the extraction
methods and target foreign DNA range. Furthermore, when comparing the QIAamp®
extraction to the MAWI extractions, the disparity of nail allele recovery is apparent
wherein the QIAamp” extraction recovers more nail alleles, as shown particularly at loci
D13S317 and D2S1338. The low level of unique nail allele recovery for both sets of
MAWTI extractions is in contrast to the results of the endogenous recovery experiment
wherein MAWI recovered the most DNA of the suggested methods. It is not possible to
draw firm conclusions from this dataset; this discrepancy requires further

experimentation and an increased sample size.
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Figure 28. Profiles of Blood-Spiked Nails Extracted with MAWI. Green dye loci (D3S1358,
THO1, D13S317, D16S539, D2S1338) electropherograms for extraction of blood-spiked nails.
A) QIAamp” extraction without DTT (sample A-S2-1); B) MAWI extraction of 50%-targeted
nails (sample A-S2-28B); C) MAWI extraction of 80%-targeted nails (sample A-S2-29B). Red

arrows indicate unique foreign alleles.
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4. CONCLUSIONS

Extracting fingernail clippings directly offers opposing advantages and
disadvantages; the method will recover more foreign DNA but also more endogenous nail
DNA; the goal of the present study was to strike a balance between increased foreign
recovery via extracting clippings directly and decreasing endogenous nail DNA recovery
by investigating alternative proteases and direct cell lysis solutions. Recovery of
endogenous nail DNA was first assessed on hand-washed fingernails. Endogenous
recovery was assessed in terms of ng DNA/mg nail in order to present DNA recovery
relative to the amount of nail extracted. Analysis of hand-washed fingernail samples
demonstrated the variability in DNA yield inherent in this sample type between samples
from the same donor, between donors and, occasionally, between the two halves of a
single nail. The hand-washed nature of the fingernail samples made it difficult to
attribute DNA recovery solely to endogenous nail DNA. The variation seen in the hand-
washed nail samples suggested the utility and necessity of cleaning the fingernail samples
for the purposes of this research.

Endogenous recovery of DNA from within cleaned fingernails was assessed to
determine the extent to which each method may recover endogenous nail DNA.
Extraction of cleaned fingernails with PK was achieved through use of the QIAamp®
DNA Investigator Kit. When comparing the influence of DTT on the recovery of DNA,
it was found that the use of DTT did significantly increase the recovery of endogenous
DNA in comparison to the protocol without the addition of DTT. Therefore, the

inclusion of DTT is best suited for attempts to recover endogenous DNA from within the
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nail, rather than attempts to recover foreign DNA on the surface of the nail. The recovery
of endogenous DNA from within fingernails in the present study provided lower values
in contrast to previously-published research; these differences may be attributable to
experimental differences, such as the cleaning method and quantification process used.

Additionally, comparison of the recovery from hand-washed versus cleaned nails
suggests that, in contrast to previously-published data, the majority of the DNA recovered
from fingernail samples comes from DNA on the surface of the nail rather than from
within the nail.

Extraction with ZyGEM, which utilizes the EA1 protease, recovered less DNA
from fingernails than the QIAamp® protocols with and without DTT. However, the
difference between ZyGEM and the protocol without DTT was not statistically
significant using the present sample size. The difference was smaller than expected as it
was thought that ZyGEM would recover a significantly lower amount of endogenous nail
DNA in comparison to PK as ZyGEM makes fewer cuts in keratin.

Investigations into the use of FXa found that the enzyme is not viable for the
present application based upon its low recovery of DNA from epithelial cells; the very
characteristic which made the protease an attractive option—its highly specific cut site—
makes the protease inefficient at extracting DNA from epithelial cells, which equates to
inefficiency in recovering a foreign profile from the nail surface.

The Acrosolv/ZyGEM method recovered more DNA than the QIAamp® protocol
without DTT, suggesting the possibility that a component in the proprietary Acrosolv

solution increases recovery of DNA from fingernails.
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The use of IGEPAL® was investigated on the basis of its function as a direct lysis
method, which would, in theory, allow for the recovery of DNA on the surface of the nail
while not lysing keratinized cells. As IGEPAL® is a direct lysis method and lacks a
purification step, it did have to be paired with ZyGEM to ensure that inhibitors present in
samples, such as heme, were neutralized to prevent interaction with qPCR chemistry.
The final IGEPAL® protocol recovered the lowest amounts of DNA from cleaned nails.

The MAWI DNA Technologies” iISWAB™-ID buffer was selected on the basis of
its mild lysis capabilities, as it may allow for recovery of DNA on the surface of the nail
while not lysing the keratinized cells of the nail. Of the proposed alternatives to PK, the
MAWI buffer recovered the most DNA from the cleaned fingernails.

When assessing variability across ten donors, it was noted that some samples did
display a disparity of endogenous DNA recovery within the same extraction method; this
may be attributable either to variation of DNA content within the nail samples of one
individual or to inefficiency on the part of the cleaning protocol.

The ability of each extraction method to recover foreign profiles on fingernails
was assessed. Each of the proposed extraction methods was assessed using the body
fluid the method was tailored to. In a comparison between QIAamp® without DTT and
IGEPAL"—ZyGEM extraction for recovery of foreign DNA from blood-spiked nails, the
IGEPAL*—ZyGEM method failed to recover complete foreign profiles.  The
IGEPAL®—>ZyGEM method, therefore, does not meet of the burden of achieving

sufficient exogenous recovery while decreasing endogenous recovery. The inability of

101



the method to do so suggests that IGEPAL® may not be a viable extraction method for
the recovery of foreign profiles from fingernails.

In a comparison between QIAamp® without DTT and ZyGEM extraction
recovery from saliva-spiked nails, the ZyGEM® recovered no complete foreign profiles
but did display variability in terms of foreign allele recovery, which may be attributable
to inconsistencies in sample preparation. It is not possible to draw firm conclusions due
to the variation observed. The ZyGEM method did result in 95% recovery of foreign
alleles in one sample; this is a promising result that suggests ZyGEM may prove effective
for recovering foreign profiles from fingernail samples.

In a comparison between QIAamp”® without DTT and Acrosolv/ZyGEM
extraction recovery from semen-spiked nails, the Acrosolv/ZyGEM method did recover
three complete foreign allele profiles. The fourth profile recovered only 61% of the
foreign profile, demonstrating the same variability seen in the saliva-spiked nail set.
Overall, the three complete foreign profiles suggest that Acrosolv/ZyGEM may prove
effective for recovering foreign profiles from fingernail samples.

In a comparison between QIAamp” without DTT and MAWI extraction recovery
from blood-spiked nails, QIAamp® and MAWI recovered comparable levels of foreign
alleles. However, MAWI recovered less than 10% of nail alleles across all samples. This
result is in contrast to the increased recovery observed when MAWI was used for the
extraction of cleaned nails. The smaller sample size of the nail sets limits the ability to
draw conclusions; while MAWI appears viable for recovering the foreign profile from

nails, the method would benefit from additional investigation.
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While the ZyGEM and Acrosolv/ZyGEM methods displayed variation in terms of
foreign recovery, the sample sets for both methods contained promising results
suggesting the methods’ utility for use in fingernail processing. Similarly, the MAWI
method demonstrated promising results; however, the inconsistencies in the results for
the endogenous and exogenous recovery experiments suggest that MAWI requires further
experimentation. ZyGEM, Acrosolv/ZyGEM, and MAWI would benefit from increased
sample size and the use of a more consistent spiked nail sample set in order to further

elucidate the methods’ utility for fingernail analysis.

4.1 Future Directions

The present research may be expanded upon with larger sample sizes to more
definitively assess the extraction capabilities of each extraction method; particularly, the
present results are limited by the small sample sizes of the spiked nail sets. The creation
of a more consistent spiked nail sample set would also be helpful in further examining the
utility of these methods. Additionally, the proposed extraction methods could also be
applied across different body fluids rather than only the fluid the method is specifically
tailored to. The spiked nail sets were created with the foreign component accounting for
approximately 50% of the total DNA in the sample; additional sample sets should be
created with a lower amount of foreign DNA to better approximate casework samples.

Additional proteases beyond those discussed presently should be investigated for
the analysis of fingernail samples. The present study investigated alternative proteases

with approximately 1 (FXa) or 60 (ZyGEM) known cut sites in keratin. Proteases with
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too few cut sites appear to be inefficient at extracting DNA, whereas 60 may still be too
high to see a marked decrease in endogenous nail DNA recovery. Proteases with
cleavage sites that fall within that range may prove more effective.

Additionally, other direct cell lysis methods should be considered; extraction via
direct lysis appears suitable for fingernail samples as it would allow for recovery of DNA
from the nail surface while not interacting with the keratin matrix of the nail; other direct
lysis methods that have stronger lysis capabilities than IGEPAL® may prove to be
effective. Furthermore, more information is needed regarding the limit of recovery of the
MAWI buffer; the method is limited by the required dilution step prior to quantification
and amplification. In instances of fingernail samples where the foreign DNA is of a low
quantity, the dilution step may hinder recovery.

Further research should also consider the nature of the fingernail itself. Fingernail
samples present a difficult research substrate given the possibility that DNA may remain
on the surface of the nail, even after cleaning. Therefore, a verified and efficient cleaning
method could be investigated in order to limit the variability of results owing to the
presence of DNA remaining on the surface of the nail. Research should also be
undertaken to further elucidate and characterize the variability of DNA content between
and within donors. In that same vein, the nature of degradation of DNA recovered from

nails should be considered and investigated.
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