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Thesis Title Systematic studies on human DNA analysis from Improvised Explosive

Devices (IEDs): from collection to STR profiling

Author Police Captain Sukanya Phetpeng
Major Program Forensic Science
Academic Year 2016

Abstract

Improvised explosive devices (IEDs) made from household items are encountered
in terrorist attacks worldwide. Assembling an IED leaves trace DNA on its components, but
deflagration degrades DNA. To maximize the amount of DNA recovered, a systematic evaluation
of DNA collection methods was carried out and the most efficient methods were implemented
with IED casework evidence as a validation exercise. Six swab types and six moistening agents
were used to collect dried buffy coat stains on four common IED substrates. The most efficient
swab/moistening agent combinations were then compared with tape-lifting using three brands of
adhesive tape and also with direct DNA extraction from evidence. The most efficient collection
methods for different IED substrates (post-study protocol) were then implemented for IED
casework and compared with the pre-study protocol using 195 pieces of IED evidence. There was
no single best swab type or moistening agent. Swab type had the largest effect on DNA recovery
percentages, but moistening agents, substrates, and the interactions between factors all affected
DNA recovery. The most efficient swab/moistening agent combinations performed equally well
when compared with the best adhesive tape and direct extraction. The post-study protocol
significantly improved STR profiles obtained from IED evidence. This paper outlines a
comprehensive study of DNA collection methods for trace DNA and the validation of the most
efficient collection methods with IED evidence. The findings from both parts of this study
emphasize the need to continuously re-evaluate standard operating protocols with empirical

studies.
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Swabgci'“;m““ and recovery IED substrates. The most efficient swab/moistening agent combinations were then compared with tape-

lifting using three brands of adhesive tape and also with direct DNA extraction from evidence. The most
efficient collection methods for different IED substrates (post-study protocol) were then implemented
for IED casework and compared with the pre-study protocol using 195 pieces of IED evidence.

There was no single best swab type or moistening agent. Swab type had the largest effect on DNA
recovery percentages, but moistening agents, substrates, and the interactions between factors all affected
DNA recovery. The most efficient swab/moistening agent combinations performed equally well when
compared with the best adhesive tape and direct extraction. The post-study protocol significantly
improved STR profiles obtained from IED evidence.

This paper outlines a comprehensive study of DNA collection methods for trace DNA and the validation
of the most efficient collection methods with IED evidence. The findings from both parts of this study
emphasize the need to continuously re-evaluate standard operating protocols with empirical studies.
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Trace DNA

Improvised explosive devices (IEDs)
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1. Introduction

Terrorism has become a serious and unrelenting problem
worldwide. Bombings and explosions account for 62% of all
terrorist attacks in the most recent Country Reports on Terrorism
[1] and result in the highest fatalities (50%) [2]. Improvised
explosive devices (IEDs), homemade bombs made from household
items, are the weapon of choice for terrorists [3]. IEDs are cheap,
easy to construct, and easy to conceal. Commonly encountered
post-detonation IED evidence includes both IED parts, such as
electrical tapes, electrical wires, batteries, watches, and mobile
phones; and containers, such as backpacks and gas tanks (personal
communications, Royal Thai Police).
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Contact leaves DNA on the touched surfaces [4]. Forensic DNA
analysis is thus a crucial tool to identify the perpetrators who may
have assembled an IED. However, STR profiling from IEDs has a low
success rate [5-7]. Foran et al. [8] and Hoffman et al. [5] both
suggested that heat generated from explosive detonation and
deflagration could degrade the trace DNA available. The number of
terrorism-related deaths in Thailand ranks among the top ten in
the world [2], but only 256 in 7680 cases over the past eight years
reached a verdict in court, with unknown offender being the main
reason for this failure (76.5%) [9]. As such, maximizing the
information gained from evidence—even in the form of a partial
STR profile—should benefit the criminal justice process.

Studies have been conducted on the deposition, transfer, and
persistence of trace DNA, as well as on factors affecting trace DNA
on various substrates, including potential IED components [4,5,
10-12]. Maximizing the amount of DNA recovered should increase
the likelihood of obtaining a high-quality STR profile, yet a
systematic study on the best collection method for trace DNA is
lacking. Two small studies compared a few swab types [13,14], and
two other studies investigated alternative moistening agents for
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swabs [15,16]. Only Verdon et al. [17] simultaneously evaluated
swab types and moistening agents by using different types of
swabs, body fluids and substrates. In addition to swabbing,
tape-lifting has been proposed as a good tool for DNA collection
[18-22], but again no study has compared swabbing to tape-lifting
for trace DNA recovery on other substrates except fabrics and skin
[18,23]. These previous studies suggest that swab types, moisten-
ing agents, tape types, and substrates all interplay to influence DNA
recovery. However, no study has simultaneously investigated all
these factors and fully validated the most efficient protocols for
reliable use in casework.

Therefore, the aim of this study was to systematically evaluate
the most efficient methods for trace DNA collection from four
common [ED substrates. We utilized a full-factorial design to
simultaneously determine the most efficient combinations of swab
types and moistening agents for each common IED substrate.
Tape-lifting and DNA extraction from IED parts without prior
swabbing (i.e. direct extraction without soaking) were also
compared with swabbing as alternative DNA collection methods.
The most efficient methods were used to process IED evidence
from a number of cases, and the results were compared to the
previously used protocol as a validation exercise.

2. Materials and methods
2.1. Overview

Four experiments were conducted: three controlled experi-
ments to systematically determine the most efficient collection
methods and a casework confirmatory experiment in which the
most efficient methods were implemented. A total of 3432 quanti-
fications and 196 STR amplifications were carried out, excluding
negative and positive controls. The first control experiment was
conducted to determine the effect of swab types, moistening
agents, and substrates on DNA collection. The second control
experiment was done to compare the most efficient swab/
moistening agent combination with tape-lifting using three
adhesive tape brands. The third control experiment was conducted
to compare the most efficient swab/moistening agent combination
with direct extraction without soaking. Finally, in the casework
confirmatory experiment, the most efficient DNA collection
methods for different substrates determined from the controlled
experiments (collectively termed “post-study protocol”) were
implemented, and the resulting DNA quantities and STR profiles
were compared with the pre-study protocol.

2.2. Sample preparation and collection

All substrates were irradiated with UV light for 1 h to ensure no
background DNA contamination. At least two negative collection

Table 1

controls were collected from all substrates and subjected to the
same downstream protocols. Three positive controls, in which
0.3 pL buffy coat (about 1.8x10° cells as counted using a
hemocytometer) was added to the lysis buffer and extracted,
were used for the non-casework experiments.

2.2.1. Swab, moistening agent, and substrate experiment

In this experiment, 360 stains of 0.3 pL buffy coat were
deposited using a Sartorius Proline Plus micropipette and smeared
on each of the four substrates: PVC pipe section, 9V battery,
electrical tape, and copper wire (N=1440). As a very small volume
was used, the following strategies were used to minimize pipetting
error: reverse pipetting, pre-wetting of tips, changing tips between
stains, and equilibrating all pipettes, tips, and liquids to room
temperature. The stains were left to dry for 24 h. Ten stains were
collected using each swab/moistening agent combination
(N=10 per treatment). Four types of cotton swabs, one type of
nylon swab, and one type of foam swab were used: Bode Forensic
SecurSwab™ (Bode Technology, USA), Puritan DNA-Free Forensic
Cotton Tipped Applicator (Puritan Medical, USA), HI-VAN Lab
cotton swab (MTT Marketing, Thailand), EO cotton swab (Thai
Gauze, Thailand), Puritan nylon flocked swab (Puritan Medical,
USA), and Puritan foam tipped applicator (Puritan Medical, USA).
Six moistening agents (DNA-free deionized water, phosphate-
buffered saline, 100% ethanol, 1% w/jv sodium dodecyl sulfate, 100%
isopropanol, and Promega DNA IQ™ lysis buffer (Promega
Corporation, USA)) were used. All moistening agents except the
lysis buffer were analytical grade and purchased from Sigma-
Aldrich (Sigma-Aldrich, USA). Swabbing was carried out by
swabbing in one direction while rotating the swab twenty times
and then in another direction at a right angle to the first direction,
rotating twenty more times.

2.2.2. Tape-lift experiment

In this experiment, 40 stains of 0.3 p.L buffy coat were pipetted
and smeared onto PVC pipe sections then left to dry for 24 h. Ten
stains were collected with Officeworks Invisible Tape (Officeworks,
Australia), Sellotape golden original clear tape (Sellotape, United
Kingdom) or Solar tape (Solar, Thailand), or with an EO cotton swab
using lysis buffer as the moistening agent. Tape-lifting was carried
out by repeated sampling of the stains using a 2.0 x 2.5 cm piece of
tape until the tape lost its stickiness. EO cotton swab with lysis
buffer was chosen based on the previously determined most
efficient swab/moistening agent combinations for PVC in the
“swab, moistening agent, and substrate experiment”.

2.2.3. Direct extraction experiment

In this experiment, 20 stains of 0.3 pL buffy coats were
pipetted and smeared onto electrical tape and another 20 on
copper wire. They were then left to dry for 24 h. Ten stains from

The number of IED cases submitted to the DNA Analysis Center and the number of samples categorized by substrate.

Case type (N) Electrical tape Battery PVC Copper wire Others Total samples
Gas tank (28) 61 9 7 8 9 94
Landmine (2) 27 2 0 0 0 29
Unknown (6) 12 1 0 0 1 14
Plastic box (1) 10 1 0 ] 1] 11
Metal box (1) 10 0 0 0 0 10
Motorcycle bomb (3) 8 1} 0 1 1] 9
Pipe bomb (5) 6 0 2 0 0 8
Car bomb (2) 5 2 0 li] 0 7
Cardboard box (1) 2 1 0 0 2 5
Military explosive (1) 4 0 0 0 0 4
Plastic gallon (1) 1 [4] 1 0 2 4
Total (56) 146 16 10 9 14 195
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each substrate were cut and added to a microcentrifuge tube
(direct extraction without soaking). The remaining ten stains on
electrical tape were collected using EO cotton swabs moistened
with isopropanol, while the remaining ten stains on copper wire
were collected using EO cotton swabs moistened with PBS. The
moistening agents for these two substrates were selected as in the
“tape-lift experiment”.

2.2.4. Casework samples

A total of 56 IED cases yielding 195 samples were used for the
comparison of pre- and post-study protocols (Table 1). To increase
the likelihood of obtaining a single source profile, we targeted
areas where it was most likely that only one person had touched,
e.g., the tape ends of a strip of electrical tape wrapped arounda 9V
battery or wiring joint.

The pre-study DNA collection protocol for casework samples
was as follows: (1) double-swabbing using HI-VAN Lab swabs with
deionized water for visible stains, electrical tape, and batteries; (2)
tape-lifting with Officeworks Invisible Tape for certain areas of
large evidence such as PVC and metal parts; and (3) direct
extraction with soaking—placing the evidence in a 15mL tube
and adding sufficient PBS (usually 100-400 p.L) to submerge the
item—for some small items.

With the data obtained from the controlled experiments, the
DNA Analysis Center switched to (1) double-swabbing using EO
cotton swabs with different moistening agents, (2) tape-lifting
with Solar tape, and (3) direct extraction without soaking—adding
the evidence to a microcentrifuge tube and performing an IQ™
extraction protocol. These techniques were collectively termed the
post-study protocol.

2.3. DNA extraction

DNA was extracted using the DNA IQ™ system (Promega
Corporations) using the small sample casework protocol per the
manufacturer's recommendation. For casework items soaked in
PBS (direct extraction with soaking; pre-study protocol), an
equivalent amount of lysis buffer to PBS was added instead of
the recommended amount. DNA was eluted in 20 pL elution buffer
and stored at —20°C until used. A negative extraction control was
included with each set.

2.4. DNA quantification

Extracted samples were quantified using the ABI Quantifiler™
Human DNA Quantification Kit (Applied Biosystems, USA) per the
manufacturer's protocol with the exception of half reaction
volumes being used. DNA standards and negative controls were
included with each plate. A total reaction volume of 12.5pL
containing 6.25 L PCR Reaction Mix, 5.25 pL Human Primer Mix,
and 1 pL standard or unknown sample, was used. Each sample was
quantified in duplicate using the following PCR condition: 95 °C for
10 min followed by 40 cycles of 95°C for 15s and 60°C for 1 min.
The results were analyzed using the 7500 SDS software and
exported to the R statistical program for further analysis.

2.5. STR profiling and DNA detection

STR profiles were obtained using the ABI Identifiler™ Plus Kit
(Applied Biosystems) following the manufacturer’s protocol with
the exception of half reaction volumes being used. Two replicates
were performed for all casework samples. Positive and negative
controls were included with every set of reactions. A total reaction
volume of 12.5 pL was used, containing 5 pL DNA Identifiler™ Plus
Master Mix, 2.5 pL PCR Primer Mix, and variable amounts of DNA
template and DNA-free deionized water. The PCR condition was as

follows: initial denaturation at 95 °C for 11 min, 28 cycles of 94°C
for 20 s and 59 °C for 3 min, and a final extension at 60 °C for 10 min.

PCR products were analyzed on an ABI Prism 3130x] Genetic
Analyzer (Applied Biosystems) using POP-4 polymer and the
manufacturer’s recommended protocol. Raw data were analyzed
with GeneMapper 3.2.1 and a detection threshold of 50 RFU. A
single peak of over 200 RFU at a locus was declared as homozygous
(corresponding to 0.01 drop-out probability [24]). Consensus
profiling was used to obtain a single profile for all samples and to
account for allelic drop-ins. Alleles that were not detected in both
replicates were discarded. Mixed profiles, assessed using Caragine
et al. criteria [25], were excluded from further statistical analyses.
Alleles and peak heights were exported to the R statistical program.

2.6. Statistical analyses

For the three controlled experiments, the amounts of DNA
recovered using each collection method were expressed as
percentages of the initial amount deposited. This was done by
dividing the amounts of DNA recovered by the average amount of
DNA in the positive controls (0.56 ng/uL).

Due to the possibility of effects caused by interaction between
the factors studied, as seen in Verdon et al. study [17], a parametric
method was applied to the data from the swab, moistening agent,
and substrate experiment. DNA quantities were transformed by
taking the fifth root to obtain normally distributed data. Analysis of
variance (ANOVA) was used to determine the variance in DNA
quantity explained by the three main factors and the second- and
third-order interactions.

For all the other experiments, non-parametric statistics was
employed to deal with the non-normality of the data, the small
sample size, and any outliers. For the tape-lifting experiment, the
Kruskal-Wallis test was used to compare the DNA quantities
collected using the three tape types and EO cotton swabs. Pairwise
comparisons were carried out using the Wilcoxon signed-rank test
with Holm-Bonferroni correction for multiple comparisons. The
Holm-Bonferroni correction sequentially inflates the p-values of
the hypothesis tests. For the direct extraction experiment, the
Wilcoxon signed-rank test was employed to determine if the
quantities of DNA recovered using direct extraction without
soaking and the EO cotton swabs were significantly different.

Proportional odds logistic regression (POLR) was used to model
the results of the pre- and post-study protocols. This was done to
determine the influence of protocols (pre-study vs. post-study)
and collection methods (swab vs. tape-lift vs. direct extraction
without soaking) on the number of alleles detected. Only single-
source profiles were used for the model. Alleles were binned to
four categories: full profile (32 alleles), high partial (16-31 alleles),
low partial (1-15 alleles) and no profile (0 alleles).

All confidence intervals were calculated using 5000 nonpara-
metric bootstraps. Non-overlapping bootstrapped confidence
intervals were approximated to a p-value of 0.01 [26]. Statistical
significance for all tests was declared when the p-value is less than
0.05.

3. Results and discussion

3.1. Effect of swab, moistening agent, and substrate on DNA collection:
an overview

All factors—swab types, moistening agents, substrates, and
their second- and third-order interactions—affected the amount of
DNA recovered to a varying degree (Table 2; all p <0.001). The
effect size of each factor varied: swab type accounted for 47% of the
variance in DNA quantity, followed by the interaction between
swab type and substrate (6%) and the third-order interaction (6%).
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Table 2

Output from ANOVA procedure using the full model. DNA quantity used as the
dependent variable and swab, moistening agent, and substrate used as independent
variables. All interaction terms were included. DF =degrees of freedom, $5=sum
squares, MS=mean squares, F=F-value, and %Var = percent of variance explained.

Source DF SS MS F p % Var
Response: DNA quantity

Swab 5 6553 1311 38899 <0.001 47
Substrate 3 483 161 4782 <0001 3
Moistening agent 5 183 036 1086 <0001 1
Swab:substrate 15 883 059 1747 <0001 6
Moistening agent:swab 25 448 018 532 <0001 3
Moistening agent:substrate 15 198 013 392 <0001 1
Moistening agent:swab: 75 853 on 337 <0001 6

substrate
Residuals 1296 4367 0.03 3

All the other factors accounted for less than 1% of the variance.
Unexplained variance of 31% could be from confounding variables
such as the pipettes used, buffy coat deposition process, variation
in drying temperatures, and lot-to-lot variations of the swabs and
moistening agents.

Since a full factorial design (6 by 6 by 4) was used, the
interactions between the three factors could be investigated
thoroughly. The significant second- and third-order interactions
showed that some swabs combined better with some moisten-
ing agents on certain substrates (Table 2 and Fig. 1), a finding
echoed in Verdon et al. evaluation of ten swabs using different
substrates and sample types |17]. Forensic investigators should
therefore choose swab/moistening agent combinations that suit
the IED evidence obtained, for example, the Puritan DNA-Free
Forensic Cotton Tipped Applicator with deionized water for
electrical tape and the EO cotton swab with lysis buffer for PVC
pipe sections.
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3.1.1. Swab types

Among the three main factors, swab type was the most
influential. Some swab types could be used with various
moistening agents and substrates while some swab types were
not suitable for collection of dried stains (Fig. 1 and Supplementary
Table 1). HI-VAN Lab swab and Puritan nylon flocked swab were the
two poorest performing swab types; they recovered almost no
DNA regardless of which moistening agents or substrates were
used. Bode Forensic SecurSwab™, Puritan Foam Tipped Applicator,
and EO cotton swab were suitable only for some substrates and
when used with certain moistening agents. For example, EO cotton
swab could be used with all moistening agents to collect buffy coat
stains on PVC sections and batteries, but it only worked well on
electrical tape when moistened with ethanol. Puritan DNA-Free
Forensic Cotton Tipped Applicator was the most versatile swab.

The weave and construction of the swabs could have influenced
the collection and release of DNA. The construction of the HI-VAN
swab was the least robust. The cotton bud part of this brand was only
loosely glued to the wooden shaft and often came apart during
vigorous swabbing. Our Puritan nylon flocked swab results agree
with Verdon et al. [17], but are in contrast to findings in three
previous studies [14,27,28]. The differences seen could be due to the
high amounts of DNA available in their samples. Similar to Brownlow
et al. [14], we found that the flexible plastic shaft made the nylon
swabs difficult to handle. The low absorbency of nylon also made
wetting the swab difficult and the dried buffy coat stains were not
readily absorbed. Our results with the Puritan DNA-Free Forensic
Cotton Tipped Applicator are similar to Verdon et al. results with the
Puritan Fab-Swab (another cotton swab made by Puritan) [17].

3.1.2. Moistening agents
Of the three main factors, moistening agents had the least
influence on DNA recovery. No clear trend was observed (Fig. 1 and

Electrical tape Battery
100+ )
Lt
50+ 1
E + | + Moistening agent
g ﬁ, * e l*’ —+— Deionized water
© 04 om - L] M o - 9* ,L L —4— Ethanol
% | e PVC —&- |sopropanol
=] —+ Lysis buffer
E - PBS
5 - SDS
o 100+
504 O Th
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Swab

Fig. 1. Median DNA recovery percentage and 95% nonparametric bootstrapped confidence intervals from six swabs, four substrates, and six moistening agents showing the
second- and third-order interaction in play. N=10 for each treatment combination. HVC=HI-VAN Lab cotton swab, PN = Puritan nylon flocked swab, BC = Bode Forensic
SecurSwab™, PF =Puritan Foam Tipped Applicator, EC=EO cotton swab, and PC = Puritan DNA-Free Cotton Tipped Applicator.



Supplementary Table 1). In other words, it was only possible to
explain the influence of moistening agents when swab types and
substrates were considered at the same time.

In the case of a simple-matrix sample like buffy coat or touch
DNA, each moistening agent could have affected DNA collection in
its own way. Deionized water could have lysed cells through
osmotic shock, although this would happen relatively slowly
(3-40 times slower) for the white blood cells in the buffy coat, as
compared with red blood cells [29,30]. The IQ™ lysis buffer and
SDS could have broken down lipids, amino acids, and cell
membranes [15]. PBS could have rehydrated the cells and made
them easier for the swabs to pick up. In contrast, ethanol and
isopropanol could have dehydrated the cells. It should be noted
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that both alcohols evaporated from the substrates quickly when
the moistened swabs were used to rub the dried stains. Thomasma
and Foran [15] tested other moistening agents not included in this
study using only Puritan medical swabs. They found that SDS and
Triton-X recover more DNA from glass when compared with other
moistening agents [15]. The differences between our results and
theirs could be due to the differences in sample size and factors
tested. Additionally, May and Thomson [19] demonstrated that
xylene could be used to swab samples bound to glue on adhesive
tapes. Xylene and Triton-X were not evaluated in this study
because they were not readily available in our molecular
laboratory.

3.1.3. Substrates

In general, we were able to recover more DNA from PVC
sections, batteries, and electrical tape as opposed to copper wire
(Fig. 1 and Supplementary Table 1). Batteries were the only
substrate in which some swab/moistening agent combinations had
median DNA recovery percentages of over 60%. Those combina-
tions were Puritan DNA-Free Forensic Cotton Tipped Applicator
moistened with PBS, SDS, and deionized water. In contrast, almost
all combinations recovered less than 20% of the DNA deposited on
copper wire. Only Puritan DNA-Free Forensic Cotton Tipped
Applicator and EO cotton swab moistened with PBS recovered
about 30% of the DNA deposited.

As batteries and PVC have non-porous hard surfaces, stains
could easily be collected with many swab types and moistening
agents. The lower DNA recovery percentages from electrical tape
were most likely due to the buffy coat stains sticking to the glue on
the tape. For copper wire, the low DNA recovery percentages were
probably due to traces of copper picked up and co-extracted with
the samples. Copper is a known PCR inhibitor [31] and could
interfere with real-time quantitative PCR. Without any inhibition,
the threshold cycles (Ct's) of the internal positive control (IPC)
were approximately 25 cycles. The IPC results in all the substrates
except copper wire were normal. However, the Ct's of most
samples deposited on copper wire and collected using HI-VAN Lab
swab, Puritan nylon flocked swab, and Bode SecurSwab™ were
over 40 cycles, indicating that the samples contained inhibitors. EO
cotton swab partially picked up inhibitors (slightly higher Ct's than
normal) from copper wire, while Puritan Foam Tipped Applicator
and Puritan DNA-Free Forensic Cotton Tipped Applicator did not
pick up any inhibitors (IPC normal).

3.2. Tape-lifting vs. swabbing

EO cotton swab had the highest median DNA recovery
percentage (20.8%), followed by Solar tape (11.2%), Sellotape
(2.0%), and Officeworks tape (0.95%) (Fig. 2). Solar tape was more
consistent in the DNA recovery percentages when compared with
EO cotton swab, as shown by the narrower spread in the raw data
(Fig. 2). Swabbing with EO cotton swab and tape-lifting with Solar
tape recovered significantly more DNA than Officeworks tape and

Callection method

Fig. 2. DNA recovery percentages and median DNA recovery percentage (shown as
X) from buffy coat on PVC using three brands of tape and EO cotton swab with lysis
buffer (N =10 for each treatment). Each dot represents one datum.

Sellotape (p < 0.05). EO cotton swab did not significantly differ
from Solar tape (p=1.00), and Officeworks tape and Sellotape did
not differ statistically (p=1.00).

Preliminary experiments with 10 brands of adhesive tape
readily available in Thailand revealed that Solar tape was a good
candidate for further studies (data not shown). Other brands
encountered various problems during the DNA extraction process
using both a spin-column protocol and Promega DNA IQ™,
including adhesives clogging the spin-column membranes.
Officeworks Australian tape and Sellotape were chosen for
comparison as the former had been recommended by the
Australian Federal Police during training workshops at our center
and the latter had been used in published studies [32,33]. Solar
tape outperformed the two other tapes in our comparison, but it
was not statistically different from EO cotton swab with lysis
buffer.

Therefore, either Solar tape and EO cotton swab could be used
when PVC is encountered.

3.3. Direct extraction without soaking vs. swabbing

Both direct extraction without soaking and swabbing yielded
median DNA recovery percentages of approximately 20-35%,
except for direct extraction without soaking from copper wire
(Fig. 3). With electrical tape, the two methods did not differ
(p>0.05), although swabbing yielded a wider spread of the raw
data. With copper wire, swabbing was significantly better at
recovering DNA than direct extraction without soaking (p < 0.01).

Direct extraction without soaking could be used for electrical
tape. However, the size of the microcentrifuge tube limits how
much electrical tape could be added. Alternatively, swabbing could
be used to cover a large area of tape and circumvent this limitation.
Direct extraction without soaking from copper wire was consis-
tently unsuccessful, most likely due to inhibition by copper ions.
The IPC Ct's of these samples were either undetermined or close to
40 cycles.

One limitation in the controlled experiments above is the use of
dried buffy coat stains as a substitute for touch DNA. This is an
artificial system and might not reflect touch DNA deposition and
collection. However, touch DNA deposition through hand contact
would not allow a robust comparison between the DNA collection
methods, as the amount of DNA deposited varies greatly within
and between individuals. This is because the process is influenced
by many factors such as shedder status, behaviors such as face-
rubbing, the amount of time elapsed between hand-washing and
deposition, and even substrate [11,34-36]. As this study aimed to
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Fig. 3. DNA recovery percentages and median DNA recovery percentage (shown as X) using direct extraction without soaking and swabbing. The substrates were electrical
tape and copper wire (N = 10 for each treatment). EO cotton swab moistened with isopropanol was used for electrical tape and EO cotton swab moistened with PBS was used

for copper wire. Each dot represents one datum.

compare different DNA collection methods, we used a within-
subject design, in which one buffy coat sample was used for all
controlled experiments, to minimize the effects of the above
confounding variables associated with touch DNA deposition.
Raymond et al. used a similar approach in two studies [37,38]. The
amount of DNA deposited (10.8 ng) reflects the high end of the
range of touch DNA amounts found in Daly et al. [11]. Another
limitation is the possible variation in the amount of buffy coat
deposited. Pipetting 0.3 pL is more error-prone than pipetting
larger volumes. However, a larger volume would complicate the
deposition of stains onto copper wire. Although best efforts were
used to minimize these variations, as described in the materials
and methods, these pipetting errors could explain the few DNA
recovery percentages of over 100%.

The sample size used in this study was 10 per treatment
combination. Compared to other studies with similar objectives,
our sample size is greater than four studies [15,17,23,39], the same
as one study [40], and smaller than another one [11]. A larger
sample size should provide a more precise estimate and increase
the probability of detecting a small effect, but the cost of
conducting such a study would be prohibitive if many factors
are investigated simultaneously; thus, to validate the results found
in the controlled experiments, the most efficient collection
methods were used for casework samples in the following
comparison of pre- and post-study protocols.

3.4. Comparison of pre-study protocol and post-study protocol using
IED casework samples

Fig. 4 shows the DNA quantities recovered from 195 IED
samples (56 IED cases; only single source profiles) using the pre-
study and post-study protocols and their resulting DNA profiles.
Most samples yielded no quantifiable DNA, as shown by the cluster
of data points at 0 ng/uL, and produced no STR profile, which was
expected as touching deposits low DNA amounts and the heat from
deflagration may have degraded the DNA on the surfaces. The
results also showed that DNA quantity was not a reliable predictor
of the number of alleles obtained (Pearson's R=0.14 and 0.52 for
pre-study and post-study protocols, respectively). This was
probably due to the overestimation of amplifiable DNA in the
degraded samples by the Quantifiler™ kit [41,42]. Employing the
newer Quantifiler™ Duo or Trio kit with their longer targets should

Direct (soaking vs. no soaking)
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Fig. 4. The DNA quantity (in ng/uL) obtained from casework IED evidence and their
resulting STR profiles using the pre-study (circle) and post-study (triangle)
protocols of direct extraction, swabbing, and tape-lifting as described in
Section 2.2.4. Each dot represents one datum.

improve the correlation between DNA quantity and STR profile
quality, as their PCR products are similarly sized to those found in
STR kits.

Comparison of DNA profiles showed that the post-study
protocol produced better DNA profiles (Fig. 4 and Table 3). There
was a significant difference in the quality of the profiles obtained
between the pre- and post-study protocols (p=0.01; Fisher's exact
test). In general, the post-study protocol reduced the number of no
profiles by about 20%. The average number of alleles per profile
increased from 1.63 to 6.02 alleles. POLR showed that the protocol

Table 3

Genotyping results in four categories from casework IED evidence using previous
standard operating protocol (pre-study) and the improved protocol (post-study).
Total N=195 (excluding mixed profiles).

Category (no. of alleles) Pre-study (N=74) Post-study (N=121)

Full profile (32) 1 (1.4%) 9 (7.4%)
High partial (16-31) 2 (2.7%) 10 (83%)
Low partial (1-15) 6 (8.1%) 21 (17.4%)
No profile 65 (87.8%) 81 (66.9%)
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used (pre- vs. post-study) was statistically significant (p<0.01;
95% CI odds ratio: 1.53-7.78) while collection technique was not
(p>0.05; 95% CI odds ratio: 0.27-5.01).

The results achieved in the validation exercise confirmed the
findings of the controlled experiments. For swabbing and tape-
lifting, the increase in the number of alleles detected was most
likely due to the strong difference in performance between the
swab types and tapes used. For direct extraction with soaking
(pre-study) and direct extraction without soaking (post-study), the
increase in alleles could be attributed to the smaller volume of
liquid used in the post-study protocol.

We chose the EQ cotton swab(a local brand) instead of the Puritan
DNA-Free Forensic Cotton Tipped Applicator, even though the latter
recovered significantly more DNA from batteries than the former
(Fig. 1). Puritan DNA-Free Forensic Cotton Applicator costs about
0.37 USD per swab (including shipping) while EO cotton swab costs
only 0.03USD. Given the high number of swabs used annually and the
non-significant differences in three of four substrates (Fig. 1), it was
more practical for us toimplement the EO cotton swabs for casework.

Our DNA profiling success rates from IED evidence are lower than
published studies [7,8]. The bomb assemblers in those controlled
studies deliberately did not wear gloves while assembling the bombs
(mock casework). Since we used actual casework samples, there
were more uncontrollable factors. Forexample, in our experience, we
often encountered boxes of sterile latex gloves when collecting
evidence from terrorist hideouts in Thailand. Moreover, casework
samples were often contaminated with soil, as the IEDs were usually
buried under roads inorder to topple Humvees and cars. Soil contains
humic acid, which is a known PCR inhibitor [43].

The strength of this study is in the large amount of casework IED
evidence used to validate the post-study protocol. To our
knowledge, this is one of the most comprehensive evaluations
of DNA collection methods. Further work should include investi-
gating different DNA extraction methods as DNA extraction
protocol has been shown to interact with swabs and substrates
to influence DNA recovery [14,44]. Performing a confirmatory
study by increasing the sample size for the most efficient DNA
collection methods and using touch DNA should result in a more
precise estimate of DNA recovery percentages. Nonetheless, this
does not detract from the most important finding of this work:
standard operating protocols must be continuously re-evaluated as
new knowledge is gained through empirical studies.

4. Conclusion

A systematic evaluation of the DNA collection methods, from
different swab types and moistening agents to tape-lifting and
direct extraction, revealed that every factor influences the recovery
of DNA to a certain degree. There was no single best swab type or
moistening agent for all substrates. Rather, different combinations
were more suitable for different substrates. EO cotton swab, with
its low cost and versatility, could be used to consistently recover
trace DNA from casework [ED evidence. Solar tape and direct
extraction without soaking also recovered more DNA than Office-
works tape and direct extraction with soaking, respectively. The
results of this study significantly improved the DNA profiles
obtained from IED evidence. The findings from both parts of this
study emphasize the need to re-evaluate standard operating
protocols, even at the most basic level like DNA collection, with
knowledge gained from empirical studies.
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Improvised explosive devices (IEDs) are used in devastating terrorist attacks worldwide and daily in
Thailand. Touch DNA deposited during IED assembly are subjected to intense heat and pressure,
resulting in rare events of usable DNA profiles obtained from real casework. No study has simultaneously
evaluated both swab brands and moistening agents for touch DNA collection from substrates

Keywords: encountered in IED evidence. In this study, we investigated the effects of swab brands and moistening
;”“':‘ DNA agents on DNA collection from adhesive tape, a common IED substrate. A full factorial design using four
wal

cotton swab brands (two forensic and two medical cotton swabs) and six moistening agents (DNA-free
water, phosphate-buffered saline, ethanol, sodium dodecyl sulfate, isopropanol, and lysis buffer) was
employed (24 total combinations). Using buffy coats, we found that DNA recovery depended on both
swab brands and moistening agents (p < 0.05). The optimal method recovered significantly higher DNA
amount from real I[ED cases compared to the standard Royal Thai Police method. Percentages of high
partial profiles also increased. Our results changed the standard operating protocol of the Thai police.
Other commonly found substrates from IED cases are being investigated to maximize the evidential
value obtained from touch DNA.

Moistening agent
Bombing case

@ 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

In Thailand three southern-most provinces, IED bombings
happen daily. One routine analysis is swabbing of IED evidence for
touch DNA deposited by the insurgents, especially on adhesive
tapes in IEDs as the stickiness of the tape makes it cumbersome to
use with gloved hands. In our experience, DNA analysis of the tapes
from detonated and undetonated IEDs have yielded sporadic
partial and rarely full DNA profiles. The reason for this low DNA
yield is probably degradation due to heatfpressure and low initial
DNA amount deposited.

If one could maximize the amount of DNA collected from IED
evidence, the chance of obtaining a more complete DNA profile
should increase. It has been found that both cotton swab brands and
moistening agents influence DNA collection and extraction yield [1],
but a review of the literature shows that a comprehensive study
that evaluates swabs, moistening agents, and their interactions

* Corresponding author. Tel.: +66 74 288 565; fax: +66 74 446 681.
E-mail addresses: pthanakiatkrai@gmail.com, phuvadol.t@psu.ac.th
(P. Thanakiatkrai).

1875-1768/% - see front matter & 2013 Elsevier Ireland Ltd. All rights reserved.
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simultaneously is still limited. In order to maximize the amount of
DNA collected from touched 1ED parts, the effect of four brands of
cotton swabs and six moistening agents on DNA vyield was
investigated in this study.

2. Materials and methods

Five 0.5l buffy coats were dropped onto 5cm x 1cm
adhesive tape, left to dry for 24 h, and collected using four cotton
swabs (two forensic - Bode SecurSwab™ (Bode Technology, USA)
and Puritan DNA-Free Cotton Tipped Applicator (Puritan Medical,
USA) and two medical swabs - HI-VAN Lab swab (MTT Marketing,
Thailand) and EO swab (Thai Gauze, Thailand)) and six moistening
agents (DNA-free water, phosphate-buffered saline, ethanol,
sodium dodecyl sulfate, isopropanol, and 1Q lysis buffer (Promega
Corporations)). All reagents except the lysis buffer were analytical
grade and purchased from Sigma-Aldrich. DNA was extracted
using DNA 1Q™ system (Promega Corporations). DNA extracts
were quantified using the Quantifiler™ Human DNA Quantifica-
tion Kit (Applied Biosystems). Casework samples prior to this
experiment were swabbed using HI-VAN Lab swab while casework
samples processed after this experiment were swabbed with EO

Please cite this article in press as: S. Phetpeng, et al., Touch DNA collection from improvised explosive devices: A comprehensive study
of swabs and moistening agents, Forensic Sci. Int. Gene. Suppl. (2013), http://dx.doi.org/10.1016(j.fsigss.2013.10.014
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Fig. 1. Mean DNA yields from buffy coat on ad hesive tape collected using various types of swabs and moistening agents. Error bars denote standard errors of the mean (n = 5).

swab. The quantities of DNA in each experimental treatment, and
the number of alleles detected from actual IED cases were
compared.

3. Results and discussion

Different combinations of swabs and moistening agents yielded
different DNA amounts from cells deposited on adhesive tape
(p < 0.05 for both factors). For commercial forensic swab, Puritan
swab recovered the highest DNA amount for three moistening
agents: DNA-free water, ethanol, and lysis buffer while Bode
SecurSwab™ was best used with PBS and SDS (Fig. 1). Surprisingly,
the local Thai medical swab brand - EO swab - showed the highest
DNA concentration of 0.276 ng/pl when used with isopropanol.
The EO swab also performed equally well with Bode SecurSwab™
when used with DNA-free water. HI-VAN Lab swab, despite being
routinely used in the DNA Analysis Center, recovered unexpectedly
low amount of DNA. The result corresponded to the study of
Thomasma and Foran [2], who reported that there is no single best
moistening agent for DNA collection, i.e. certain agents combine
better with certain cotton swabs.

For casework analysis, the DNA Analysis Center changed from
the Lab swab to the EO swab as a result of this experiment. The
DNA profiling results of sixty adhesive tapes from sixty cases
showed that the number of cases with low partial and high partial
profiles was higher when the EO swab was used (Fig. 2). No full
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Fig. 2. The percent of cases (one tape sample per case) categorized by the number of
alleles detected using the Identifiler™ Plus Kit (Applied Biosystems). Two collection
swabs were compared and EO swab performed slightly better than the Lab swab.

profiles were observed with both swab brands, probably due to
DNA degradation by heat and pressure from the explosion, as well
as the low initial DNA deposited on the tapes. The EO swab was
chosen because it is roughly 50-100 times cheaper than the Bode
and Puritan swab: two cents per swab compared to two USD per
swab. As we process more than 7000 samples per year, opting for
the EO swab helps us keep our running cost manageable while
significantly improving our chances of obtaining a usable DNA
profile when compared to the HI-VAN Lab swab previously used.

4. Conclusion

This study clearly demonstrated that both cotton swabs and
moistening agents affect the DNA collection process. There was no
single best swab brand or moistening agent; however, the EO swab
showed the highest yield with isopropanol as the moistening agent
and the HI-VAN Lab swab consistently underperformed when
compared with the other swab brands. This study emphasizes the
importance of validating all components and procedures used in a
forensic laboratory in order to maximize the evidential value from
crime scene evidence, particularly from degraded or low-template
DNA samples.
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