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ABSTRACT
Forensic evidence samples are often subjected to a variety of biological

fluid identification methods before potentially probative items are forwarded to
DNA analysis. Serologically based screening techniques may provide valuable
insight in how to proceed with a specific sample; however, they consume a vital
portion of the available evidence. One limitation of these techniques is that they
are qualitative or semi-quantitative in nature, relying on visual interpretation by
analysts. In contrast, recent advances in real-time Polymerase Chain Reaction
(PCR) quantification allow for the simultaneous detection of total human and
male DNA. Commercially available quantification kits do not identify bodily fluids,
per se, but do yield information regarding the proportion of the DNA present in
the sample and the downstream amplifiability of the genetic material. Therefore,
real-time quantification could theoretically be used as a screening method for
subsequent PCR amplification of human specific Short Tandem Repeat (STR)

DNA profiles. This type of analytical scheme would be valuable in cases where

iv



development of a male DNA profile, especially in the abundance of female
genetic material, is probative.

In this study, dilution series of either semen or male saliva were prepared
in either buffer or female blood. Semen and saliva dilution samples were
subjected to lateral flow immunochromatographic test strips for the detection of
either semenogelin or salivary a-amylase, respectively. All samples were also
subjected to real-time PCR analysis, which allowed for simultaneous
guantification of total human and male DNA. Because the chemistries and signal
outputs of each method differs, a direct comparison of signal could not be made.
Instead, analytical figures of merit based on the volume of bodily fluid were
evaluated. With the exception of the semen dilution series analyzed on the
immunoassay cards, which displayed evidence of the high-dose hook effect, log-
linear relationships between signal and volume were observed for both platforms.
Utilizing this relationship and the theory of the propagation of random errors the
Limits of Detection (LOD) were determined to be 0.05 uL of saliva for the RSID™
Saliva cards, 0.03 pL saliva for Quantifiler® Duo, and 0.001 pL of semen for
Quantifiler® Duo. Due to its stability in various matrices, sensitivity, low limits of
detection, and reproducibility, quantitative PCR is a viable and effective

screening method for subsequent DNA profiling.
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Introduction

Forensic evidence samples are often subjected to a variety of biological
fluid identification methods before potentially probative items are forwarded for
DNA analysis. Serologically based screening techniques may provide valuable
insight on how to proceed with a specific sample; however, they consume a
significant portion of the available evidence. Another limitation of these
techniques is that they are qualitative or semi-quantitative in nature, relying on
visual interpretation by analysts. In contrast, recent advances in real-time PCR
quantification chemistries allow for the simultaneous fluorescent detection of total
human and male DNA. Where real-time PCR does not identify body fluids, per
se, it can yield information on the proportion of the biological components present
in the sample and the downstream amplifiability of the genetic material.
Therefore, real-time quantification could theoretically be used as a screening
method for subsequent PCR amplification of human-specific STR DNA profiles,
and due to Standard 9.4 of the FBI's Quality Assurance Standards for Forensic
DNA Testing Laboratories, real-time PCR is already validated for use by many
forensic laboratories [1].

Real-time quantification with a dual human and male platform would be
particularly valuable as a diagnostic approach in cases where development of a
male DNA profile, especially in the abundance of female genetic material, is
probative. Such a scenario often occurs with sexual assaults, which make up a

significant portion of DNA backlogs. As an example, sexual assaults accounted



for approximately 7% of all violent crime nationally in 2009 [2]. Evidence related
to sexual assault cases poses a unique analytical challenge because of the vast
number of scenarios encountered, which is one reason why biological screening
methods are commonly utilized in forensic laboratories. At the Massachusetts
State Police Crime Laboratory, for instance, the current protocol for processing
sexual assault evidence collection kits involves extraction and microscopic
examination for the presence of sperm cells, which is typically followed by
semenogelin and/or amylase testing [3-7]. This is all before an item is even
submitted for DNA analysis, which consists of its own separate extraction and
quantification steps. Itis recognized that such an approach is redundant, timely,
and not cost effective; however, there is little available in the literature that
directly compares the technologies to assess whether gPCR can effectively
replace traditional screening methods. Any proposed procedure that would
replace serology would need to be at least as sensitive, and have a comparable
limit of detection. Sensitivity and limits of detection are two important analytical
criteria in sexual assault evidence examination because, as previously
mentioned, these cases often involve low levels of the male biological material of
interest mixed with an overwhelming amount of female biological material. A
high female to male ratio can occur for a number of reasons including digital
penetration, lack of ejaculation, and the reportedly high frequency of
azoospermia (i.e. the absence of spermatozoa in semen) in the general

population [8].



The goal of the following set of experiments is to collect data that will
support or refute a method for streamlining the processing of sexual assault
evidence collection kits, where traditional evaluation of sperm cells and proteins
is replaced with a human and male specific dual quantification method thus
saving time, energy, and resources. In this study, multiple dilution series of
either semen or male saliva were prepared in either TE buffer or female blood.
Semen and saliva dilution samples were subjected to RSID™ lateral flow
immunochromatographic test strips for the detection of either semenogelin or
salivary a-amylase, respectively. Results were determined visually as well as
through the use of ImageJ software, which is freeware available from the
National Institute of Health (NIH) [9]. All dilution samples were also subjected to
real-time PCR quantification with Quantifiler® Duo, a human and male multiplex
guantification chemistry.

Immunochromatographic Test Strips

The chemistries, analytes, and signal outputs of both
immunochromatographic test strips and real-time PCR differ. To appreciate
these differences, an understanding of the theory behind each is needed.
Immunoassay cards function on the basic principles of antibody-antigen
chemistry. Antigens — sometimes called immunogens — are any substance that
stimulates an immune response in the body or reacts with an antibody, and
antibodies — sometimes called immunoglobulins — are Y-shaped molecules used

by the immune system and produced by white blood cells to identify, neutralize,



and eliminate antigens [10]. The portion of the antigen that is recognized by the
antibody is called the epitope, and if an antigen has more than one epitope, it is
referred to as multivalent [11]. In contrast, most antibodies are bivalent, meaning
they have two, and only two, active sites that can bind to antigens [11]. The
antibody-antigen binding process is rapid, reversible, and specific. Specificity is
conferred based on the amino acid sequence and structure of the active sites
and epitopes involved and is sometimes referred to as a lock-and-key model,
which is based on hydrogen bonding, hydrophobic interactions, and van der
Waals forces [11]. The specificity of the antibody’s active sites can be classified
as monoclonal or polyclonal: monoclonal antibodies react with a single epitope of
an antigen, but polyclonal antibodies can bind to different sites on an antigen
[11]. The body’s natural immune response is the release of soluble polyclonal
antibodies, which can form cross-linked antibody-antigen complexes that trigger
precipitation and agglutination reactions [10].

RSID™ Saliva cards detect human salivary a-amylase antigen, a
constituent of saliva, while RSID™ Semen Cards detect human semenogelin
antigen, a constituent of semen. It is important to note that both of these lateral
flow immunochromatographic test strips work in the same manner, and
furthermore, both cards detect the presence of the analyte, not its activity. Using
the RSID™ Semen cards as an example, the following is a discussion of the

mechanism behind these immunoassay cards.



The extract-buffer mixture of interest is added to the sample well of an
immunoassay cassette. The sample well of each card also contains mobile
monoclonal mouse antibodies tagged with colloidal gold. Colloidal gold is a gold
nanoparticle that can produce a red color due to a phenomenon known as
localized surface plasmon resonance (LSPR) that occurs when many of the
individual nanoparticles come into close proximity [12-14]. If semenogelin is
present in a sample, it will form a complex with the gold-labeled monoclonal
antibodies. The complexed antibodies, as well as extra free antibodies, are
wicked up the test strip by capillary action [14]. Anti-semenogelin antibodies are
immobilized in the test region of each card to capture the semenogelin antigen-
antibody-colloidal gold complexes. The formation of these antibody-antigen-
antibody sandwiches brings the multiple gold nanopatrticles close enough
together to allow them to participate in LSPR, which produces a red band in the
test region [14]. Figure 1 shows a partial reproduction of a figure from Tanaka et
al. [14] which illustrates how the red band is produced in the test region via
colloidal gold labeled antibodies. In theory, the more analyte that is present in
the sample, the darker the red band in the test region will appear. The extra free
monoclonal mouse antibodies continue to move up the test strip, past the test
region to the control region. Immobilized Anti-mouse 1gG antibodies form a
complex with the extra free monoclonal mouse antibodies and produce a red
band in the control region. A red band must appear in the control region of each

card to ensure that the test is working correctly [15]. See Figure 2 for an



illustration of the lateral flow immunochromatographic test strip cards and

mechanism.

Sample Well of Test Strip

I = Immobile Monoclonal Anti-Antigen Antibody

a = Mobile Menoclonal Antibody with Gold Nanoparticle

a . = Antigen

PR YT

Test Region of Inmunoassay Card Test Region of Immunoassay Card

Figure 1. lllustration of the principle behind the production of a red-band in the test
region of immunoassay cards using colloidal gold labeled antibodies.

Control Region (Immobile Anti IgG Antibody )

U 4} Test Region (Immobile Monoclonal Anti-Antigen Antibody A)

Sample Well (Mobile Monoclonal Antibody | Colloidal Gold @Conjugate)

Test Tube
Containing Immunoassay
Antigen (#) Card
Positive Test Positive Test Negative Test Negative Test

Figure 2. lllustration of lateral flow immunochromatographic test strip mechanism.



Real-Time PCR

In contrast with the lateral flow immunochromatographic test strips, which
detect the presence of specific characteristic proteins, the analyte being
measured in real-time PCR is genetic material, i.e. DNA or RNA. The
Polymerase Chain Reaction (PCR), first described by Mullis et al. [16], is an in
vitro reaction that mimics the body’s own mechanism for duplicating DNA, so that
millions of copies of specific sequences of interest can be produced via a three
step amplification cycle, which includes denaturation, primer annealing, and
primer extension. Theoretically, at 100% efficiency, each amplification cycle
should double the number of copies of the target sequence. However, the PCR
is limited by the amount of primers and nucleotides present, deactivation of the
polymerase, reannealing of product strands, etc. As a result, instead of the PCR
exhibiting a constant exponential increase in DNA concentration, with a
theoretical doubling of products, there are actually three phases: exponential,
linear, and plateau. Figure 3 is a partial reproduction of a figure from Forensic

DNA Typing by Butler, which illustrates these phases [17].
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Figure 3. lllustration of the three phases of real-time PCR: exponential, linear, and
plateau. The Cycle Threshold (C), or the cycle number at which fluorescence
crosses a set threshold, is also depicted.

Again, in the exponential phase, there is a high and constant efficiency,
which produces a theoretical doubling of products as described by the equation:
Cy = Co(1 + E)V (Equation 1)
where Cy is the DNA concentration after a given cycle, Cy is the initial DNA
concentration, E is the efficiency of the reaction, and N is the cycle number [17].
Assuming 100% efficiency, Equation 1 simplifies to Equation 2:
Cy = Cy2N (Equation 2)
In the linear phase of the PCR, copies of the target sequence are still produced,
but there is no longer a doubling with each cycle as the components of the
reaction become limited. In the plateau phase, the PCR reaction is significantly
slowed or stopped. Therefore, if measured in the exponential phase, PCR can

be incorporated into methods that quantify DNA since products produced in the



exponential phase are proportional to the initial amount of template present in the
reaction.

Real-time PCR is a method that measures the increase in amplicon
concentration in real-time (i.e. per cycle). This is accomplished by utilizing
instrumentation which allows for fluorescence detection generated after each
amplification cycle instead of at the end of the entire reaction. Endpoint
detection, especially in the plateau phase, is not a suitable method for
quantification due to the fact that slight differences in the reaction composition,
thermal cycler conditions, and early mispriming events can cause individual
reactions to exit the exponential phase at slightly different intervals [18]. In
Higuchi’s et al. original real-time method, ethidium bromide, an intercalating dye,
was used to bind to the double stranded DNA that was produced by each PCR
amplification cycle, and the fluorescence was recorded by a UV detector and a
CCD [19]. Current real-time PCR detection methods, like those employed by the
Quantifiler® Duo chemistry used in this study, differ from Higuchi’s original design
in that they exploit the 5’ > 3’ exonuclease activity of Thermus aquaticus (Taq), a
DNA polymerase, and utilize a Taqman® probe with Fluorescent Resonance
Energy Transfer (FRET) technology [20, 21].

The Tagman®probe is a DNA oligonucleotide, which binds to the target
DNA, and has three modifications: a fluorescence emitting dye at the 5’ end (a
reporter), a fluorescence quenching dye at the 3’ end (a quencher), and a minor

groove binder at the 3’ end that facilitates the binding of the probe at high
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annealing temperatures. FRET refers to the use of two fluorophores with
overlapping excitation and emission spectra. When the two fluorophores are in
close proximity to each other, as is such when they are linked to the ends of the
Taqman® probe, if the reporter is excited, there will be an energy transfer to the
quencher, which will mask any fluorescence produced by the reporter. If the two
fluorophores are not in close proximity (i.e. free in solution) this quenching of
signal does not occur, and the light omitted from the reporter is detected. This
FRET is incorporated into real-time PCR via the following mechanism. When the
template DNA is denatured, primers bind to both the forward and reverse
strands, but the Tagman® probe binds only to the forward strand. The Taq
polymerase binds both the forward and reverse strands and synthesizes the
reverse strand in the normal manner. The forward strand with the probe is also
copied. However, when the polymerase encounters the Tagman® probe, the Taq
Polymerase’s 5 > 3’ exonuclease activity ensues and degrades the probe. This
action frees the reporter from the quencher. The released reporter then
accumulates in solution and fluoresces, and the increase in fluorescence with
each amplification cycle is recorded. The fluorescence increases proportionally
with each cycle as the amount of PCR product increases, and the cycle number
at which it crosses a set threshold, or the C+ value, is measured (Figure 3).
Figure 4 is a reproduction from Forensic DNA typing by Butler [17] and the

Quantifiler® Duo User’s Manual [22] and depicts the mechanism just described.
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Figure 4. lllustration of the Taqman® probe detection method of real-time PCR.

Quantifiler® Duo is a multiplexed real-time quantification platform used to
simultaneously determine total human and male DNA concentrations. It does
this by monitoring the accumulation of two specific PCR products: a 140 base
amplicon within the Ribonuclease P RNA Component H1 (RPPH1) gene for the
determination of total human DNA and a 130 base amplicon within the Sex-
determining Region Y (SRY) gene for the quantification of male DNA [22]. In
real-time PCR, the signal output is measured in Cycle Threshold, or the cycle
number at which fluorescence crosses a set threshold (0.2, as recommended by
the manufacturer), and is referred to as the Cy value (Figure 3). If the
amplification efficiency is 100%, the concentration of the amplicon is proportional

to cycle number and the original concentration of template DNA according to
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Equation 2. By taking the logarithm of both sides and defining N as the cycle

threshold (Cy), a direct proportionality between Ct and log Cy is obtained:

logCy logCy

log2 log2 =Cr (Equatlon 3)

where the y-intercept is

log C g
28~N and the slope is - — or -3.32. Therefore, a
log2 log2

calibration curve can be established by running a series of standard DNA
dilutions such that the Ct “signal” of an unknown can be compared to calibrators
and unknown guantities estimated.

As previously described, the chemistries, analytes, and signal outputs of
both methods (immunochromatographic test strips and real-time PCR) differ;
furthermore, there is no known correlation between the amount of DNA and the
amount of protein present in a given sample. Together, these factors make a
direct signal comparison between systems impossible. Instead, the presence of
matrix affects, sensitivity, limits of detection in terms of volume of body fluid, and
reproducibility were evaluated to determine if one was a preferable screening

method.
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Materials & Methods

All aspects of this study were conducted in compliance with ethical
standards set forth by the Institutional Review Board of Boston University School
of Medicine — Protocol H — 26187.

Unless otherwise noted, all reagents were purchased or supplied through
Fisher Scientific (Fair Lawn, NJ).
Body Fluid Dilution Series

The analyte detected, in all samples evaluated throughout the course of
this study, was always a component of the male body fluid of interest. In order to
determine if different matrices affected sensitivity, or the ability to detect this male
component, multiple dilution series of either semen (Serological Research
Institute, Richmond, CA) or male saliva (Serological Research Institute,
Richmond, CA) diluted in either TE buffer (10 mM Tris/0.1 mM EDTA) or female
blood were analyzed by both lateral flow immunochromatographic test strips
(RSID™ Saliva or RSID™ Semen, Independent Forensics, Hillside, IL) and real-
time PCR quantification (Quantifiler® Duo, Applied Biosystems, Carlsbad, CA).

Two sets of each of the four body fluid mixtures — male saliva diluted with
female blood, male saliva diluted with TE buffer, semen diluted with female blood,
and semen diluted with TE buffer — were prepared, for a total of eight body fluid
mixtures. Each body fluid mixture was actually a dilution series consisting of 11
samples, ranging from neat to 1:1000 dilutions, and having a total volume of 100

uL. See Table 1 for a summary of the volumes utilized. Biological fluid volumes
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were the means to directly compare the analytical thresholds, Limits of Detection
(LOD), and sensitivities between the two methods due to the fact that the
chemistries, analytes, and signal outputs of both systems differ, making a direct
comparison between the concentration, or mass, of the analytes erroneous.
Since the purpose of this study is to determine whether gPCR is a suitable
replacement for the immunoassay cards, then gPCR would need to exhibit
comparable or better figures of merit than the immunochromatographic test
strips. Hence, the sensitivity and LODs, in terms of volume of body fluid of one
individual, were evaluated to determine if one was a preferable screening

method.

Table 1. List and preparation of the 11 samples in each body
fluid dilution series. Values in parenthesis represent dilutions
of the body fluid of interest prior to its addition to the mixture.

Dilution Volume Volume Semen Volume TE Buffer

Number Ratio or Saliva (uL) or Blood (uL)
1 Neat 100 0
2 1:2 50 50
3 1:5 20 80
4 1:10 10 90
5 1:20 5 95
6 1:50 2 98
7 1:100 1 99
8 1:250 4 (1:10) 96
9 1:500 2 (1:10) 98
10 1:750 1.33 (1:10) 98.67
11 1:1000 1(1:10) 99

After mixture preparation, each of the 100 uL samples was split into three
replicates. To account for pipetting error, aliquots of 30 uL were used. Later

calculations are based on this 30 uL total volume instead of a 100 puL total
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volume. Replicate aliquots were frozen at approximately -37°C prior to extraction
in order to preserve the biological material until use. See Figure 5 for a summary

of body fluid dilution series preparation.

Dilution Series {Neat, 1:2, 1:5, 1:10, 1: 20,
1:50, 1:100, 1:250, 1:500, 1:750, 1:1000)
Prepared in 100l Total Volume

Every Dilution (11) in Each Mixture Series (1) was

Split into 3 Replicates & Negative Control Tubes
Included

Extraction for Analysis with:

RSID™ Quantifiler”

Saliva/Semen OR Duo

Figure 5. Flow chart of sample preparation for body fluid mixtures.

Extraction for Amylase

Replicate dilution series of either the male saliva diluted with female blood
or the male saliva diluted with TE buffer were subjected to RSID™ Saliva lateral
flow immunochromatographic test strips (Lot #041609A1, Independent
Forensics, Hillside, IL) for the detection of salivary a-amylase. To each tube
containing the 30 pL aliquots of the dilution samples, 600 puL of RSID™ Saliva
Extraction Buffer (Lot #031809EB, Independent Forensics, Hillside, IL) was

added. Samples were agitated at room temperature on a mechanical shaker for
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approximately 30 minutes prior to centrifugation for 3 minutes at 14,000 RPM.
Following centrifugation, 20 uL of supernatant was transferred to a second tube
containing 80 uL of RSID™ Saliva Running Buffer (Lot #031909SaRB,
Independent Forensics, Hillside, IL). The entire 100 pL extract-buffer mixture
was pipetted onto the sample well of an RSID™ Saliva card, and per the
manufacturer’s suggested protocol, results were read after 10 minutes [23].
Extraction for Sperm Cells and Semenogelin

Semen sample extractions required preparation of microscope slides to
detect sperm cells. To each tube containing the 30 uL aliquots of the semen and
blood or semen and TE dilution samples, 600 pL saline (0.90 w/v, RICCA
Chemicals, Arlington, TX) was added. Samples were agitated at room
temperature on a mechanical shaker for approximately 30 minutes prior to
centrifugation for 3 minutes at 14,000 RPM. Following centrifugation, 200 uL of
supernatant was transferred to a second microcentrifuge tube and set aside for
further analysis.

To the initial sample tube, 170 uL of TES (1 M pH8 Tris-HCI/0.5 M pH8
EDTA/20% w/v Sarkosyl, Sarkosyl from Teknova Science Matters, Hollister, CA)
and 30 pL of ProK (0.5 mg/mL) were added; samples were then incubated in a
37°C oven for two hours. Following incubation, samples were spun in a
centrifuge for 3 minutes at 14,000 RPM to facilitate the formation of a sperm cell
pellet at the bottom of the microcentrifuge tubes. After washing and

resuspension of the sperm cell pellet with deionized water, the extracts (~15 ulL)
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were heat fixed onto microscope slides, and stained with Hematoxylin (Harris
Modified Hematoxylin with Acetic Acid) and Eosin (1% Eosin Y) to facilitate
visualization of sperm cells. Sperm cell slides were then examined
microscopically and qualitatively ranked on a 0 — 4 point scale: 0 = no sperm
cells, 1 = hard to find (~20 cells), 2 = some sperm in many fields, 3 = some
sperm in most fields, and 4 = many sperm in most fields. The arithmetic mean of
the rankings was then calculated for later comparison.

From the microcentrifuge tubes that contained the 200 uL of supernatant
previously set aside, 20 uL of supernatant was removed and added to new
microcentrifuge tube containing 80 uL of RSID™ Semen Running Buffer (Lot
#RB030209, Independent Forensics, Hillside, IL). The entire 100 puL extract-
buffer mixture was then pipetted onto the sample well of an RSID™ Semen card
(Lot #032409S1, Independent Forensics, Hillside, IL) for the detection of
semenogelin, and per the manufacturer’s suggested protocol, results were read
after 10 minutes [15].

Immunochromatographic Test Strips & ImageJ

After running each sample on its respective RSID™ Saliva or RSID™
Semen card, the presence of a red band in the test region was interpreted
visually by a single analyst, and each card was photographed. Due to the
subjective nature of the visual inspection, the qualitative nature of the lateral flow
immunochromatographic test strips, and the need to be able to compare the card

output with the real-time PCR measurements, a method to assign numerical
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values to the intensity of the red band in the test region of the cards was needed.
ImageJ, free public NIH software that can process Java™ images, was utilized
for this purpose. The Plot Profile function of ImageJ displays a graph of pixel
intensity (measured in gray value) on the Y-axis verse distance (measured in
pixels) on the X-axis [9]. In the case of the immunoassay cards, each line plot
profile that is produced potentially contains two peaks, one representing the test
band and one representing the control band, where there is an inverse
relationship between gray value and analyte concentration (i.e. the higher the
gray value the lower the analyte).

User-defined line profile plots were created for each immunoassay card
from the compatible digital photographs (i.e. JPEG) taken at the time of testing.
The image of interest was selected and the ImageJ “Straight, Segmented,
Freehand Line and Arrow Tool” was employed to trace a line over the area to be
analyzed by the software, in this case, the test well of each immunoassay card.
Special care was taken to ensure that the line was drawn in the same orientation
every time. Therefore, it was arbitrarily decided that the zero point of each graph
would represent the end of the test well that was closest to the sample well
resulting in a plot profile with two peaks, the one closest to the zero point
representing the test band and the second peak representing the control band. A
list of the data points from each graph, which were comprised of pixel intensity
verses distance, was saved in .xIs format for further statistical and analytical

evaluation using Microsoft® Excel® 2010 and its Data Analysis ToolPak®
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(Redmond, WA). In assessing the maximum gray scale intensity, the single point
of interest for each plot profile graph was the apex of each sample peak, which
was taken to be the data point that represented the peak minimum.

Organic Extraction of DNA

All four types of body fluid mixture dilution series were organically
extracted using the same procedure, regardless of whether the component of
interest was semen or male saliva. For the organic extraction lysis, the following
reagents were added to each 30 uL dilution series aliquot tube and negative
control: 150 uL TEN (10 mM Tris/1 mM EDTA/100 mM NacCl, NaCl from Acros
Organics via Fisher, Fair Lawn, NJ), 50 uL Sarkosyl (20% w/v, Teknova Science
Matters, Hollister, CA), 15 uL DTT (1 M, Acros Organics via Fisher, Fair Lawn,
NJ), 165 uL distilled water (Millipore, Billerica, MA), and 20 uL ProK (10 mg/mL),
for a total volume of 430 uL per tube. All samples were then incubated at 37°C
for eighteen hours.

After incubation, an equal volume (430 uL) of Phenol/Chloroform/Isoamyl
alcohol (PCI) was added to each sample tube, and the tubes were shaken by
inversion. To separate the organic layer from the aqueous layer, each tube was
centrifuged for 3 minutes at 12,000 RPM. After centrifugation, the agueous layer
was transferred to an assembled microcon filter (Millipore, Billerica, MA) and
tube. Note, only 80% (344 uL) of the agueous layer was transferred from each
sample to ensure a consistent total volume between samples. Each microcon

assembly was centrifuged at 2,400 RPM for 15 minutes, and the filtrate
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discarded. A volume of 400 uL of TE buffer was added to each concentrator,
and the assemblies were then centrifuged at 2,400 RPM for 20 minutes.
Additional spin times, either 30 or 35 minutes, were necessary to remove excess
filtrate. To recover the DNA from the microcon column, an additional 10 uL of TE
buffer was added to the filter before it was inverted into a second tube. The filter
and recovery tube assembly were centrifuged at 3,500 RPM for 5 minutes.
Eluents were transferred to screw cap microcentrifuge tubes for storage and
brought up to a final volume of 25 uL with TE buffer.
Real-Time PCR

Aliquots of each body fluid mixture dilution sample organically extracted
for DNA were subjected to real-time PRC quantification in a 96-well microtiter
plate format, on an Applied Biosystems Prism® 7500 Sequence Detection
System (Applied Biosystems, Carlsbad, CA), with the dual human and male
Quantifiler® Duo platform (Applied Biosystems, Carlsbad, CA), under 9600
emulation conditions per the manufacture’s protocol [22]. A three-fold dilution
series with eight concentration points, ranging from 50 ng/uL to 0.023 ng/uL, was
run in duplicate on each plate to produce the standard curve per the
manufacturer’s protocol [22], except that an outside source of stock DNA was
used to prepare the real-time PCR standard dilution series [24]. The series was
created by first diluting human genomic male DNA (251 ng/uL, Promega,
Madison, WI) to 22.95 ng/uL by adding 545.14 uL of Tris-EDTA Glycogen buffer

(TEG) to 54.86 uL of the stock DNA (10 mM Tris/0.1 mM EDTA/20 mg/mL
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Glycogen). Successive points in the series were created by diluting 150 uL of
the previous sample with 300 uL of TEG. Aliquots of the standard dilution series
were frozen at -37°C until use.

A master mix composed of the Quantifiler® Duo Primer Mix (10.5 pL per
sample) and the Quantifiler® Duo Reaction Mix (12.5 uL per sample) was created
for each plate and 23 uL of master mix was dispensed into the appropriate wells,
according to the plate record. A volume of 2 uL of each standard, control, and
sample was dispensed into the assigned wells for a total reaction volume of 25
pL. In this study, only the male-specific Cy values were used to determine the
real-time PCR’s analytical figures of merit, which were directly compared to those

derived from the immunoassay cards.
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Results & Discussion

Raw Data

As previously mentioned, the analytes being measured and the signal
outputs for both analytical methods, lateral flow immunochromatographic test
strips and real-time PCR, differ. What is actually being interpreted with the
immunoassay cards is a red band in the test region of the cassette, which
represents a positive test result for the presence of the analyte of interest. Figure
6A displays the results of the third replicate of the saliva-TE dilution series run on
the RSID™ Saliva cards, which detect the presence of the human salivary a-
amylase antigen, and Figure 6B displays the results of the third replicate of the
semen-blood dilution series run on the RSID™ Semen cards, which detect the
presence of human semenogelin antigen. Qualitatively, it is observed that the
control band at the top of each test well is visible, demonstrating that the cards
were functioning properly. The result for each sample is indicated by the
presence or absence of a red band at the bottom of each test strip. The semi-
guantitative nature of the immunoassay cards is apparent by visually comparing

the relative intensity of each of the test bands.
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Figure 6. (A) Third replicate of the saliva-TE dilution series run on RSID™ Saliva lateral
flow immunochromatographic test strips. (B) Third replicate of the semen-blood dilution
series run on RSID™ Semen lateral flow immunochromatographic test strips.

To assign a numeric value to the intensity of the test band for each test
strip, the JPEG images were analyzed using the Plot Profile function of ImageJ.
The data output of this modality is a graph of gray value intensity verse distance,
an example of which is shown in Figure 7. From the plot profile graphs, the
sample peak always fell between 200 and 400 pixels while the control peak fell
between 400 and 700. The peak minimum of the test band in each plot profile
graph was taken to represent the signal for that corresponding immunoassay

card.
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Figure 7. ImageJ software output for the third replicate of the
semen-blood 1:50 dilution (immunoassay card seen in Figure 6).

Traditionally in forensics, immunochromatographic test strips have been
suggested to be qualitative and are not commonly used to determine the quantity
of analyte. This may be due to the high degree of variability of the levels of a-
amylase and semenogelin from person-to-person [25-27] and the variability in the
recovery and persistence of these enzymes [28-30], thereby rendering absolute
guantification difficult. However, semi-quantitative analysis using the test strips
and image processing software has previously been performed. Specifically,
Tian et al. [31] tested urine for the presence of nortestosterone, an exogenous
anabolic steroid, with immunochromatographic test strips. Using ImageJ
software to calculate optical density (OD) values from digital images of the test
strips, they found there was a dose-response between nortestosterone
concentration and optical density [31]. Additionally, Zhao et al. [12] tested the
ability of DNase | to generate a color change by exploiting gold nanoparticle

aggregation and dispersion states. They acknowledge that these types of
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assays are generally used to provide qualitative information, but state that it is
possible to obtain quantitative information through the use of image processing
software, such as ImageJ [12]. This suggests that for purposes of method
comparison, using volumes of body fluid originating from one individual as was
done in this study, semi-quantitative analysis of immunoassay cards via ImageJ
is appropriate.

As previously described, the more analyte that is present in the sample,
the darker the red band in the test region and the lower the gray value when
plotted in ImageJ due to the inverse nature of the graphical representation. For
most samples, this was observed as seen in Figure 9A. The exception to this
was observed in semen samples tested on RSID™ Semen cards (Figure 9B).
This figure shows that as the volume of semen increases, the gray value
increases, representing a signal decrease on the card. This phenomenon is
attributed to the High-Dose Hook Effect, which has previously been characterized
and is attributed to high levels of target antigen in the test sample [32, 33]. The
high-dose hook effect occurs when the amount of target antigen in the sample is
sufficient to result in a significant amount of target antigen remaining unbound to
the colloidal gold-labeled antibody. Free antigen is then expected to migrate
ahead of the labeled antibody-antigen complexes, thereby occupying the bound
antibody on the test line with unlabeled antigen and decreasing the number of
sites for the gold-labeled antibody-antigen complexes [32]. Evidence of the high-

dose hook effect can be seen in Figure 6B, with the RSID™ Semen cards, where
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it was observed that the most intense signals were seen when the semen sample
was diluted by 20-100 times the volume of blood. Less dilute samples and neat
semen exhibited sample intensities similar to very dilute samples (i.e. 1:750).
This is in contrast to the RSID™ Saliva cards (Figure 6A). The high-dose hook
effect was observed for all semen dilution series but only seemed to affect the
neat saliva samples (Figure 9). This finding is consistent with the manufacturer’s
developmental validations where no evidence of the high-dose hook effect using
the RSID™ Saliva cards was observed, but the RSID™ Semen cards
demonstrated the effect with samples containing the equivalent of 3 uL or greater
of semen [32, 33].

Notably, the high-dose hook effect has been utilized as a mode of
detection aiding in establishing whether an analyte is present above an
acceptable threshold [31, 34, 35]. For example, Tian et al. use the high-dose
hook effect to screen livestock, making sure nortestosterone does not exceed
regulated limits. In the field of forensics, however, it is more common to deal with
samples that contain low levels of the body fluid of interest rather than those that
have an abundant amount, so the influence of the high-dose hook effect may be
negligible. Nevertheless, when attempting to identify semen on an item of
evidence, the two test approach, which utilizes both microscopic sperm searches
followed by immunochromatographic test strips when no sperm are observed, is
commonly employed by forensic laboratories. Therefore, although the high-dose

hook effect may lead to a false negative when testing for semenogelin via
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immunoassay cards, high volumes of semen which have not been diluted to a
significant extent are still expected to result in observable sperm during
microscopic evaluation. This helps to ensure that the probability of a sample
being falsely characterized as containing no typable DNA material remains low.
Therefore, for laboratories that rely solely on immunochromatographic screening
tests, a second test (i.e. microscopic sperm searches) is recommended for
samples that are expected to contain highly concentrated semen.

Figure 8 displays the amplification plots for the third replicate of the
semen-blood dilution series run on an Applied Biosystems 7500 instrument; this
is the real-time PCR signal output for samples displayed in Figure 6B. Note, as
with the immunochromatographic test strips, there is an inverse relationship
between Ct value and concentration, with samples having a higher concentration
of analyte crossing the analysis threshold at earlier cycle numbers than samples

with a lower concentration of analyte.

Delta Rn vs Cycle
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Figure 8. Real-time PCR amplification plots for the third replicate of the semen-blood dilution
series. The horizontal green line represents the signal intensity threshold needed for the Ct to be
recorded.
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Figure 9 consists of four graphs displaying the relationship between signal
and sample volume for the immunochromatographic test strips and the real-time
PCR platforms. Data points represent the average value of the signal outputs —
gray scale intensity or Ct value — for the three replicates of each dilution in the
series, and all error bars represent two standard deviations about the mean. As
previously stated, volume (uL) was chosen as the means of comparison between
methods because the chemistries, analytes, and signal outputs differ. Figure 9
shows that the relationship between signal and volume is log-linear with all R?
values being greater than or equal to 0.95, which suggests for Figures 9A, 9C,
and 9D, the signal decreases with increasing volume in a definable way. This
log-volume-to-signal relationship can, therefore, be exploited as the basis to
derive analytical figures of merit typically used in analytical, physical, and

environmental chemistry.
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Figure 9. Sensitivity curves for immunochromatographic test strips and real-time PCR

guantification platforms. (A) Saliva-Blood and Saliva-TE dilution series on
RSID™ Saliva cards, (B) Semen-Blood and Semen-TE dilution series on RSID™

Semen cards, (C) Saliva-Blood and Saliva-TE dilution series with Quantifiler® Duo, and (D)

Semen-Blood and Semen-TE dilution series with Quantifiler® Duo.

The dashed horizontal lines in Figure 9 represent one such figure of merit,

the Minimum Distinguishable Signal (MDS), which is defined as the lowest
analytical output that can be separated from the baseline noise for a given

platform [36], and which was developed by Kaiser [37, 38]. The MDSs of the

immunoassay cards were determined for each sample by calculating the mean

signal of the corresponding blanks (MBS) and subtracting three standard

deviations. See Table 2 for immunoassay card MDS values that correspond to

the lines shown in Figures 9A and 9B. As seen by Figure 9, the MDS as

calculated with quantitative analysis of the image suggests it is an appropriate
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metric because signal below the MDS (i.e. above the line) does not increase with
volume, suggesting the MDS calculated via Kaiser’s [37, 38] method is

representative of signal which cannot easily be distinguished from baseline. This
can be qualitatively observed in Figure 6 where it becomes difficult to see the red

bands in the test region as volume of body fluid decreases.

Table 2. Immunoassay card MBS and standard deviation values
used to calculate MDS values (shown in bold), which are plotted
as dashed horizontal lines in Figures 9A (saliva-blood and
saliva-TE) and 9B (semen-blood and semen-TE) and later in
Figures 11A (saliva) and 11B (semen).

MBS Standard MDS

Body Fluid (Gray Value) Deviation (Gray Value)
Saliva 125.4 7.8 102.0
Semen 124.9 5.4 108.6

A number of unfilled points exist on the immunoassay card graphs in
Figures 9A and 9B that were not included in their respective trendlines. These
unfilled points are meant to represent one of two things: 1) results that were less
than the dilution series’ MDS or 2) samples affected by the high-dose hook effect
and, therefore, were not used to calculate the linear parameters and their
subsequent errors. Both types of points are unreliable measures of analyte
concentration because they fall outside of the cards’ linear range. In Figure 9A,
the four points in both the saliva-blood and saliva-TE series that correspond to
the 1:250, 1:500, 1:750, and 1:1000 dilutions were excluded because they were
less than their respective MDS values. Furthermore, the neat saliva samples for
both series were excluded due to the high-dose hook effect. The semen-blood

dilution series of Figure 9B had two unfilled points (neat and 1:1000) that were
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less than the MDS, and the remainder of the unfilled points (1:2, 1:5, 1:10, 1:20,
and 1:50) were excluded due to the high-dose hook effect. Also in Figure 9B, all
of the unfilled points in the semen-TE dilution series (neat, 1:250, 1:500, 1:750,
and 1:1000) were less than the MDS. Additionally, the results for the neat semen
samples are not included in Figure 9D due to detected concentrations outside the
dynamic range of the system, as was defined by concentrations that exceeded
100 ng/uL [39, 40].

Because the signal output is measured in cycle threshold (C+), or the cycle
number at which fluorescence crosses a set threshold of 0.20 [22], the approach
to determine the MDS values for the Quantifiler® Duo platform (Figures 9C & 9D)
cannot rely on the MBS. That is, since there is no template DNA to amplify in a
blank sample, there will be no increase in fluorescence, resulting in a real-time
PCR C+ value which will always be undetermined. As a result, a different
approach for defining the MDS, one that depends on the standard curve, was
applied. If extrapolation from the standard curve is not used in order to
determine the concentration of a low level unknown, then the mean male C+
value of the 0.023 ng (point “H”) calibration standard (36.00 Ct) minus three
standard deviations (2.25) can be used as the MDS (33.75 Cy). If the
concentration of a low level unknown is extrapolated from the standard curve, a
Cr equal to 40 — the highest Cr value that the Quantifiler® Duo platform is set to
detect — can also be used as the MBS. The standard deviation of the 40 C+ MBS

was estimated by modeling the errors for each of the eight points in the real-time
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PCR standard curves. Figure 10 shows that the C+’s error increases with
decreasing volume. If the relationship is approximated as linear, by substituting
the Cr of 40 into the trendline equation shown in Figure 10, an error of 0.7732
can be approximated for the real-time PCR MBS of 40 Ct. There are limitations,
however, to this method due to the fact that the model shown in Figure 10 is not
perfectly linear, as evidenced by an R? of 0.7969, and may actually be
exponential in nature. Though more work needs to be conducted in this area to
better estimate the error of the 40 C+ MBS, the linear approximation was used to
simplify the determination of the associated error, and the 40 C+ MBS minus
three standard deviations (2.32) was used as the MDS (37.68 Cy). Therefore,
depending on the laboratory’s protocol, either 33.75 Ct or 37.68 Ct could be
considered the MDS. A line representing only the MDS equal to a Ctof 37.68 is
shown in Figures 9C and 9D due to the stochastic nature of the measurement at

the low end of the standard curve.
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Figure 10. Determination of error for the 40 C+ MBS by modeling the
errors of the 8 points (A — H) in the real-time PCR standard curve.
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Matrix Effects and Sensitivity

Sensitivity is one way to describe the performance of an instrument or
method, but is often confused with the Limit of Detection (LOD), when, in fact, the
two terms have related but unique analytical meanings. An instrument’s or
method’s sensitivity is used to describe minute changes in signal with respect to
changes in mass or concentration [36]. The simplest definition of sensitivity is
the change in signal per unit change in analyte concentration. If this change is
constant over a wide mass range, the term is mathematically the same as the
slope of a straight line with the equation:

y=mc+b (Equation 4)
where y is the measured signal, c is the concentration or mass of the analyte, b
is the y-intercept, and m is the slope [36]. The above description is consistent
with the International Union of Pure and Applied Chemistry (IUPAC) definition of
sensitivity, which is the slope of the calibration curve at the concentration of
interest [41] and is referred to as calibration sensitivity. When calibration
sensitivity is used to compare two systems, the calibration curve with the steeper
slope is deemed more sensitive [36].

Since the calibration sensitivities are represented by the slope, a least-
squares linear regression results in both the slope and the error of the slope as
seen in Table 3. No trendline equation is given for the semen-blood or semen-TE
immunoassay card dilution series (Figure 9B) because neither relationship is

defined by a log-linear one.
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Table 3. Calibration sensitivities for body fluid dilution series
analyzed with RSID™ Saliva cards, RSID™ Semen cards,
e ®
and Quantifiler™ Duo.
RSID™ Card Quantifiler® Duo

Body Fluid

Mixture Calib_re_mti_on Calibrqti_on
Sensitivity Sensitivity
Saliva-Blood -8.73 (+/- 1.03) -1.58 (+/- 0.11)
Saliva-TE -8.39 (+/- 0.59) -1.63 (+/- 0.08)
Semen-Blood -1.35 (+/- 0.08)
Semen-TE -1.60 (+/- 0.09)

From Table 3, slopes between samples diluted with blood and TE do not
differ significantly indicating there is no significant matrix effects using either
analysis platform. This lack of matrix effects is also illustrated by overlapping
error bars between samples diluted with blood and TE as seen in Figure 9. From
Table 3, it is also observed that the slopes of the calibration curves are larger for
the immunochromatographic test strips than for real-time PCR, which would
seem to indicate that the immunoassay cards are more sensitive to changes in
analyte concentration than real-time PCR. However, this is only the case if one
fails to take into account the precision of the measurements, which is done
through the use of analytical sensitivities and the equation:

y=m/s (Equation 5)
where yis the analytical sensitivity, m is the slope of the calibration curve (or the
calibration sensitivity), and s is the standard deviation of the measurement [36].

Refer to Tables 4 — 7 for a complete listing of analytical sensitivities.



Table 4. Analytical sensitivities for Saliva-Blood dilution series
analyzed with RSID™ Saliva cards and Quantifiler™ Duo.

Volume Ratio RSID™ Saliva Card§ Quantifiler® Duo .
(Saliva-Blood) Star_ldgrd Analyt.w.al Standgrd Analyt'lc'al
Deviation Sensitivity Deviation Sensitivity

Neat 6.62 -1.32 0.49 -3.23

1:2 7.85 -1.11 0.21 -7.59

1:5 15.6 -0.56 0.21 -7.65

1:10 5.89 -1.48 0.28 -5.67

1:20 17.9 -0.49 0.20 -7.72

1:50 2.68 -3.26 0.29 -5.46

1:100 6.28 -1.39 0.21 -7.65

1:250 2.97 -2.94 0.72 -2.20

1:500 461 -1.89 0.85 -1.85

1:750 3.91 -2.23 1.62 -0.97

1:1000 4.54 -1.92 1.38 -1.15

Table 5. Analytical sensitivities for Saliva-TE dilution series
analyzed with RSID™ Saliva cards and Quantifiler® Duo.

Volume Ratio RSID™ Saliva Card; Quantifiler® Duo .
(Saliva-TE) Standard Analyqual Star)dard Analyt_|c_al
Deviation Sensitivity Deviation Sensitivity
Neat 2.55 -3.29 0.19 -8.40
1:2 8.42 -1.00 0.08 -19.6
1.5 5.28 -1.59 0.17 -9.80
1:10 11.2 -0.75 0.26 -6.25
1:20 11.7 -0.72 0.37 -4.45
1:50 17.9 -0.47 0.18 -9.08
1:100 21.7 -0.39 0.29 -5.64
1:250 2.01 -4.18 0.47 -3.49
1:500 3.52 -2.39 1.83 -0.89
1:750 3.95 -2.12 1.32 -1.24

1:1000 1.98 -4.23 1.24 -1.31




36

Table 6. Analytical sensitivities for Semen-Blood dilution series
analyzed with RSID™ Semen cards and Quantifiler™ Duo.

volume Ratio RSID™ Semen Carc.is Quantifiler® Duo .
(Semen-Blood) Standgrd Analyt'lc'al Star_wdgrd Analyt'lc'al
Deviation Sensitivity Deviation Sensitivity

Neat 4.32 0.25 -5.33

1:2 1.37 0.20 -6.67

15 1.71 0.24 -5.62

1:10 1.20 0.27 -4.96

1:20 5.82 1.08 -1.25

1:50 2.46 0.62 -2.16

1:100 3.27 0.40 -3.40

1:250 6.68 0.37 -3.62

1:500 2.73 0.26 -5.22

1:750 3.39 0.15 -8.74

1:1000 1.29 0.31 -4.31

Table 7. Analytical sensitivities for Semen-TE dilution series
analyzed with RSID™ Semen cards and Quam‘iﬁler® Duo.

Volume Ratio RSID™ Semen CarQs Quantifiler® Duo _
(Semen-TE) Staljdgrd Analyt_|c_al Stal’_'ldf_il’d An alyt_|c_al
Deviation Sensitivity Deviation Sensitivity

Neat 2.28 2.40 -0.67

1:2 2.75 0.22 -7.36

15 2.57 0.14 -11.5

1:10 6.13 0.18 -8.82

1:20 3.14 0.17 -9.53

1:50 1.95 0.36 -4.38

1:100 7.35 0.35 -4.53

1:250 5.93 1.77 -0.90

1:500 2.00 0.31 -5.08

1:750 4.54 0.36 -4.37

1:1000 4.02 0.27 -5.96

To explain how factoring in the standard deviation alters the sensitivity, the
values in Table 4 will be used as an example. When comparing the standard
deviations of the RSID™ Saliva card measurements with those of the Quantifiler®

Duo measurements, it is observed that the standard deviations for Quantifiler®
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Duo are a minimum of 2.4 and a maximum of 89.5 times smaller than those of
the RSID™ Saliva cards, which suggests that the immunoassay card
measurements are less precise than real-time PCR. Looking at the standard
deviations for each method independently, two separate models emerge. The
RSID™ Saliva card standard deviation varies considerably from dilution to
dilution: from the 1:2 to the 1:5, there is an approximate doubling, which is
followed by a roughly three-fold decrease, a three-fold increase, then a six-fold
decrease. The Quantifiler® Duo standard deviation, on the other hand, stays
consistent until the 1:250 dilution, where it increases by just over a factor of
three, then doubles at the 1:750 dilution. While there appears to be no pattern to
the immunoassay card standard deviation, the increase in standard deviation
seen with Quantifiler® Duo is consistent with stochastic effects known to exist
when amplifying small quantities of DNA [42]. It is worth noting that when the
Quantifiler® Duo standard deviations are compared between saliva and semen
dilution series, stochastic effects have less of an impact on the semen samples,
presumably because semen contains more genetic material than saliva, as seen
by the smaller Ct values at an equivalent volume (Figures 9C & 9D).

As with calibration sensitivity, higher analytical sensitivity values indicate a
greater signal change with changes in analyte concentration. In Table 4, the
analytical sensitivity values are consistently larger with real-time PCR than with
immunoassay cards until the 1:250 dilution, where the analytical sensitivities

between the methods are roughly equivalent for the rest of the dilutions but
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slightly higher for the RSID™ Saliva cards. This finding is consistent with the
saliva-TE dilutions seen in Table 5. The analytical sensitivities for the RSID™
Semen cards are not given in Table 6 because the calibration sensitivity was
derived from a linear, not a logarithmic, equation. Therefore, the analytical
sensitivities of the semen-blood dilutions in Tables 6 are not directly comparable
between the immunoassay cards and real-time PCR. The same is true for the
semen-TE dilutions in Table 7, which have no analytical sensitivities associated
with the RSID™ Semen cards due to the fact that a calibration sensitivity figure
could not be generated. From Tables 4 — 7, there is again no indication of matrix
effects illustrated using either analysis platform.

Because the different sample matrices (blood and TE) did not affect the
detection of the body fluid of interest on either platform, data from the respective
body fluid dilution series was combined, which allowed the overall calibration
sensitivities for the two methods to be plotted against each other (Figure 11).
Data points in the calibration curves depicted in Figure 11 represent the average
value of the signal outputs for each dilution of either all saliva or all semen
samples analyzed on a given platform, error bars are equivalent to two standard
deviations, dashed horizontal lines correspond to MDS values, and unfilled points
were not included in trendlines because they signify results that were less than
the MDS or high-dose hook effect samples and , therefore, fell outside the linear
range. For immunoassay card MBS and MDS values, refer to Table 2. Since

Quantifiler® Duo MDS values are based on how the standard curve is applied,
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they remained either 33.75 C+ or 37.68 Cr, but only the MDS corresponding to a

Cr of 37.68 is plotted in Figures 11A and11B.
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Figure 11. RSID™ jmmunoassay card calibration sensitivity plotted against Quantifiler® Duo
calibration sensitivity. (A) Overall Saliva and (B) Overall Semen.

Trendlines with correlation coefficients (R?) greater than or equal to 0.95
were fit to the combined calibration sensitivity data. With the exception of the
RSID™ Semen cards, on which the high-dose hook effect had a pronounced
influence, the equations for each of these trendlines are displayed on the plots in
Figure 11. Again, the RSID™ Semen card data is precluded from further
characterization due to high-dose hook effect. For reference, the overall
calibration sensitivities for each platform, which are equal to the slopes of the

trendlines, are supplied in Table 8.

Table 8. Overall calibration sensitivities for RSID™ Saliva
cards, RSID™ Semen cards, and Quantifiler® Duo.

Platform Overall Calibration Sensitivity
RSID™ Saliva Cards -8.00 Intensity/uL
Quantifiler® Duo (Saliva) -1.60 C/pL

RSID™ Semen Cards
Quantifiler® Duo (Semen) -1.47 Co/uL
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Overall Limits of Detection

Sensitivity was defined previously as the change in signal per unit change
in analyte concentration. In contrast, the Limit of Detection (LOD) is the input
amount, volume of the body fluid of interest for example, that gives a signal
significantly different from the blanks [43]. When attempting to quantify the
minimum amount of analyte a system can detect, the LOD should not be used
interchangeably with sensitivity. LODs were chosen as an absolute means of
comparison between the RSID™ immunoassay cards and real-time PCR using
Quantifiler® Duo chemistry.

Prior to numerical analysis, a visual inspection of the results shown in
Figure 6 can provide insight with respect to MDS. Tables 9 and 10 summarize
this by assigning a (+) sign to a positive result for the signal detection of a
specific body fluid and a (-) sign to a negative result. In addition to ImageJ
analysis of the RSID™ immunoassay cards and real-time PCR using Quantifiler®
Duo, two additional means of evaluating the data were considered. In columns
titled “Analyst’s Visual Inspection of Cards” that appear in both Tables 9 and 10,
the presence or absence of a red band in the test region of each immunoassay
card was interpreted visually by a single analyst. Another column titled “Average
Sperm Cell Ranking” appears in only Table 10, and provides the results of the
microscopic examination of sperm cell pellets obtained after extraction for
semenogelin. For a specific dilution to be deemed positive in the visual

inspection, ImageJ, or Quantifiler® Duo columns, at least half of the replicates
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had to be interpreted as positive or produce a signal above the MDS.

Conversely, numeric scores are presented in the average sperm cell ranking
column, as described in the Materials and Methods section. The arithmetic mean
of the rankings was calculated and is the number presented in Table 10; an
asterisk next to the ranking indicates that sperm cells were observed in five out of

six slide preparations for that dilution.

Table 9. Presence of signal — either a red band in the test region for
immunoassay cards or a Cy value for real-time PCR — in detection of Saliva.

Overall Saliva
Analyst’s Visual
Dilution Volume Saliva (uL) Inspection of Cards ImageJ Duo

Neat 30 +
1:2 15 + + +

1.5 6 * + +

1:10 3 + + +
1:20 15 + + +
1:50 0.6 + + +
1:100 0.3 + - +
1:250 0.12 + - +
1:500 0.06 - - +
1:750 0.04 - - +
+

1:1000 0.03 : :
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Table 10. Presence of signal — a red band in the test region for immunoassay cards,
sperm on microscope slides, or a Cyvalue for real-time PCR — in detection of Semen.

Overall Semen

Volume Analyst’s Visual Average Sperm

Dilution Semen (uL) Inspection of Cards Cell Ranking ImageJ Duo
Neat 30 + 4 - +
1:2 15 + 3.8 - +
15 6 + 4 + +
1:10 3 + 4 + +
1:20 1.5 + 3.7 + +
1:50 0.6 + 2.7 + +
1:100 0.3 + 2.5 + +
1:250 0.12 + 1.2* - +
1:500 0.06 - 1* - +
1:750 0.04 - 0.8~ - +
1:1000 0.03 - 1 - +

By comparing results across methods, a picture of the relative MDSs
begins to emerge. Quantifiler® Duo was the only detection method to yield a
positive result for every dilution of both the saliva (Table 9) and semen (Table 10)
samples. The analysis depicted above estimates that the LOD of saliva and the
LOD of semen on the Quantifiler® Duo platform should be around 0.03 pL of
body fluid. The average sperm cell rankings also netted a result for every dilution
but only apply to the semen samples. Interestingly, the average sperm cell
rankings drop considerably from the 1:100 dilution to the 1:250 dilution and
beyond, and some slide preparations even generated negative results while
Quantifiler® Duo with a MBS of 40 C+ always resulted in signal. This
demonstrates that with low amounts of input material, despite extensive mixing
during sample preparation, there is a stochastic range when it comes to recovery

of sperm cells after extraction. Furthermore, Quantifiler® Duo could be deemed
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to have a lower Limit of Detection than the microscopic sperm cell checks
because it would even detect lysed sperm cells or male epithelial cells when the
microscopic screening would be considered negative.

When the two detection methods for the lateral flow
immunochromatographic test strips are compared, the analyst’s visual inspection
of the immunoassay cards seems to have a lower LOD than the ImageJ analysis.
For the saliva samples, when evaluating the same immunoassay cards, the
human reader registered positive results down to the 1:250 dilution (~ 0.12 pL of
saliva) while the automated technique scored positive results down to the 1:50
dilution (~ 0.6 uL of saliva). For the RSID™ Semen cards, the apparent LODs of
the two interpretation schemes were closer, with the analyst indicating positive
results down to the 1:250 dilution (~ 0.12 uL of semen) and ImageJ down to the
1:100 dilution (~ 0.3 uL of semen); however, with the concentrated semen
samples, both were impacted by the high-dose hook effect. These findings seem
unexpected until one takes into account the fact that the ImageJ results
incorporate a noise threshold, in the form of the MDS, which the visual inspection
does not. Additionally, ImageJ analysis is directly affected by the quality of the
photographs and the lighting applied during data acquisition, and also by
optimization of contrast and brightness during data analysis. Optimization of
photograph acquisition may improve contrast and therefore result in a lower LOD

and/or higher sensitivity.
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While the visual assessment of the results displayed in Tables 9 and 10
can provide approximations of LODs for the various detection methods, a more
rigorous approach for quantitatively determining the LODs is needed to make a
meaningful comparison. By substituting the respective MBSs into their
corresponding trendline equations, which were obtained from the overall
calibration sensitivity graphs (Figure 11), base LOD values were calculated. As
previously explained, MBS values cannot be experimentally determined for real-
time PCR; instead, MBSs unique to the application of the standard curve are
employed. This means that two different MBS values will be used for real-time
PCR: the mean male Cy value of the 0.023 ng (point “H”) calibration standard
(36.00 Ct) and a Ct equal the highest value that the Quantifiler® Duo platform is
set to detect (40 Ct). The experimentally determined MBSs for the RSID™
Saliva and RSID™ Semen cards are provided in Table 2; however, the following
LOD analysis is not applicable for the RSID™ Semen cards due to the non-
linearity of the calibration curve (Figure 11B).

Any meaningful approach to the determination of LODs must not only
calculate the base LOD value but must also take into account its inherent error.
In order to do this, Winefordner suggests utilizing the theory of Propagation of
Random Error, which produces a more conservative estimate of the LOD than
the graphical or IUPAC approaches by incorporating the error of the components,
i.e. the calibration sensitivity, intercept of the calibration curve, and MBS [44]. To

use this propagation of errors approach, a linear regression analysis of each of
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the calibration curves was performed and the errors associated with the slopes
and the intercepts obtained. For all MBSs, except the real-time PCR MBS of 40
Crthat uses the previously described modeling approach, the errors were
equivalent to one standard deviation of the mean.

Once the errors for each of the individual components were determined,
they were used to propagate the error of the LODs. This was done in

accordance with the theory of the propagation of random error [43, 45]:

2
of =%, (;_;Um) (Equation 6)

where p; denotes a given parameter, oy is the error in p, and oy is the uncertainty
produced by opi. By rearranging Equation 4, the general form of the trendline
equations for each calibration curve is obtained:

y—-b

c=e (Equation 7)
where y is the MBS, c is the concentration of the analyte, b is the intercept, and
m is the slope. Note that Equation 7 takes into account the logarithmic
relationship between the signal output and volume of body fluid. By substituting
Equation 7 into Equation 6, partially differentiating with respect to each
parameter (y, m, and b), and assuming the errors are independent, the following

derivation is obtained:
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Note, the y term in Equation 8 is in units of Ct for Quantifiler® Duo and gray scale
intensity for the immunoassay cards. By substituting the parameters and their
associated errors into Equation 8, the standard deviation of each of the LODs
was calculated. Three times the standard deviation, with respect to the LOD,
was added to the base LOD value, which was previously determined through
substitution of the appropriate MBS values into their corresponding calibration

curves, to arrive at the overall LODs displayed in Table 11.

Table 11. Limits of Detection of saliva and semen for the various detection methods.

Sample Microscopic
Type LODcards I—ODDuo H I-ODDuo 40 Sperm Search
Saliva 0.05 uL 0.31 pL 0.03 uL N/A

Semen 0.02 uL 0.001 L 0.3 uL
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As seen in Table 11, no LOD could be calculated for the RSID™ Semen
cards due to the high-dose hook effect, which caused the calibration curve to
have a non-linear trendline. However, LODs for semen using the Quantifiler®
Duo platform could be calculated and were several times lower than any of the
LODs for saliva, which was expected and implies a higher concentration of the
biological components in semen. Not surprisingly, the LODs for Quantifiler® Duo
where the MBS equal to 40 Cy was used were much lower than the LODs based
off of the 0.023 ng (point “H”) calibration standard. The LOD for saliva on the
RSID™ immunochromatographic test strips was comparable to that of
Quantifiler® Duo, though Quantifiler® Duo with the 40 Ct MBS was slightly less.
Note, the LOD listed for the microscopic sperm search is taken from the lowest
dilution on the +/- chart (Table 10) where all slides gave a positive reading.

These findings are corroborated by the RSID™ Saliva manufacturer’s
LOD of less than 1 uL of human saliva, while another independent study found
the LOD of the RSID™ Saliva cards to be 10 nL of human saliva [32, 46]. The
result in Table 11 for the RSID™ Saliva cards (0.05 uL human saliva) falls
between both of these reported values. Due to the lack of a numerical result, the
same comparison cannot be made for the RSID™ Semen cards. LODs for the
RSID™ Semen cards are reported, however, by other authors, including the
somewhat contradictory values of 2.5 nL of human semen from the RSID™
developmental validation and 1 uL of human semen from information obtained

from the manufacturer recommended protocol [15, 33].
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An additional study reports that human semen and human seminal fluid
standard could both be detected by the RSID™ Semen cards up to a 100,000
fold dilution [47], and yet another study that employed a different lateral flow
immunochromatographic test strip to detect semenogelin in human semen had a
similar outcome, with a reported LOD up to a dilution of 200,000 fold [48].
Unfortunately, in neither of these two studies did the authors describe the initial
volume of semen or human seminal fluid standard used to make their dilution
series, which makes interlaboratory comparisons difficult. Interlaboratory
comparison using the Quantifiler® Duo LODs generated from this study would
also be somewhat complicated, but not impossible, due to the fact that the
forensic biology community most often reports their LOD findings in terms of
concentration of DNA. The focus in this study was to choose a method that
would allow for comparison between the RSID™ immunoassay cards and real-
time PCR, therefore, LODs had to be calculated in terms of volume of body fluid
of interest. If Figure 11 plotted C+ verse the log of the concentration of DNA,
instead of the log of the volume of body fluid, LODs could be converted from
units of volume into units of concentration, which would be comparable to the
literature. For example, the Quantifiler® Duo developmental validation concludes
that reproducible results can be obtained down to 11.5 pg/uL of DNA [49], a
finding which is consistent with other publications that cite the LOD for analogous
real-time PCR chemistries in the range of 100 fg to 0.1 ng of DNA [50-56].

However, the quoted LODs were not derived using MBS values and the
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propagation of random errors, as was done in this study. The general approach
seems to have been to create a DNA dilution series and analyze several
replicates of that series using real-time PCR. It appears that in most cases, the
LODs were then reported as the lowest concentration in the dilution series that
yielded reproducible, positive results.

Numerous non-forensic applications of both lateral flow
immunochromatographic test strips and real-time PCR have also been reported,
and these publications support that both methods are highly selective with low
LODs. For instance, immunoassay cards have been used in the fields of
environmental and health sciences to detect analytes from fumonisins, a class of
mycotoxins in maize, with an LOD of 120 pg/L [34] to cortisol, a stress hormone
in serum, with an LOD of 30 ng/mL [35]. Interestingly, in a paper by Tian et al.
[31], the immunoassay card LOD of nortestosterone obtained after analysis with
ImageJ (5 ng/mL) was 40 fold less than the LOD obtained by visual inspection
(200ng/mL), as was the case in this study where the LOD calculated using
propagation of random error and the MBS resulted in a LOD of 0.05 uL (Table
11), while the LOD from visual inspection was 0.12 uL (Table 9). As for real-time
PCR, bacterial and viral studies aimed at detection and quantification have
benefitted from the associated low LODs. For example, one study of Salmonella
in biological specimens found the LOD of their real-time PCR system to be 250
copies/mL [57], and a second study of HPV in genital and oral samples found the

LOD of their real-time PCR system to be 2 copies/reaction [58]. Although not
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reported in the same manner, the totality of these literature findings are
consistent with and support the overall low LOD results obtained from the
RSID™ immunoassay cards and Quantifiler® Duo.
Reproducibility

One last factor was considered in the evaluation of the RSID™ lateral flow
immunochromatographic test strips and real-time PCR using the Quantifiler® Duo
platform, and that was the reproducibility of the systems. In order to make this
assessment, one-sided F-tests, which are statistical comparisons between the
random errors of two data sets, were performed [43]. An F-test considers the

ratios of the variances of two sample populations [43]:

st

Firest = 3 (Equation 9)

Using Equation 9, Fs; Values are calculated and compared to a critical value of
F, usually obtained from a table of F; values that takes into account the level of
significance of the test (P) and the degrees of freedom of the sample

populations. If the value of Fg is greater than the value for F;, the null
hypothesis is rejected. In this case, the null hypothesis is Ho: 6% = 6%, meaning
that the variances of the two sample populations are not significantly different
[43]. F-tests are typically conducted at a 5% level of significance (P = 0.05),
which indicates that there is a 5% chance of committing a type | error, or that the
null hypothesis will be rejected when it is in fact true [43]. See Table 12 below for
a complete listing of Fgt values that compare the RSID™ immunoassay card

variances with the corresponding Quantifiler® Duo variances.
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Table 12. Fg Vvalues comparing sample variance
seen on RSID™ ijmmunoassay cards with the
corresponding Quantifiler® Duo sample variance.

Feit = 3.204

Dilution Fiest Saliva Fiest SEMeEN
Neat 117.4 7.148
1.2 383.5 148.3
1.5 1050 104.3
1:10 900.1 211.6
1:20 1414 25.04
1:50 2569 15.03
1:100 3776 398.4
1:250 134.8 96.99
1:500 43.28 999.3
1:750 50.52 407.4
1:1000 39.21 179.1

From the data in Table 12, the null hypothesis should be rejected for all of
the F-tests. This suggests the variance associated with the RSID™
immunoassay cards is not equal to the variance in Quantifiler® Duo, and since
Quantifiler® Duo variances were the smaller of the two, it is a more precise
quantification method than RSID™ immunoassay cards analyzed with ImageJ.
For the saliva dilutions series, however, the Fist values were much closer to Fit
toward the 1:1000 end of the dilution series, which is again evidence of the
presence of stochastic effects during amplification. Stochastic effects were less
noticeable for the semen series, which indicates a higher concentration of the
biological components in semen than saliva, even when highly diluted.

The above F-tests only take into account the absolute standard deviations
for the two methods. Since the units of signal and the signal magnitudes differ

between the immunoassay cards and real-time PCR, as seen by the scales in
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Figure 11, a meaningful comparison of their errors should also include their
Relative Standard Deviations (RSD), which ensures that more emphasis is not

placed on the error of one method over the other. The formula for RSD is [43]:

RSD ==100% (Equation 10)

Rilw

where the RSD has units of percent. In Equation 10, s is the sample standard
deviation and x is the sample mean. Figure 12, which plots RSID™
immunoassay card relative standard deviations against Quantifiler® Duo relative
standard deviations, confirms the F-test findings seen in Table 12. From Figure
12, it is clear that the immunoassay cards have higher RSDs than real-time PCR,
in every case except the neat semen samples, suggesting that Quantifiler® Duo
is @ more precise quantification method than RSID™ immunoassay cards

analyzed with ImageJ.
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Figure 12. RSID™ immunoassay card RSDs plotted against Quantifiler® Duo RSDs.
(A) Overall Saliva and (B) Overall Semen.
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Conclusions & Future Work

The question with the broadest implications to be answered by this
research is whether or not forensic laboratories can replace body fluid
identification tests, like the RSID™ lateral flow immunochromatographic test
strips for saliva and semen, with a real-time PCR platform, like Quantifiler® Duo.
In order to answer this question, several variables were examined and compared
between the two methods including stability in different matrices, sensitivity, limit
of detection, and reproducibility. It was found that determining the presence of
saliva and the presence of semen were unaffected by sample matrix, i.e. blood
and TE, for both methods; however, the ability to detect semen at high
concentrations with the immunoassay cards was significantly diminished by the
high-dose hook effect. Although Quantifiler® Duo cannot give information with
respect to body fluid type, it consistently gave lower LODs than the immunoassay
cards, was not affected by matrix, was able to detect DNA from samples with low
sperm counts, and showed less variability between measurements. Due to its
stability in various matrices, sensitivity, low LODs, and increased precision over
the immunoassay cards, Quantifiler® Duo is a viable and effective screening
method for subsequent DNA profiling.

Because Quantifiler® Duo cannot distinguish between body fluids, per se,
its greatest impact would be felt in an analytical scheme where gender
differences could be exploited such as with sexual assault cases, where the

overwhelming majority of victims are female and the perpetrators are male [2].
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One could imagine two different ways, dictated by the rule of law, to incorporate
Quantifiler® Duo screening into current workflow practices. If the charge is not
determined by the identification of a specific body fluid, then all sexual assault
samples could be differentially extracted followed by quantification with
Quantifiler® Duo. Only samples positive for male DNA would proceed to
amplification. However, if the presence of different body fluids, i.e. semen verses
saliva, alters the chargeable offense, a portion of the evidence could be saved for
later testing with immunoassay cards. Returning to the remaining evidence for
body fluid identification should not overburden the system because fewer
samples would need to be screened than are currently. This would primarily be
attributed to two factors: 1) a number of cases would certainly be halted due to a
lack of male genetic material, and 2) many cases do not have previously
identified suspects. In the later scenario, finding male DNA in a female body
cavity may still indicate a that a crime has occurred. Any resulting genetic profile
could be uploaded to CODIS without prior body fluid identification, and if a
suspect was connected in the future, the body fluid identification could be made
on the remaining evidence prior to trial.

Some forensic laboratories may be unwelcoming of the proposed analysis
scheme because, without prior biological screening, it would increase the number
of samples to be differentially extracted and quantified by the DNA unit. To
combat this concern, one area of future research could work to increase

throughput by automating differential extractions. Also, there is promising
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research in the literature regarding the incorporation of mMRNA profiling into a
multiplex real-time PCR assay. This would have the potential to make current
methods of body fluid identification obsolete [59-67]. With such advances on the
horizon, replacing biological fluid identification via lateral flow
immunochromatographic test strips with a real-time PCR chemistry for all

biological cases is possible.
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