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Abstract This study reports the development of a two-step
protocol using pressure cycling technology (PCT) and alka-
line lysis for differential extraction of DNA from mixtures of
sperm and vaginal epithelial cells recovered from cotton
swabs. In controlled experiments, in which equal quantities
of sperm and female epithelial cells were added to cotton
swabs, 5 min of pressure pulsing in the presence of 0.4 M
NaOH resulted in 104±6 % recovery of female epithelial
DNA present on the swab. Following the pressure treatment,
exposing the swabs to a second 5-min alkaline treatment at
95 °C without pressure resulted in the selective recovery of 69
±6% of the spermDNA. The recovery of the vaginal epithelia
and sperm DNA was optimized by examining the effect of
sodium hydroxide concentration, incubation temperature,
and time. Following the alkaline lysis steps, the samples were
neutralized with 2 M Tris (pH 7.5) and purified with phenol-
chloroform-isoamyl alcohol to permit downstream analysis.
The total processing time to remove both fractions from the
swab was less than 20 min. Short tandem repeat (STR) anal-
ysis of these fractions obtained from PCT treatment and alka-
line lysis generated clean profiles of female epithelial DNA
and male sperm DNA for 1:1 mixtures of female and male
cells and predominant male profiles for mixtures up to 5:1
female to male cells. By reducing the time and increasing
the recovery of DNA from cotton swabs, this new method

presents a novel and potentially useful procedure for forensic
differential extractions.
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Introduction

Since its discovery in 1984 by Sir Alec Jeffreys, DNA
typing has become an indispensable tool in applications rang-
ing from paternity testing and criminal investigations to the
study of genetic disorders [1–3]. The application of DNA
technology in the criminal justice system has resulted in an
unprecedented expansion in the capabilities of forensic labo-
ratories for the detection of violent crimes such as rape and
murder. With improvements in automation, the procedure has
expanded to permit determination of property crimes and mis-
demeanors as well. However, as the number of applications
for DNA technology expands, inevitable backlogs have oc-
curred due to increasing sample loads. Factors such as time
lapse between the incident and sample recovery, exposure to
external elements, and storage conditions may all result in
sample degradation [4–6]. Hence, it is critical to be able to
efficiently recover and reliably analyze the evidence collected.

Traditionally, cotton swabs have been used for the collec-
tion of biological samples such as body fluids, touch samples,
and other trace evidence. Despite being a common tool for
sample collection, sample extraction from these swabs can
be challenging due to strong adherence of the sample to the
matrix. Often, the bulk of a collected biological sample re-
mains entrapped in the cotton fibers even after elution. This
results in a loss of precious evidence [7]. For example, in a
multi-laboratory study reported by Vuichard et al., sample
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losses of 94–98 % were reported following differential extrac-
tions when compared to direct extraction [8]. Norris et al. also
studied this problem and demonstrated that recovery can be
improved through careful optimization of elution conditions.
However, in this paper, they also noted that sperm cell recov-
ery is poor (~40 %) from cotton swabs using conventional
procedures [7].

There have been a number of attempts to develop methods
to increase the efficiency of cell recovery from cotton swabs.
Enzymatic methods are based on the hypothesis that digestion
of cotton fibers with cellulase enzymewill improve the release
of cells from the swab [9]. Alternatively, appropriate deter-
gents or buffers may improve recovery of DNA from the
swabs [7]. Different types of swabs and substrates have also
been proposed to improve elution of DNA from these swabs,
yet this remains an area of active research [10].

Another issue is the selectivity of the extraction of DNA.
When performing differential extraction of sperm and epithe-
lial cells, it is critical to obtain a clean, unambiguous male
profile. This is done by lysing the female epithelial cells with
detergent followed by centrifugation and recovery of sperm
DNA using detergent with dithiothreitol (DTT) to aid in the
digestion and recovery of DNA from the sperm cells [2]. Be-
cause the procedure is difficult, time-consuming, and includes
multiple wash steps, its recovery is sometimes poor and user-
dependent [8]. For example, in the collaborative study by
Vuichard et al., it was found that there were large lab-to-lab
variations in the relative amount of male-to-female DNA in
the epithelial fraction, with some laboratories seeing more
male DNA (30 %) while most finding more female [8]. Be-
cause of these problems, a number of alternative procedures
have been attempted to permit differential detection of male
and female DNA. These include laser micro-dissection, re-
moval of female DNA through alkaline lysis and/or DNase
digestion, microfluidics, and flow cytometry [11–16].

Thus, there have been a number of efforts to improve DNA
recovery from swabs taken following a sexual assault, espe-
cially for situations in which sample is limited. The organic
differential extraction method developed by Gill et al. and its
modified versions are still being used in analyzing mixtures,
but its shortcomings create the need for an efficient, quick, and
reliable method that can successfully separate DNA profiles in
a mixture without compromising sample recovery [17, 18].

Pressure cycling technology for sample preparation (PCT)
is a novel method that employs cycles of hydrostatic pressure
between ambient and high levels to induce mechanical stress
on cells resulting in compromised cellular integrity [19, 20].
Application of alternating cycles of hydrostatic pressure be-
tween ambient and high levels causes disruption of biomolec-
ular interactions. When high pressure is applied, the lipid bi-
layer is compressed and release of this pressure results in
destabilization of the cell membrane, which leads to compro-
mised cellular integrity and subsequent release of cellular

components [19]. Cell lysis and efficient recovery of the cel-
lular components dictate the success of downstream applica-
tions. Pressure cycling technology has been used successfully
in a variety of applications in molecular biology. Smejkal et al.
successfully extracted protein from Escherichia coli using
PCT [21]. It has also been used in the extraction of biomole-
cules such as DNA and RNA from animal and plant tissues,
insects, and microbes [20, 22, 23]. The advantage of pressure
cycling is its ability to produce a highly efficient extraction
and disruption of cell nuclei from a wide variety of substrates.

Most of the extraction methods in forensic biology rely on
a combination of physical and chemical extraction protocols
to achieve maximum yields. Achieving maximum DNA
yields from a sample is especially challenging because the
evidence collected from a crime scene is mostly present on a
substrate, and recovery from the substrate is inefficient when
the material is an absorbent. Long incubation times, contam-
ination issues, health hazards from the use of chemicals, and
the combination of treatments that are too harsh on the bio-
molecules of interest are some of the biggest disadvantages
associated with the current extraction methods. Pressure cy-
cling technology for sample preparation was developed to
rapidly and efficiently release cellular contents from biologi-
cal samples using alternate cycles of high and ambient pres-
sure in a safe and controlled environment.

This study reports an initial study on the potential of alka-
line lysis on the differential recovery of sperm DNA and ep-
ithelial DNA from a cotton swab. The alkaline lysis step was
coupled with a novel method utilizing pressure cycling tech-
nology to aid in sample recovery and differential digestion of
mixtures from cotton swabs. The procedure improves the
speed and recovery of DNA from differential extractions by
eliminating the need for long incubation and digestion times
as well as reducing the number of manual wash steps.

Materials and methods

Sample preparation

Vaginal epithelial cells and semen samples were collected
from volunteers in accordance with protocols approved by
the Institutional Review Board (IRB) of Florida International
University. The samples were suspended in 1! PBS buffer
(pH 7.4) (Fisher Scientific, NJ) and diluted to approximately
one million cells per milliliter. The cell count was performed
using a disposable hemocytometer (INCYTO C-Chip,
Covington, GA, USA) [24]. Equal volume of epithelial cells
and sperm cells was added to a cotton swab and air-dried at
room temperature. Post-coital samples obtained from healthy
volunteers were stored at !20 °C until further use.

Since pressure cycle technology has not been previously
applied to rape kits, it was necessary to determine the
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efficiency of this treatment on DNA recovery. For comparison
of relative efficiency, standard organic extraction was per-
formed to determine the amount of DNA in each cell type.
The quantity of DNA recovered from pressure treatment was
plotted as percent recovery of DNA obtained from organic
extraction. Organic extraction was performed by incubating
the samples in stain extraction buffer (10 mM Tris, 100 mM
NaCl, 10 mM EDTA, 2 % SDS, 39 mM DTT) and proteinase
K (20 mg/ml) at 56 °C for 2–4 h followed by phenol-
chloroform-isoamyl alcohol purification and ethanol
precipitation.

DNA extraction

Pressure cycling technology

A Barocycler® NEP 2320 (Pressure BioSciences Inc., South
Easton, MA) was used to generate cycles of high pressure and
ambient pressure to apply mechanical stress on the cells and
cause lysis. There are four main parameters that can be varied
to achieve an optimum environment for cellular disruption.
The applied pressure, exposure time, and number of cycles
can all be adjusted using a programmable interface. The
Barocycler® NEP2320 (Pressure BioSciences Inc., South
Easton, MA) is a commercially available instrument that is
equipped with a hydrostatic pressure chamber that can with-
stand high pressures up to 45,000 psi, and samples can be
exposed to target high pressure or ambient pressure from 1
to 99 s. Cycling between high pressure and ambient pressure
can be repeated up to 99 times. Both solid tissue and liquid
samples can be processed using this instrument. Furthermore,
connecting an external circulating water bath can control the
temperature of the pressure chamber. The instrument is con-
nected to a compressor that creates high pressure. PULSE™
tubes (Pressure BioSciences Inc., South Easton, MA) are spe-
cially designed tubes that are able to withstand high pressures.
To perform pressurized extraction, swabs containing mixtures
of sperm cells and vaginal epithelial cells were transferred to
PULSE™ tubes and exposed to 10,000, 20,000, or 45,000 psi
in the presence of a lysis buffer to determine the optimum
pressure to achieve selective lysis of female cells. The effi-
ciency of the pressure treatment in the presence of increasing
number of cycles was studied by varying the cycle number
between 10, 20, and 60 cycles. During each pressure cycle, the
holding time of sample at ambient pressure (T1) and target
pressure (T2) was 15 s each.

Alkaline lysis

Hudlow et al. developed an alkaline-based differential extrac-
tion method that, when combined with DNase digestion, gen-
erated a purified sperm fraction as determined by STR
genotyping [14]. Upon applying this method and quantifying

the extracted DNA, it was observed that there was a signifi-
cant loss of sperm DNA. This led us to initiate a study to
determine the effect of alkaline lysis on sperm cells and vag-
inal epithelial cells without DNase digestion at different tem-
peratures and concentrations of sodium hydroxide.

Sodium hydroxide crystals (Fisher Scientific, NJ) were dis-
solved in molecular biology grade water (Fisher Scientific,
NJ) to achieve concentrations of 0.2, 0.4, 0.6, 0.8, and 1 N
NaOH concentration. In order to maximize DNA recovery
from cotton swabs, three different incubation temperatures
(75, 85, and 95 °C) and two different incubation times (2
and 5 min) were studied for each concentration of sodium
hydroxide solution. A cotton swab containing an equal quan-
tity of sperm cells and epithelial cells was suspended in
400 μL of a specific concentration of sodium hydroxide solu-
tion and exposed to either 75, 85, or 95 °C for 2 or 5 min.

Post-extraction purification

Following extraction, the samples were neutralized with 2 M
Tris (pH 7.5). Then, the swabs were transferred to DNA IQ™
Spin Baskets (Promega Corp., Madison, WI) and centrifuged
at 13,000 rpm for 5 min. Extracted samples were purified by
adding an equal volume of phenol-chloroform-isoamyl alco-
hol (25:24:1) (Sigma-Aldrich, St. Louis, MO) and precipitated
with 3 M sodium acetate and 95 % ethanol. Following precip-
itation, the pellet was washed with 70 % ethanol, air-dried,
and resuspended in 1! Tris-EDTA buffer (pH 8.0) (Fisher
Scientific, NJ).

Quantification

The extracted DNAwas quantified using real-time PCR assay
with a commercially available kit, the Plexor® HY system
(Promega Corp., Madison,WI) on Rotor-Gene 6000 (Corbett,
Australia). The system can simultaneously quantify autosomal
DNA and male DNA. By calculating the autosomal/Y ratio,
the amount of male DNA and female DNA recovered from the
mixture could be determined. The percent recovery of each
cell type was determined by comparing the resultant quantity
of DNAwith samples containing a single cell type that have
been directly extracted with proteinase K (20 mg/mL) based
organic extraction. All the samples were analyzed in triplicate,
and the Plexor® HY analysis was performed following the
manufacturer’s instructions (Plexor® HY system, Technical
Manual# TM299, Promega Corp., Madison, WI).

Short tandem repeat analysis

The quality of the DNA recovered from alkaline lysis and
pressure treatment was assessed by performing short tandem
repeat (STR) analysis using PowerPlex® 16 HS system
(Promega Corp., Madison, WI) according to manufacturer’s
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protocols (PowerPlex® 16 HS system, Technical Manual#
TMD022, Promega Corp., Madison, WI). Quantification data
was used to normalize the input DNA for STR analysis. One
nanogram of sample was amplified using GeneAmp® 9700
thermal cyclers, and 1 μL of the amplified products was sep-
arated using ABI Prism™ 310 genetic analyzer (Life Technol-
ogies, Grand Island, NY). Data analysis was performed using
GeneMapper® ID v3.2 (Life Technologies, Grand Island,
NY). The percentage of male DNAwas calculated using rel-
ative fluorescence units (RFU) as [(2!Y rfu)/(X rfu+Y rfu)]!
100 %, and the percentage of female DNAwas calculated as
[(X rfu!Y rfu)/(X rfu+Y rfu)]!100 % [10].

DNA recovery from post-coital samples

A set of post-coital samples containing both sperm and vagi-
nal epithelial cells were extracted using two different proto-
cols: alkaline lysis coupled with pressure cycling technology
and an extraction protocol used by the Broward County Sher-
iff’s Office (BSO) crime laboratory. A comparison of STR
profiles of the male and female DNA fractions extracted with
these two protocols was performed to determine the applica-
bility of alkaline lysis and pressure cycling technology in pro-
cessing rape kits.

In the differential extraction protocol used by the BSO
crime laboratory, BioRobot EZ1 workstation (Qiagen, Inc.,
Valencia, CA) is used to purify the extracted samples. This
method gives better yields than standard organic differential
extraction, but it employs long incubation times to recover
sample from the substrate. In the first step, the 1! TNE buffer
(10 mM Tris, 1 mM EDTA Na2·2H2O, 1 M NaCl) containing
1 % SDS and proteinase K (20 mg/mL) is added to the swab
and incubated in a water bath at 56 °C for 2 h with intermittent
mixing at 900 rpm. The supernatant is separated to recover
female DNAwith EZ1 purification, and the swab is incubated
at 56 °C for 2 h in 1! TNE buffer-containing proteinase K
(20 mg/mL) and 1 M DTT. This fraction is purified with EZ1
trace protocol to recover sperm DNA.

Results and discussion

Effect of alkaline lysis on DNA recovery from swab

The goal of the alkaline lysis studies was to determine param-
eters to maximize sperm DNA recovery from a cotton swab
while maintaining sufficient selectivity to enable differential
lysis of mixtures. The effect of varying concentrations of
NaOH at different temperatures and incubation times was
studied, and it was observed that incubating the swab in
0.4 N NaOH at 95 °C for 5 min resulted in the recovery of
2.5 times more sperm DNA than epithelial DNA (Table 1).
Moreover, depending on NaOH concentration and

temperature, either sperm DNA or epithelial DNA exhibited
relatively higher recoveries from mixtures. According to a
study conducted by Hudlow et al., microscopic observations
following alkaline lysis at identical conditions revealed that
the sample had few remaining intact sperm cells and no epi-
thelial cells in the mixture [14]. The quantification results
from the current study indicate the lysis of both sperm and
epithelial cells occurs with relatively more DNA recovered

Table 1 Amount of DNA recovered from mixtures in the presence of
alkaline conditions at high temperatures. DNA recovery values represent
the percent recovery of DNA in each fraction compared to the total
amount of DNA extracted using organic extraction of neat samples and
are expressed as the mean (n=3±standard error)

Concentration
of NaOH
solution (N)

Incubation
temperature
(°C)

Incubation
time (min)

Sperm
DNA
recovered
(%)±SE

Vaginal
epithelial DNA
recovered
(%)±SE

0.2 95 2 60±6 75±12

0.2 95 5 98±10 78±21

0.4 95 2 131±22a 64±18

0.4 95 5 99.6±1.0 41±2

0.6 95 2 115±15a 46±4

0.6 95 5 64±11 54±8

0.8 95 2 94±7 42±5

0.8 95 5 52±12 41±3

1 95 2 71±4 33±1

1 95 5 49±7 45±5

0.2 85 2 44±13 85±14

0.2 85 5 70±8 60±4

0.4 85 2 86±5 68±17

0.4 85 5 75±10 47±9

0.6 85 2 75±10 52±10

0.6 85 5 66±6 35±3

0.8 85 2 55±6 35±9

0.8 85 5 62±8 45±5

1 85 2 81±6 53±17

1 85 5 54±2 55±9

0.2 75 2 33±6 69±7

0.2 75 5 40±6 41±3

0.4 75 2 60±9 46±6

0.4 75 5 57±1 30±8

0.6 75 2 113±6a 52±21

0.6 75 5 87±19 46±6

0.8 75 2 83±16 41±16

0.8 75 5 64±17 38±3

1 75 2 62±6 34±9

1 75 5 61±2 34±2

Italicized parameters represent the optimized alkaline conditions for se-
lective sperm DNA recovery from mixtures
aMore DNAwas recovered with the experimental parameters compared
to the organic extraction of a similar amount of neat semen sample
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from the sperm cells. The amount of DNA recovered from
epithelial cells decreased with increasing concentration of so-
dium hydroxide. This decrease in epithelial DNA recovery
can be attributed to denaturation of DNA recovered from
lysed epithelial cells following continuous exposure to alka-
line conditions. The quantification data of sperm DNA is in
concordance with Hudlow’s observation where the conditions
lyse most of the sperm cells in the mixture.

Though cotton swabs have been traditionally used to
collect evidentiary material, recovery of biological sam-
ples is poor from this matrix. Many methods have been
reported previously to improve cell recovery from cot-
ton swabs, but they involve 2–4 h incubation time [8, 9,
17]. In cases where there are mixtures present, all the
cellular materials must be eluted prior to the extraction
step before differential lysis can take place. Our initial
results demonstrated that by incubating the swab at high
temperature in alkaline conditions, almost all of the cel-
lular DNA can be extracted from the substrate in as
little as 5 min. Furthermore, differential extraction of
epithelial and sperm cells can be performed directly
off of the swab without prior elution by adjusting the
concentration of base and the incubation parameters.

The optimized parameters for single tube alkaline differen-
tial extraction method developed by Hudlow et al. utilizes
0.1 N NaOH treatment at 95 °C for 2 min for non-sperm lysis,
addition of DNase digestion to remove non-sperm DNA
followed by 1 NNaOH treatment at 75 °C for 2 min for sperm
cell lysis. The quantification results from the current study
indicate that more than 50 % of the sperm DNA is recovered
at 95 °C with 2 min incubation in 0.2 N NaOH. Since non-
sperm cells account for <15 % of the sperm concentration in
healthy individuals [25, 26], our data suggests that the opti-
mized epithelial cell lysis conditions suggested by Hudlow
et al. may also cause premature sperm cell lysis. This obser-
vation led to the study to determine conditions that will permit
selective digestion and maximized recovery of sperm DNA
from cotton substrates.

The results from alkaline lysis of sperm cells and
epithelial cells show that at any given temperature, max-
imum DNA recovery from sperm cells is produced at
0.4–0.6 N NaOH, whereas 0.2 N NaOH produces opti-
mal recovery of epithelial DNA. The best selectivity
and reproducibility for the removal of sperm cells from
the swabs were achieved by increasing the incubation
time to 5 min in the presence of 0.4 N NaOH. The
removal of sperm was further improved by increasing
the temperature to 95 °C, with the result that 99.6±
1.0 % of the sperm DNA was recovered from controlled
mixtures. Lower temperatures and lower concentrations
of base were more conducive for the selective recovery
of DNA from female epithelial cells. Overall results are
show in Table 1.

Optimization of PCT parameters

Although the results from the alkaline lysis studies showed
that 0.4 N NaOH gave the best recovery and selectivity for
sperm DNA from mixtures, there was still some DNA recov-
ery from epithelial cell lysis that resulted in a mixed profile.
Epithelial cell lysis during sperm DNA recovery was mini-
mized by introducing a pressure-based extraction step before
incubating the swab at high temperature. In order to do this, it
was important to determine the effect of pressure treatment on
the swabs in the presence of 0.4 N NaOH. The swabs were
exposed to 0.4 N NaOH during PCT treatment based on the
observations that continued exposure to alkaline conditions at
0.4 N NaOH further reduced female DNA, possibly due to
denaturation of DNA released from lysed epithelial cells,
which may further contain non-sperm DNA carryover into
the sperm fraction. This is especially important during extrac-
tion of mixtures with high ratios of female epithelial cells to
male sperm cells. The use of a lower concentration of sodium
hydroxide did not efficiently lyse the female epithelial cells
when the mixture contained more than five times the amount
of epithelial cells compared to sperm cells. Initial studies to
determine the optimum alkaline conditions during PCT ex-
tractions indicated that increasing the concentration of sodium
hydroxide to more than 0.4 N NaOH during PCT treatment
affected the overall sperm DNA recovery. Therefore, pressure
treatment in the presence of 0.4 NNaOHwas determined to be
the optimum parameter to lyse epithelial cells and minimize
female DNA carryover without affecting sperm DNA
recovery.

Our results indicated that 104±6 % recovery of epithelial
DNA occurred at 20,000 psi with a minimum of 10 cycles of
pressure in the presence of 0.4 N NaOH (Table 2). Further-
more, this mild pressure treatment did not have a significant
impact on sperm cell lysis, thus enabling the development of a
two-step differential extraction protocol. Another benefit of
this treatment was that compared to the current extraction

Table 2 Effect of pressure treatment on DNA recovery from mixtures
in the presence of 0.4 N NaOH solution. DNA recovery values represent
the percent recovery of DNA in each fraction compared to the total
amount of DNA extracted using organic extraction of neat samples and
are expressed as the mean (n=3±standard error)

Pressure
(psi)

Number of
cycles

Sperm DNA
recovered (%)±SE

Vaginal epithelial DNA
recovered (%)±SE

10,000 10 8±1 93±3

20,000 10 25±13 104±6

20,000 20 17±3 110±20

20,000 60 43±9 46±13

45,000 20 16±3 58±5

45,000 60 26±6 54±3
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methods which can take up to 2–4 h to remove cells from a
swab, the total time required to remove epithelial DNA from
the swab using the pressure cycling procedure under alkaline
conditions was only 5 min. It should be noted that semen also
contains non-spermatogenic cells such as epithelial and in-
flammatory cell types that may be susceptible to digestion
under same conditions as vaginal epithelial cells. Thus, the
presence of male DNA in the epithelial fraction may also be
due to the presence of the non-sperm cells in the sample [27].

Development of a two-step protocol for differential
extraction

To achieve complete separation of both cell fractions and ob-
tain a clean DNA profile, a two-step method was developed in
which swabs were first placed in 0.4 N NaOH and exposed to
pressure cycling for 5 min at ambient temperature to lyse and
remove the epithelial DNA. The cells remaining on the swab
(sperm fraction) were then subjected to alkaline lysis at 95 °C
for 5 min.

Vaginal swabs and semen samples collected from volun-
teers were suspended in 1! PBS buffer (pH 7.4) (Fisher Sci-
entific, NJ) and diluted to approximately one million cells per
milliliter. Approximately, 60 μL of each cell type was added
to a cotton swab and air-dried at room temperature. To per-
form the two-step extraction procedure, the swab was trans-
ferred to a PULSE tube containing 800 μL of 0.4 N NaOH
solution and exposed to 20,000 psi pressure for 10–20 cycles.
Following pressure treatment, the sample was immediately
neutralized with 57.6 μL of 2 M Tris (pH 7.5) and the swab
was transferred to a spin basket placed in 2.0 mL tube and
centrifuged at 13,000 rpm for 5 min. DNAwas purified with
phenol-chloroform-isoamyl alcohol (25:24:1) followed by
ethanol precipitation (epithelial fraction). The swab contained
in the spin basket was transferred to a 1.5-mL tube containing
400 μL of 0.4 N NaOH solution, and the sample (sperm frac-
tion) was incubated at 95 °C for 5 min. Following incubation,
the sample was neutralized with 28.8 μL of 2 M Tris (pH 7.5)
and the swab was transferred to a spin basket for centrifuga-
tion at 13,000 rpm for 5 min. The swab was discarded along
with the spin basket, and DNA from the sperm fraction was
purified using phenol-chloroform-isoamyl alcohol and etha-
nol precipitation (Fig. 1). An equal volume of phenol-
chloroform-isoamyl alcohol (25:24:1v/v) (Sigma-Aldrich, St.
Louis, MO) and 80 μL of 3 M sodium acetate solution was
added to the extracted samples. After vortexing for 10 s, the
samples were centrifuged at 13,000 rpm for 10 min and the
aqueous layer was transferred to a 1.5-mL micro-centrifuge
tube. Double the volume of absolute ethanol and 40μL of 3M
sodium acetate solution were added to the aqueous phase
followed by gentle agitation and overnight incubation at
4 °C (or 1–2 h incubation at !20 °C). The samples were
centrifuged at 13,000 rpm for 10 min, and the DNA pellet

was washed with 1 mL of 70 % ethanol. After air-drying,
the pellet was resuspended in water or 1! Tris-EDTA (TE)
buffer (Sigma-Aldrich, St. Louis, MO) and incubated in a
water bath at 56 °C for 15 min.

Short tandem repeat (STR) analysis of both epithelial and
sperm fractions revealed that the male and female components
were successfully separated from the mixture (Fig. 2). Com-
parative analysis of genotypes of mixture and sperm control
with both the extracted fractions showed that this two-step
protocol resulted in a clean male DNA profile that is identical
to the profile generated with organic extraction of neat semen
sample.

Place cotton swab in a 
Pulse™ tube and add 800 µL 

of 0.4 N NaOH. Pressure 
cycle at 20,000 psi for 10 

cycles at room temperature

Neutralize with 57.6 µL of 
2M Tris (pH 7.5) and 

centrifuge the swab in a spin 
basket at 13,000 rpm for 5 

minutes

Place processed swab in a 
1.5 mL tube and add 400 µL 
of 0.4 N NaOH. Incubate at 

95°C for 5 minutes to 
remove sperm

Neutralize with 28.8 µL of 
2M Tris (pH 7.5) . Transfer 
swab to a spin basket and 

centrifuge at 13,000 rpm for 
5 minutes

Discard the swab and purify 
the sperm fraction with 

phenol-chloroform- isoamyl 
alcohol

Remove swab and spin 
basket. Purify the eluted  
epithelial fraction with 

phenol-chloroform-isoamyl 
alcohol

Fig. 1 Flowchart depicting the protocol for differential extraction of
mixtures using alkaline lysis and pressure cycling technology

�Fig. 2 Powerplex® 16 HS products of mixture, sperm control, epithelial
fraction (post-PCT purified fraction), and sperm fraction (post-alkaline
lysis treatment). a Carboxy-tetramethylrhodamine (TMR)-labeled loci. b
Fluorescein (FL)-labeled loci. c 6-Carboxy-4!, 5!-dichloro-2!, 7!-
dimethoxy-fluorescein (JOE)-labeled. Electropherogram shows that the
DNA profile obtained from sperm fraction is identical to sperm control at
all loci
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Sexual assault samples obtained from real crime scenes
often result in a DNA profile that has such a large signal from
the female victim that the male signal is washed out. In order
to determine if the current method can lead to sperm fraction
enrichment in the presence of an overwhelming amount of
vaginal epithelial cells, the method was applied to samples
containing increasing amount of epithelial cells with a maxi-
mum of 150,000 epithelial cells for a mixture containing 50
times more female cells compared to male cells. Male autoso-
mal STR profile was obtained with samples containing up to
ten times more female epithelial cells. Allelic peak heights
from male and female contributors were divided by the total
peak height at the respective locus. A total of seven loci with
no shared alleles between the male and female DNA profiles
were selected to calculate the percent contribution of male and
female DNA in the sperm fraction.

Our results indicate that a complete male autosomal STR
profile can be obtained with samples containing up to ten
times more female epithelial cells in the mixture. STR loci
that are heterozygous for both male and female profile were
chosen to calculate the percent contribution to the final DNA
profile generated following extraction by alkaline lysis and
pressure cycling technology. In the presence of a comparable
amount of female cells, a cleanmale profile was obtained but a
mixed profile was seen with increasing amounts of female
cells. In the presence of double the amount of female cells,
the final sperm fraction obtained with alkaline lysis and pres-
sure cycling technology contained four times more male DNA
compared to female DNA, resulting in a predominantly male
DNA profile. Male allelic dropout was observed when the
sample was overwhelmed with almost 150,000 female cells
compared to 3000 male cells (Fig. 3).

Using this method, a clean male DNA profile was generat-
ed from mixtures containing a comparable amount of sperm
cells and vaginal epithelial cells. Amixed profile was obtained
in instances where an imbalance of mixtures favoring female
component is observed. The loss of male alleles was observed

when the sample was overwhelmed with 50 times more fe-
male cells, but a complete male profile was obtained with
mixtures containing low levels of sperm cells, indicating that
in contrast to previous reports that observed almost 90 %
sperm cell loss from cotton swabs due to inefficient recover-
ies, this method proved to be more effective in recovering
sample from substrates [9].

Alkaline lysis and pressure cycling technologywere further
applied to post-coital swabs to determine its ability to selec-
tively recover male DNA from real samples. To do this, a
small set of post-coital samples were compared using alkaline
lysis and pressure cycling with the same samples prepared
using a differential extraction technique as performed at the
BSO crime laboratory . The results indicated that when suffi-
cient male DNA is present, the genotypes of female and male
fractions obtained with alkaline lysis and pressure-based ex-
traction were identical to those obtained with the BSO proto-
col (Fig. 4); however, as demonstrated in Fig. 3, for samples in
which a large excess of female DNA is present, the procedure
recovers less male DNA.

Concluding remarks

The current study presents a novel technique to extract
biological fluids from cotton swabs with high recovery
using pressure cycling combined with alkaline lysis and
has further demonstrated its potential for differential ex-
traction. With a total of time of less than 20 min to
remove both sperm and epithelial cells from spiked
swabs, this new process is quick and efficient. Current
methods for removal of cellular debris from swabs re-
quire an incubation time of 2–4 h, which does not in-
clude the differential DNA extraction. By using sodium
hydroxide solutions for cel l lysis and phenol-
chloroform-isoamyl alcohol to purify the extracted sam-
ple, we have demonstrated that by using simple solvents
available in every lab, sperm and epithelial fractions
could be successfully separated in a rapid and efficient
manner. Despite the promising results, this study re-
quires further exploration to minimize female DNA car-
ryover observed in samples overwhelmed with high ra-
tios of epithelial-to-sperm cells. The new method em-
ploys a short 5-min incubation time to lyse female cells
that is not sufficient when the sample has a large excess
of female epithelial cells. Thus, at present, laboratories
using this procedure would need to monitor the male-to-
female ratio of their samples by real-time PCR prior to
using this fast protocol. Overall, short extraction times,
high yields, inexpensive reagents, and semi-automated
platform make alkaline lysis-based pressure cycling
technology a promising candidate for extracting DNA
from forensic evidentiary materials including rape kits.

Fig. 3 The effect of alkaline lysis on pressure cycling technology on
mixtures containing an imbalance of vaginal epithelial cells and sperm
cells. A complete male autosomal profile is observed with samples
containing up to ten times more vaginal epithelial cells (n=3±standard
error)
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Fig. 4 STR profiles of sperm and
epithelial fractions extracted from
a post-coital swab. One swab was
processed using the BSO crime
laboratory method, and another
swab from the same volunteer
was processed using alkaline lysis
and pressure cycling technology.
A small portion of the swab was
used for extraction and all the
extractions were performed in
triplicate. A Sperm fraction
recovered using BSO protocol. B
Sperm fraction recovered using
alkaline lysis and pressure cycling
technology. C Epithelial fraction
recovered using BSO protocol. D
Epithelial fraction recovered
using alkaline lysis and pressure
cycling technology

The application of alkaline lysis and pressure cycling technology
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