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Abstract

The separation and detection of cells, biomolecules, and other compounds of interest are
essential throughout the biochemical and forensic sciences. These separations are employed in
human identification, clinical diagnostics, explosive detection, and narcotic identification, among
other applications. The conventional methods and instrumentation for these purposes are labor-
intensive, time-consuming, non-integrated, and have not evolved in a significant manner for
decades. Microfluidic platforms can alleviate these limitations, providing rapid, cost-efficient, and
automated methods for bioanalytical and forensic separations. This dissertation presents
microfluidic approaches for two specific applications: sperm cell capture from sexual assault
evidence, and explosive compound identification from environmental samples.

The work presented in Chapter 2 details the design, optimization, and evaluation of a
microfluidic platform for acoustic trapping. This approach leverages acoustic forces to capture
and purify sperm cells from sexual assault samples, eliminating non-sperm particles and free DNA
in order to conclusively identifier a perpetrator. Buccal swabs, vaginal swabs, and post-coital
samples were analyzed with this approach, which showed the ability to capture sperm cells
effectively from samples with an excess of female epithelial cells. Chapter 3 describes the
validation of this prototype instrument and microchip, during testing performed at two government
forensic laboratories in Palm Beach County, Florida, and Mesa, Arizona. The acoustic trapping
approach was demonstrated for authentic sexual assault samples, and compared to conventional
separation methods. Following prototype evaluation at forensic laboratories, the effect of fluidic
properties on acoustic trapping was investigated at a fundamental level, as presented in Chapter
4. Sample-to-sample variations in viscosity, density, and compressibility were shown to manifest

in changing acoustic conditions, which can be detected through real-time electronic measurements.
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That real-time feedback can be used to adapt to the variable liquid properties of each sample,
maintaining optimal acoustic trapping under all conditions. Finally, Chapter 5 describes an
electrokinetic separation of explosive compounds, performed on a native polymeric substrate.
This work shows that an underivatized polymer microchip can be used to identify multiple

explosives in a rapid separation, implementing portable components that may be amenable for

field use.
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Chapter 1: Introduction

1.1  Overview

Microfluidics is a rapidly growing field of research and development, specifically in the
field of forensic science [1-3]. Microfluidic platforms have many advantages over conventional
analytical methods, including reduction in reagent and sample volume, faster analysis, automated
processes, and the potential for portable or on-site usage [4]. These benefits can result in rapid,
low-cost systems that can improve portability and automation of chemical procedures. This
dissertation describes the application of microfluidics to two distinct problems in forensic
science: capturing sperm cells from sexual assault samples for suspect identification, and
detection of unknown explosive compounds. Isolating and purifying sperm cells is crucial to
obtain DNA evidence in sexual assault investigations, but is currently reliant on precise manual
cell capture. This specialized procedure is not amenable for robotic automation, but does contain
several steps that can be supplemented or replaced through microfluidics [5]. Filling this
technology gap for processing sexual assault samples would have a drastic impact on forensic
investigations, and ultimately reduce backlogs of DNA evidence. The second project described
in this dissertation is the detection of explosive compounds, where the greatest unmet need is a
lack of portable techniques for field use. Current methods for identifying mixtures of explosives
rely on costly analytical instrumentation, which is effective, but cannot be deployed in the field
for on-site use. Developing an approach with the necessary sensitivity to detect trace amounts of
explosive compounds, without compromising portability and ease of use, would significantly

enhance forensic capabilities for environmental and forensic testing.



1.2 Perpetrator identification from sexual assault samples

1.2.1 DNA for human identification

Identifying a person through their DNA is a valuable tool for genealogy, medical
research, and criminal investigations. To perform DNA profiling, multiple target sequences are
amplified using the well-established polymerase chain reaction (PCR) [6, 7]. PCR generates
rapid and exponential amplification of the target DNA by cycling through denaturation,
annealing, and elongation thermocycling steps. The resulting DNA amplicons can then be
separated based on fragment size, using capillary electrophoresis.  This generates an
electropherogram, called a short tandem repeat (STR) profile, which can be used for human
identification [8]. STRs are variations in a person’s DNA sequence, comprised of 2-4 base pair
repeated sequences abundant throughout the human genome [9]. These polymorphisms have no
obvious phenotypic effect, but are unique to each individual, and thus have great forensic value
in conclusively identifying a person [10]. By examining the number of repeated base pairs at
nine different genetic loci, the discriminatory power of STR profiling is 1.05 X 1070, [11]
meaning that there is a one in 10 billion chance of two non-related people sharing the same STR
pattern at all nine loci. The United States recently expanded their DNA requirements to 20 core
loci, further increasing the power of discrimination for criminal investigations [12]. When
analyzing an STR profile, such as the electropherogram shown in Figure 1-1, it is important to
note the number of peaks at each locus, their relative positions, as well as their peak heights.
The goal is to generate a ‘single source’ STR profile, that is, an electropherogram representing
the DNA from a single individual. The simplest way to determine this is by observing how
many peaks appear in each locus, designated by the gray box at the top of each panel (labelled

Amelogenin, D18S51, etc.). In the profile from a single person, each locus may contain one



peak (homozygous), or two peaks (heterozygous), but any additional observed peaks indicate the
presence of DNA from multiple people. For more detailed information, the sex of an unknown
This locus will contain either

suspect can be determined by analyzing the Amelogenin locus.

one or two peaks; a single X peak for female DNA, or one X and one Y peak for male DNA.
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Figure 1-1. STR profile from male cell donor. A 6-plex amplification kit used with extracted male DNA from sperm cells
shows the number of short tandem repeats (STRs) for each allele. Strong peak heights (>1000 RFU) and clear

resolution indicate successful separation of DNA. The red trace is the internal lane standard (ILS) which allows for
automatic sizing of PCR product.

The presence of an X and Y peak at significantly disparate peak heights could indicate the
presence of both male and female DNA; such mixtures are commonly found in sexual assault
evidentiary materials. Examining the other loci in Figure 1-1, there are either one or two peaks

present, confirming that this is a single source profile. Finally, an internal lane standard (ILS) is



run with every STR profile, in order to provide accurate size determination of the DNA
fragments. A profile like this could then be compared to the Combined DNA Index System
(CODIS) database, referencing the allele patterns against known individuals, in order to identify
a suspect.
1.2.2  Sexual assault in the United States and worldwide

Conclusive identification of an unknown person is paramount for sexual assault
investigations, which rely on DNA evidence to corroborate victims’ claims. These crimes in the
United States are disturbingly common, as one in five women have been a victim of rape [13].
On average, there are over 300,000 victims of rape and sexual assault in the United States each
year [14], and worldwide, an estimated 35% of all women experience sexual violence at some
point in their life [15]. Non-heterosexual women are victims at an even higher rate [16, 17], and
the majority of all rapes go unreported [18]. When sexual assaults and rapes do get reported to
the police, a sexual assault kit (SAK) is generated. This consists of cotton swabs collected from
the victim, along with any other clothing or belongings that may have been in contact with the
attacker. The most common way of identifying the attacker is to recover sperm cells from
evidence collected in the SAK, which can unequivocally link a suspect to the crime.
1.2.3  Analysis and backlog of sexual assault evidence

Forensic laboratories across the United States are tasked with processing hundreds of
thousands of pieces of biological evidence from crimes each year, and approximately three
quarters of these samples require DNA analysis for investigation [19]. Of those samples, a
significant portion are comprised of sexual assault evidence, which require more complex
processing in order to isolate genomic DNA from the perpetrator, and subsequently identify a

suspect [20-23]. The very nature of SAKs make them more difficult to process, as they may



contain many distinct cell types (sperm, epithelial, blood, bacterial) from different people, vary
drastically in their composition on a case-to-case basis, and cannot be directly analyzed via DNA
profiling (like blood, saliva, or other biological samples). Due in part to the time-consuming,
manual protocols required to process SAKs, there is a significant backlog of samples awaiting
DNA analysis that have not been tested [24, 25]. This backlog exceeded 150,000 samples across
the country in 2006 [26, 27], and has only grown over the last decade. Increased staffing of
forensic laboratories has not been sufficient to overcome this backlog, and in fact, the throughput
of labs has increased steadily each year since 2009 [28]. However, the demand for forensic
DNA casework has increased at an even higher rate, compounding the problem, and leading to
an even larger backlog of SAKs [28]. The societal impact of this backlog is profound, as victims
of sexual assault crimes may be forced to wait months, or even years before DNA evidence from
an investigation can be used to identify and convict their attacker. To address this issue, there
have been several initiatives from the federal government level, funding and prioritizing the
rapid processing of sexual assault samples [29]. As recently as 2017, the National Institute of
Justice committed $117 million for a ‘DNA analysis and capacity enhancement program,” which
was tasked with addressing the critical forensic DNA backlog [30]. One of these initiatives, a
Department of Justice proposal in forensic science for criminal justice purposes, funded the
research presented herein. Programs like this, as well as legislation at the state and national
level, have caused major strides in how sexual assault cases are reported [31], how the evidence
is collected [32, 33], but not how the sample itself is processed.
1.2.4 Conventional approaches for processing sexual assault samples

The most common method for processing DNA evidence from a sexual assault crime is

to perform a differential extraction (DE), which isolates sperm cells from the rest of the genetic



material. The foundational paper on conventional DE was published in 1985 by Gill et al., and
describes their approach for separating sperm nuclei from vaginal cellular debris, leading to a
‘DNA fingerprint’ that can identify a suspect [34]. Since this groundbreaking publication, the
DE process has been tweaked and optimized, but remains largely the same as it was 40 years
ago: sexual assault samples, typically a cotton swab or article of clothing, are subjected to a
preferential lysis that breaks open all non-sperm cells and releases their genetic material, leaving
sperm cells intact. The lysate is repeatedly centrifuged, washed, and purified by a trained
forensic analyst, who manually removes the eluent containing non-sperm DNA, and collects the

pellet of sperm with a pipet.

Remove a
Those sperm cells can then be  portion of
the mixed
stain SDS, EDTA and
lysed, typically using a A { "=~ proteinase K
5 (cell lysis buffer)
AR\ =
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\_/ pellet \/

Figure 1-2 (adapted from Figure 1-2. Stepwise schematic of a differential extraction protocol. Preferential
lysis of epithelial cells followed by centrifugation isolates sperm cells from the
sexual assault sample. Adapted from [35]

Butler [35]), showing the steps
required to isolate sperm cells via centrifugation. Once male DNA is isolated in the male
fraction, the forensic analyst can continue to amplification and separation of the DNA, via PCR

and capillary electrophoresis, respectively. Forensic laboratories typically generate high quality



DNA profiles from the conventional DE approach, provided there are ample sperm cells present,
and can provide valuable evidence for criminal investigations.
1.2.5 Shortcomings of current approaches to DE

It is important to note that for conventional DE, the centrifugation and washing steps
each require 5 minutes or longer, and are repeated up to 5 times before a clean male fraction can
be obtained [36]. This process is effective at isolating sperm cells and providing DNA from only
the attacker, but it is time-consuming (several hours per sample), requires a skilled forensic
analyst, and the quality of the separation can vary drastically between labs [37]. There are
various commercial options for DE kits and reagents, including Promega, Qiagen, Millipore, and
Bio-Rad. However, none of these companies have developed methods that eliminate the manual
washing steps of DE, and some require additional DNA concentration after collection of the
male fraction (Table 1-1, adapted from Vuichard et al. [37]) Some of the time constraints are
unavoidable, as cellular lysis, DNA amplification, and DNA separation will remain constant

regardless of the technique used to capture sperm cells. However, the hands-on steps of

Laboratories First cell lysis No. of Second cell lysis DNA Purification Concentration devices (laboratory
washes number)

Table 1-1. Differential DNA extraction protocols. A Promega AG, Dubendorf, Switzerland. B Animal Tissue Lysis. C Qiagen AG,
Hombrechtikon, Switzerland. D Dithiothreitol. E Millipore AG, Zug, Switzerland. F Home-made solution. G Bio-Rad Laboratories
AG, Reinach BL, Switzerland. Adapted from [37].

washing, centrifugation, and pellet capture are most problematic, as they are difficult to automate
and expose the sample to potential contamination with each successive treatment. For this

reason, the most promising research to improve SAK processing is exploring alternative methods



to more effectively capture sperm cells, reducing the analyst time and contamination potential for
each sample.
1.2.6 Alternative approaches to DE

The current approach for DE can summarized as functional, but imperfect. Several
academic research groups and companies have tackled the issue of improving DE, leading to
excellent developments and new technologies. There are a handful of commercialized systems
for improved DE, some of which may soon be adopted by forensic laboratories. One such
system is the DEPArray™, which uses dielectrophoresis to manipulate and capture individual
sperm cells, providing incredible sensitivity and selectivity. This is possible by exposing
polarized particles (in this application, cells) to a nonuniform electric field, which exerts force on
the cells and generates movement. Precise manipulation of the electric field cages allows for
individual cell capture, as demonstrated by Williamson et al. [38]. Subsequent imaging of the
captured cells employs a sperm-specific stain and a nucleus-specific stain, showing single cell
retention (Figure 1-3, adapted from Williamson et al. [38]). The major drawbacks of

DEPArray™ are that it requires more time and operator steps than most other methods, and

A B ch |
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Figure 1-3. DEPArray™ image gallery showing the sperm cell identified in the 96 h post-coital sample. (A) sperm-specific APC
channel, (B) nucleic acid/nucleus-specific DAP1 channel, (C) bright field and (D) sperm/nucleus channel overlay. Adapted from
[38]

includes cell staining/fixation and lengthy incubations [38]. However, this approach is
incredibly exciting for its application to trace evidence samples with low numbers of sperm, or
instances where there are sperm cells from multiple attackers in a single sample. In either of
those example cases, traditional DE would fail to produce a single-source male STR profile that

could be used to identify a suspect, but DEPArray™ may succeed due to its ability to capture



individual sperm. Another commercially available DE alternative is the Erase Sperm Isolation
Kit (Paternity Testing Corporation). This kit eliminates the washing steps of conventional DE,
instead using selective degradation of residual female DNA to produce a clean sperm fraction.
Erase has been evaluated directly against conventional DE, with mixed results. Klein et al.
demonstrated that, when testing mock sexual assault samples with both methods, the Erase kit
produced sperm fractions with a higher ratio of male:female DNA (i.e., more purified), but a 6-
fold lower concentration of total male DNA [39]. These results, combined with the fact that
Erase still requires centrifugation and manual sperm pellet capture, make it unlikely that this
system will replace conventional DE.

While no commercial alternative to DE has supplanted the current method, there are
many technologies in the research and development stage. One of the most intriguing
approaches has been developed by Inci et al. at Stanford University, in collaboration with
Harvard Medical School and the Broward County Sheriff’s Office. Their unique method uses an
oligosaccharide molecule that has been shown to be crucial for sperm-egg binding during

fertilization, and anchors it to a microfluidic chip. When a sample containing sperm cells and

(i) Sample Collection (ii) Differential Extraction On-Chip (iii) Sperm Lysis On-Chip and
DNA Quantitation
> Sperm
- SR .4 ”; SLeX Lysis Buffer DNA L
‘N -~ 7 9 l Chemical Tk g _—
- Linkers dooo  Soooe 1)
4 \| —— } ‘Wm.
- — ;\-._C-'-“ aFeven [
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T—d— Ay e
————— — Y
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Figure 1-4. Workflow of on-chip differential extraction. i) In practice, samples are collected using a swab or cotton gauze in a
forensic scene, where a mixture of semen and epithelial cells are majorly present on the victim’s body and/or garments at the
crime scene. ii) After collection, samples are simply introduced into the device using single-step pipetting and incubated for an
hour at room temperature. The channels are then washed and sperm cells are specifically captured, while epithelial cells are
removed due to their larger size and lack of an adhesion molecule on the channel surface. iii) The captured sperm are treated
with a lysis buffer on-chip, and sperm DNA is collected into a tube for potential forensic downstream genomic analyses. Adapted
from [40].
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epithelial cells is incubated on-chip, sperm bind the carbohydrate ligand, and are retained under
flow when epithelial cells are washed away (Figure 1-4, adapted from Inci et al. [40]). This
method is being developed with mock sexual assault samples, and has the distinct advantage of
performing subsequent sperm cell lysis on-chip. This technique is currently limited to small
sample volumes (5-15 pL) and a relatively lengthy incubation to facilitate sperm capture (60
minutes), but has the potential to supplant conventional DE.

A radically different ‘nuclease-only’ approach does not physically separate sperm cells
from the epithelial cells and non-sperm DNA, but instead, relies on a protease and DNase 1
enzyme to completely remove all female DNA from the sample before lysing the sperm cells
[41]. Garvin et al. showed that this nuclease-only method can generate male STR profiles of
equal or higher quality than traditional DE methods (Figure 1-5, adapted from Garvin et al.
[41]), but, as all non-sperm DNA is destroyed, there is no STR profile generated for the victim.
This method shows promise for its simplicity and effectiveness, but has yet to gain acceptance in

many forensic crime laboratories. Another alternative to conventional DE uses pressure cycling
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Figure 1-5. Four STR loci (D351358, THO1, D21511, and D18S51) from the PowerPlex16 kit for buccal swabs and male fractions
from postcoital vaginal swabs. Male fractions obtained from a 36 h postcoital swab give a correct male profile with both the
standard selective lysis protocol and the nuclease protocol. Adapted from [41]
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to selectively lyse epithelial cells without rupturing the sperm, followed by an alkaline lysis to
break open sperm cells, which can improve DNA recovery [42]. This significantly reduces the
handling time per sample; however, it still requires repeated manual centrifugation steps by an
analyst, and fails to produce clean separations of male and female DNA at cellular ratios of
higher than 5:1 epithelial-to-sperm cells [43]. Laser capture microdissection (LCM), one of the
most precise capture techniques, harvests sperm cells by individually cutting them out of the
substrate. As shown in Figure 1-6 (adapted from 257
before LPC
Vandewoestyne et al. [44]), individual cells of interest
. . . . ¢™— cell of interest
can be identified and removed into a microfuge tube Y

for DNA processing. LCM can effectively separate N

sperm cells from mixed samples, but routinely

provides sperm fractions with a low number of cells,
after LPC

and like other systems, struggles with laborious and
time-consuming steps [44]. In addition, the highly
manual nature of LCM makes it unlikely that this \

technique can be automated in the future [45]. One of

e e S0 UM b

Figure 1-6. Laser pressure catapulting. (a) Image

conventional DE uses filtration to sift out sperm cells before LPC (63x magnification); (b) image after LPC of
the cell of interest (63x magnification). Adapted from
[44].

the simpler, non-commercialized alternatives to

from the larger epithelial cells. However, as would be
expected, this approach is subject to clogging of the membrane with high number of cells, as
well as failure to filter out free DNA from the sample that could influence the downstream STR

profile [46, 47].
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Performing sperm cell capture via affinity assays, rather than size-based or manual

separation, also shows promise in this field. Zhao et al. have demonstrated that, after a

preferential lysis of epithelial cells, sperm cells can be immobilized using antibodies tagged to

magnetic beads, which can then be removed from the sample lysate. They used optical and

scanning electron microscopy to show binding of intact and damaged sperm to the antibody-

tagged beads (Figure 1-7, adapted from Zhao et al. [48]). This was the first reported covalently-

linked sperm antibody capture technique, and provided clean
separations, even in extreme cases of overwhelming amounts
of epithelial cells [48]. However, this procedure suffers from
complex handling and preparation steps, and can fail to
capture significant amounts of sperm from samples more
dilute than 10° cells/mL [48].

Each of these novel approaches offer advantages over
conventional DE, but none can fully address the issues with
current protocols, namely the need for faster, more automated,
and robust capture of sperm cells from any type of sexual
assault sample. Some methods are more automated and
integrated than DE, like the oocyte capture ligand approach
from Inci et al. Others, like the Erase Sperm Isolation Kit,
have fewer manual steps than conventional DE, while
approaches like LCM or the DEPArray™ can salvage sperm
cells from samples with low total number of cells. However,

none of the commercially available or currently developing

A

Figure 1-7. Sperm cells captured by anti-
PH-20 IMB. (A) Optical microscopy image
for IMB bound to the head of intact sperm
cells. (B) Optical microscopy image for IMB
bound to the sperm without midpiece and
tail. (C) Scanning electron microscopy
image for IMB bound to the head of an
intact sperm cell. Adapted from [48].
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systems for alternative DE can combine all of these aspects to replace the established method.
1.2.7 Development of an acoustic differential extraction method

Confronted with the inability of conventional DE to process all SAKSs in a timely manner,
and the absence of a universally accepted alternative for capturing sperm cells from these
samples, a novel, microfluidic, acoustic approach was created to address this need. The research
presented herein describes the development, evaluation, and future of a new technology that may
someday replace conventional DE. This approach, deemed acoustic differential extraction
(ADE), seeks to completely remove the manual centrifugation, washing, and purification steps
associated with conventional DE, and instead, apply acoustic separation principles on a
microfluidic platform to capture sperm cells from sexual assault samples. Acoustic forces have
been successfully leveraged for particle separations throughout microfluidics and biomedical
research, and thus, applying acoustics makes perfect sense for separating sperm cells from other
particles in SAKs. ADE was first described at a conference in 2006 [49], and later in the
literature by Norris et al. in 2009, where proof-of-principle work was conducted to show that
intact sperm cells could be captured using ultrasonic standing waves in a glass microchip [50].
By flowing a solution containing sperm cells and female DNA through a standing acoustic wave,
they were able to retain sperm cells and divert them to a male reservoir on the microchip for
collection (Figure 1-8, adapted from Norris et al. [50]). Their work demonstrated a 16-fold
enrichment of sperm concentration, and obtained purified male fractions from mock samples of
epithelial cell lysate [49, 50]. At that time, ADE was limited by extremely low flow rates (1
pL/min or slower), relatively large sample volumes (500 uL), and a dangerous and labor-
intensive chip fabrication that required glass etching with hydrofluoric acid. In addition, mock

samples were formulated with pre-purified genomic DNA or epithelial cell lysate, avoiding the
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crucial preferential lysis step required in samples with intact epithelial cells. Nevertheless, this

important research laid the groundwork for the current ADE approach.

Sample infusion Wash Release
FI Fl FI
&

S1 S2 S1 S2 S1 S2
Piezo Piezo
-on off
S1>S2 S1>S2 $2>51
&
Male Female Male Female Male Female
outlet outlet outlet outlet | outlet outlet

Figure 1-8. Fluidic design of the ADE chip. Sample infusion: sample is infused through the sample inlet (S) and hydrodynamically
focused by the focusing buffer inlet (Fl). Cells (red) are trapped above the transducer upon activation of the transducer, while
lysate (black) is unretained. Wash: each sample infusion is terminated, and focusing buffer perfuses the trapped cells and
removes the residual lysate from the microchannel. Release: Upon termination of the standing wave, cells are released and
diverted to the male outlet. The flow ratio of inlets S1 and S2 determines if the sample will be directed to the male or female
outlet. Adapted from [50].

1.2.8 Understanding acoustics as it applies to controlling particle motion

ADE separates particles based on their size, density, and compressibility using forces
generated by acoustic waves. Acoustic forces have been described as early as 1866, in Kundt’s
famous tube experiment, which observed cork dust moving in a standing wave [51]. His
findings, and others, have shown that when particles in air or a liquid are subjected to a sound
field, the particles experience forces which alter their absolute and relative positions. These
‘acoustic radiation forces’ have been leveraged for a wide range of applications [52-57],
including molecular diagnostics, material science, and the strategy for capturing sperm cells
described herein. This is accomplished by balancing many different forces, creating a ‘cutoff

size’ at which only larger particles are trapped. Due to the relatively uniform size, shape, and
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density of sperm cells [58], reproducible trapping is possible by tuning the flow rate, and
importantly, the applied acoustic forces. The most significant force involved is the primary
radiation force (PRF), which causes particles to migrate either to the nodes or antinodes of a
standing wave, where they are packed together and held in place [59]. The PRF (Equation 1)
for a microfluidic system depends on a number of factors, including the acoustic pressure
amplitude (po), the volume of the particle (V.), the compressibility of the medium (Bw), the
wavelength of the standing wave (), the acoustic contrast factor (¢), the wave number (k) and

the distance from a pressure node (x).

2
O F o= (M

21 ) ’ ¢(ﬁr p) sin(2kx)

Keeping in mind that many applications of acoustophoresis are in the microfluidic realm,
the applied wavelength (A) must be such that it ‘fits’ in the sub-millimeter scale resonant
chambers [60], with channel height corresponding to a half wavelength of the transducer
frequency. This requires acoustic frequencies on the order of 1.5 MHz or greater, proportional to
the chamber height of the microdevice. An important component of the PRF is the acoustic
contrast factor, ¢ (Equation 2), which defines the relationship between particle density (pc) and

compressibility (Bc) compared to the medium density (pw) and compressibility (Bw).

Sp —2p Bec
2) dB,p) = # - B_
c w w

This acoustic contrast factor determines where in the microchannel particles will

aggregate, and the sign of ¢ indicates if particles will migrate towards either a node, or antinode,
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in the standing wave. In practical terms, if a particle is denser and less compressible than the
surrounding liquid, it migrates towards a pressure node; if the particle is less dense and more
compressible, it is drawn to the antinode. For ADE, with samples composed of sperm cells
surrounded by lysed non-sperm cells, the acoustic contrast factor is positive, and thus, the cells
migrate to the nodes of the standing wave. This effect is illustrated in Figure 1-9 (adapted from
Laurell et al. [59]), which shows the migration of red blood cells and lipids when subjected to a
standing wave. All particles experience the PRF, but due to differences in their acoustic contrast

factors, the red blood cells (positive ¢) aggregate at the pressure node, while lipid particles

(negative ¢) move to the pressure antinodes.

Figure 1-9. Cross-section of a separation channel showing negative ¢-factor particles (lipid particles) collected in
the pressure antinodes by the side walls, and positive ¢-factor particles (red blood cells) in the pressure node in
the middle of the chamber. Adapted from [59].

The other forces involved in acoustic trapping are secondary radiation forces. While the
PRF is experienced by single particles, drawing them towards or away from pressure nodes,
secondary radiation forces generate particle-particle interactions, causing them to attract or repel
one another [61]. Also referred to as ‘Konig forces’ [62], secondary forces between solid
particles are much weaker than the PRF, but have important effects on particle coagulation and

packing at the acoustic nodes [63]. Those forces are dependent upon the particle radius,
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resonance frequency, and distance between particles. Minor attraction caused by secondary
radiation forces can result in tighter aggregation at the standing wave node or antinode [64].
The combination of primary and secondary radiation forces is illustrated in Figure 1-10 (adapted
from Evander et al. [65]), which shows three stages of acoustic trapping. Prior to applying the
standing wave, particles are dispersed throughout the fluid (panel A). When an acoustic wave is

applied at the appropriate resonant frequency, the PRF causes particles to aggregate at the
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Figure 1-10. (a) Cross-section of a separation channel where the transducer emits sound perpendicular to the flow. (b)
When the transducer is active, a standing wave will form in the fluidic channel, and the primary radiation forces will cause
objects to aggregate in the pressure node. (c) Once an aggregate is formed, secondary forces will keep particles together
and counteract the Stokes’ drag force. Adapted from [65]

pressure node (panel B). Once particles are brought into closer proximity, the secondary
radiation force attracts them together, forming a cluster at the center of the node (panel C). In
terms of this ADE application, sperm cells will compress and expand slightly when exposed to a
high frequency sound wave, which generates minor forces in addition to the PRF. These smaller,
secondary forces impact other particles in solution, causing similarly sized particles (i.e., other

sperm cells) to aggregate.
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1.2.9 ADE for sperm cell capture

With an understanding of these acoustic radiation forces, a microfluidic system can be
designed to capture specific particles under the appropriate conditions. This ADE approach
balances primary and secondary radiation forces, as they act against the drag force experience by
sperm cells in a laminar flow system. Stokes Law (Equation 3) defines the drag force (Fy) as a

function of the dynamic viscosity (u), particle radius (R), and flow velocity (v) [66].

3) F; = 6muRv

As long as the combined acoustic radiation forces are stronger than the drag force acting
on the sperm cells, they will remain trapped in the acoustic nodes. For smaller particles that
should be excluded from acoustic trapping (free DNA, cellular debris), the drag force must
exceed the acoustic radiation forces. This can be achieved in part by adjusting flow rate of the
system, increasing the drag force on all particles. Importantly, the drag force scales with particle
radius, while the PRF scales with the particle volume (i.e., radius cubed). This implies that as
particle radius decreases, the PRF will diminish much faster than the drag force. At a certain
point, the drag force will exceed the PRF for small particles (<I pum), but the PRF will be
stronger than the drag force for large particles. This creates a a threshold where only larger
particles (sperm cells) will be trapped, while smaller particles (DNA from lysed e cells, debris)
will be washed away. Figure 1-11 illustrates this selective trapping, as larger particles can be
retained under a constant flow rate and application of a standing acoustic wave. A microfluidic

platform has been developed for implementing these acoustic forces, and through careful design
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and optimization, sperm cells are isolated and purified from samples containing multiple cell

types from multiple different people.
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Figure 1-11. Acoustic trapping of particles. (A) Side view of trapping chamber, fluid flow is right-to-left. A piezoelectric
transducer (piezo) vibrates and produces a sound wave at the resonant frequency of the chamber. When subjected to the
standing acoustic wave, particles in solution experience acoustic radiation forces which draw them to the pressure node.
Larger particles experience a stronger force, allowing for selective trapping based on particle size. (B) The glass-PDMS-glass
microchip contains a trapping channel that is 1.1 mm wide, 0.285 mm tall, and 3 mm long. This allows for particle trapping
throughout the channel, preventing overpopulation of the trap site.

1.3  Microfluidic platforms for explosive detection
1.3.1 Forensic and environmental explosive compound identification

Identifying explosive compounds and their degradation products remains a priority for
military, environmental, and forensic researchers worldwide [67, 68]. In particular, soil and
groundwater in close proximity to military installations are at high risk for contamination with
explosive compounds, which can be toxic to plant and animal life [69]. Multiple studies have
shown that environmental samples collected near munitions sites can contain nitrated explosive
compounds at toxic levels [70, 71], yet regular monitoring for these substances is difficult to
perform. The primary issue is the necessity to collect samples in remote locations, combined
with a lack of portable detection devices. Many areas of interest are difficult to access, and often

require sampling dozens of locations in order to ascertain the potential spread of toxic
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explosives. Furthermore, the only Environmental Protection Agency (EPA) approved detection
technique for environmental explosives is EPA 8330, which is not field-portable [72]. This
method requires an acetonitrile extraction, preconcentration, and reverse-phase liquid
chromatography (LC) with UV-vis detection, followed by a confirmatory LC-CN
(cyanopropylsilane) column. The combination of remote sampling sites with laboratory based
detection results in high-effort, time consuming studies to monitor these compounds. As an
example, a recent Naval Research Laboratories study measured the levels of 13 nitroaromatic
compounds in surface water collected from a Hawaiian estuary [68]. Their protocol required
sample collection at more than 30 sites, after which the water samples were stored on ice,
shipped overnight to a laboratory, and analyzed for the presence of explosive compounds. Only
once the results were relayed back to the researchers, could new sampling locations be
determined, requiring return trips to the site in an iterative ordeal. This arduous process would
be avoided if the investigators could detect explosives at the areas of interest, in a reasonable
time frame, allowing for immediate detection that would inform decisions regarding further
collection of new samples. To meet this goal, a fully portable technology with the sensitivity and
selectivity to provide the unambiguous detection of a wide panel of analytes is required.
1.3.2  On-site detection of explosive compounds

Portable analytical techniques not only provide actionable information to the researcher
much more quickly, but also reduce cost, as expedited shipping, specialized storage, and
complex instrumentation are not required. Instead, a point-of-need instrument allows for a user
to collect a sample, test it in the field, and receive actionable information right away.
Historically, on-site explosive detection has relied on either colorimetric or immunoassay-based

approaches. Colorimetric techniques are perhaps the easiest to implement in the field, as rapid,
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visually apparent reactions will occur when the compound of interest is present, making
instrument-free detection possible. Popular tests have been developed for TNT, DNT, and RDX
[73], as well as many other compounds. However, colorimetric approaches struggle to integrate
detection of a large panel of explosives, often requiring multiple test kits and many replicate
samples from the same unknown compound. Furthermore, colorimetric tests may settle for
simple class assignments rather than specific chemical identification, due to similar chromogenic
reactions from different explosive molecules. [74]. These colorimetric kits also rely on
subjective user interpretation of hue after a reaction, which can lead to erroneous results [75].
The simplest immunoassay technique relies on TNT-specific antibodies, immobilized on latex
particles, which will capture TNT and be collected on a membrane. A color-developing solution
is added to the membrane, and a visual color change can be used to identify TNT. A similar
technique uses a competitive immunoassay, where fluorescently labelled TNB is exposed to an
antibody-labelled optical fiber prior to sample introduction [76, 77]. These portable tests have
not been widely implemented, however, due to their lack of EPA accreditation and narrow scope
of detectable explosives.

More recently, there have been a number of commercialized systems for portable
explosive detection, predominantly targeting point-of-interdiction testing such as airport
screening and police investigations.  One such instrument, GreyScan, uses capillary
electrophoresis to identify inorganic explosives in solution, providing results in less than 60
seconds. While currently unable to analyze organic explosive compounds, this technology may

represent the future for on-site explosives detection.
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1.3.3  Micellar electrokinetic chromatography

To address this forensic and environmental issue, micellar electrokinetic chromatography
(MEKC) was chosen as an analytical method. Initially developed by Terabe et al., MEKC is an
efficient analytical technique capable of separating neutral compounds, unlike traditional
capillary electrophoresis [78]. MEKC has previously been implemented for explosive compound
identification [67, 79], with at least two groups exploring portable MEKC for other target
analytes [80, 81]. A detailed discussion is provided in Chapter 5, but previous work has been
limited to laboratory (i.e., non-portable) explosive detection, and on-site MEKC for this
application has not yet been realized. MEKC functions by inducing electroosmotic flow (EOF)
in a capillary or microchip, moving the bulk fluid past a detector. As the neutral analytes have
no inherent electrophoretic mobility, they will migrate with EOF, unless a micelle-forming
compound is added. Micelles contain a hydrophobic core protected from the liquid environment
by a charged exterior, imparting electrophoretic mobility against the bulk EOF. In an aqueous
solution, compounds with high hydrophobic character will be drawn to the hydrophobic core of
the micelles. When these neutral analytes partition in to and out of micelles during a separation,
their overall migration speed is reduced, as they spend some amount of time moving with the
bulk solution, and some time moving slower within the micelle. This is illustrated in Figure 1-
12, adapted from the Handbook of Capillary and Microchip Electrophoresis and Associated
Microtechniques [82].

As it relates to this specific project, MEKC is an ideal technique for several reasons.
Most importantly, all major classes of military explosives are neutral compounds [72, 83], which
can be difficult to separate with other approaches. Additionally, MEKC does not require the

packed column or high pressure source that are required for HPLC separations [84].
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Figure 1-12. Schematic of MEKC. Analytes partition between the bulk solution and micelle interior, resulting in
different migration speed based on micelle permeability. Adapted from [82]
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Eliminating these components reduces potential errors due to irreproducibility in packing, and
minimizes flow rate constraints due to back pressure. Electrophoretic separations are also
amenable for portable platforms, as they can be performed on various durable substrates, and the
hardware requirements are minimal [85, 86]. The first step towards achieving an on-site, MEKC
technique for explosives detection, is to optimize the separation parameters on a microchip,
taking into account all necessary factors for size and portability. This is the focus of the work
presented here, using benchtop experiments to find optimal separation parameters for identifying
and resolving mixtures of explosive compounds.

1.4 Description of research goals and concluding remarks

This thesis focuses on the development of two distinct separation techniques, seeking to
address unique unmet needs in the forensic and environmental sciences. The accomplishments
in acoustic capture of sperm cells for sexual assault investigations, as well as explosive
compound identification, demonstrate significant breakthroughs and progress towards paradigm-

shifting change in the respective fields. Despite increased funding and national efforts towards



24

reducing the backlog of sexual assault samples, the need for forensic DNA analysis continues to
grow. Given that the frequency of sexual assault is unlikely to decline, a technological
breakthrough is required to address the staggering backlog of SAKs, and provide rapid resolution
of criminal investigations. The work presented herein may provide this solution, as ADE seeks
to quickly and efficiently capture sperm cells from sexual assault samples. By tuning acoustic
radiation forces and fluidic manipulation, low concentrations of sperm can be separated from
female epithelial cells, even at extreme cellular ratios. This method and the results are presented
in Chapter 2.

This dissertation also details an external evaluation of the ADE approach, comparing
results obtained from the prototype instrument to those acquired via conventional DE in a crime
laboratory. Those findings are presented in Chapter 3. The results from that external
evaluation, along with feedback from forensic analysts, prompted significant advancement in
optimizing the ADE process. The most impactful change was the development of a feedback
system for the ADE prototype, which can account for unforeseen shifts in the optimal trapping
frequency. Incorporation of real time feedback for improved sperm cell trapping is described in
Chapter 4. This ‘cruise control’ addition to ADE provides the bandwidth to process any sample
type, a shortcoming observed with early versions of the technology. In Chapter 5, I present the
first reported free solution MEKC separations on a native cyclic olefin copolymer device, using
indirect laser induced fluorescence to detect a panel of 11 explosive compounds.

In summary, the following chapters focus on the development, validation, and
improvement of a novel cell separation technique for processing sexual assault samples. A

separate project details an electrokinetic separation of neutral analytes, with direct application in
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environmental and forensic research. Chapter 6 includes a discussion on the impact of these

projects, and outlines future directions for this work.
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Chapter 2: Acoustic differential extraction for processing sexual

assault samples

2.1 Introduction

Acoustic differential extraction (ADE) is an approach for automated capture of sperm cells
from sexual assault samples. ADE offers several advantages over current differential extraction
(DE) approaches, most notably for its ease of automation, reduction in the number of pipetting and
transfer steps, and faster processing time per sample. Each of these benefits will increase the
throughput of forensic laboratories, while also freeing up analyst time to draw conclusions from
each short tandem repeat (STR) profile. By completing the sperm cell capture within a sealed
microfluidic chip, we also reduce the potential for contamination of the sample due to
environmental exposure.

As described in recent publications [1, 2] ADE uses a standing acoustic wave to capture
and purify sperm cells from a liquid sample. This is achieved by inducing a high frequency
vibration in a piezoelectric transducer (piezo), which transmits that acoustic energy through a glass
coupling layer into the fluidic chamber. When the microchannel height is matched to a half-
wavelength of the actuation frequency, a standing wave is formed with low-pressure nodes at each
intersecting point. As detailed in Chapter 1, all particles exposed to the acoustic wave experience
a primary radiation force, drawing them either to the pressure nodes or antinodes, with larger
particles experiencing a stronger force [3]. This principle has been previously applied to separate
blood cells from plasma [4], as well as capturing yeast cells from water [5]. In the context of
sexual assault samples, the goal is to capture sperm cells while removing all other cellular and

genetic material (i.e. non-sperm particles) from the sample. In ADE, when the sperm cells are
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trapped in the standing wave, non-sperm particles will experience a weaker primary radiation
force, and thus can be washed away by applying a sufficiently high liquid flow rate (45 puL/min).
This results in purified aggregates of sperm cells, held in place with an acoustic standing wave,
while all non-sperm particles and extracellular DNA are removed. This step of holding the
aggregate in place and ‘washing’ is crucial, as the majority of sexual assault samples contain far
more epithelial cells than sperm cells, and female DNA will be present at much higher
concentrations than male DNA.

The work described here also incorporates ‘seeding’ of the acoustic trapping site, which is
the introduction of additional particles to initiate trapping. Seeding is necessary for samples where
a low number of sperm may be present, and the secondary radiation forces would be too weak to
form a sufficient aggregate. Hammarstrom et. al [6] demonstrated that when particles are too
dilute to be trapped acoustically, the addition of similarly sized beads at a high concentration will
initiate the aggregation, after which the target particles (E. coli cells in this example) can be
efficiently trapped. We use this same approach by adding 6 um diameter polystyrene particles to
each sample, ensuring that if total sperm cell concentration is low, there will still be aggregation
in the trapping site [1, 2].

The ADE approach does not seek to replace every aspect of a conventional differential
extraction; rather the goal is to improve upon the physical sperm cell capture. The initial
differential lysis step to break open all non-sperm cells remains the same, as does the sperm cell
extraction and DNA amplification after acoustic trapping. The overall workflow is shown in
Figure 2-1, where ADE replaces the traditional centrifugation, washing, and pipetting steps of a
differential extraction. This results in PCR-ready, male DNA in less than 50 minutes, substantially

faster than current forensic capabilities, which require 2-14 hours for a full differential extraction.
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cells sperm cells

Figure 2-1. ADE workflow. Traditional differential lysis and DNA extraction are used, but when combined with ADE, the entire
process is _faster and more automated than a conventional differential extraction. During ADE, there are no pipetting or
centrifugation steps, and the scanning, trapping, washing, and eluting steps are performed automatically.

The primary goal of this research was to develop a technique that fits seamlessly into an existing
chemical workflow, while still significantly improving the quality and efficiency of differential
extraction for sexual assault samples.

The origins of ADE date to 2006, and a collaboration with Lund University, Sweden.
Pioneering acoustic work from the Laurell and Nilsson groups, and others, laid the foundation for
applying acoustic separation principles to sexual assault samples. Early ADE research focused on
retaining the maximum number of sperm cells from a diluted semen sample, successfully enriching
sperm concentration via acoustic trapping [7, 8]. However, those studies were limited by low flow
rates (1 pL/min) and relatively high sample volumes (500 pL), hindering applicability to realistic
scenarios. Limited studies were conducted with samples containing both male and female DNA,
and the project had not progressed past the ‘proof-of-concept’ stage. After 8 years of research,
ADE was shown to be a novel approach for capturing sperm cells, and applied to a limited range
of mock sample formulations. It had not, however, reduced the manual requirements of sample

manipulation, nor been demonstrated for samples containing intact epithelial cells (a component
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of virtually every authentic sexual assault sample), and still relied on a glass-etched, reusable
microfluidic chip. Furthermore, the previous ADE research instituted a complex, sprawling
apparatus that required advanced engineering capabilities to operate, and was not remotely
applicable for a forensic laboratory setting. The following chapter describes significant overhaul
of the ADE project, beginning with microchip design and validation, progressing through
integration of engineering components into a compact, user-friendly instrument, and culminating
with exhaustive testing of realistic mock samples, spanning a wide range of forensically relevant

cellular ratios.

2.2 Materials and methods

2.2.1 Microchip design and fabrication

The composition of the resonant chamber for acoustic trapping is crucial, requiring a
substrate such as glass, that will minimize energy loss compared to the stored energy of the
resonator [9]. Other materials, including poly(methyl methacrylate) (PMMA) and SU-8 polymers
are feasible for acoustic trapping, but high acoustic attenuation restricts their applicability to only
systems with multiple transducers [10]. For this reason, acoustic trapping was performed in a
glass-polydimethylsiloxane (PDMS)-glass (GPG) sandwiched microchip, and minimal energy was
lost to heat during vibration.

The microchip contained 6 fluidic reservoirs capable of holding 120 pL each, connected
by channels with dimensions ranging from 0.5 mm to 1.0 mm diameter, and 283 pm in height
(Figure 2-2). The fluidic reservoirs were designed to contain yellow fluorescent beads (R1), the
sexual assault sample (R2), wash buffer (R3), and to collect the downstream sperm fraction (R4),
non-sperm fraction (R5), and waste (R6). The microfluidic ADE chip, shown in Figure 2-2, was

composed of PDMS: 283 um (lower) and 1.5 mm (upper), 175 pum glass, 3.2 mm PMMA, and
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Figure 2-2. Microfluidic chip design. (4) Top-down view of chip design. 6 reservoirs are included that can each hold up to 110
UL of liquid, and contain fluorescent bead solution (R1), sample (R2), wash buffer (R3), sperm fraction (R4), non-sperm fraction
(R5), and waste (R6). (B) Image of the complete microchip. (C) Side-view of chip design. The fluidic reservoirs are cut through
the upper PDMS, PMMA, and glass layers, before intersecting the channel cut into the middle PDMS layer.

pressure-sensitive adhesive. The fluidic architecture was designed in computer assisted design
software (CorelDraw, AutoCAD), and cut from each PDMS layer using CO; laser ablation.
Access holes were cut into the upper glass layer using CO; laser ablation, with 40 repetitions at
low power to avoid cracking of the glass. Sample reservoirs were cut from the upper, thicker
PDMS layer using an Acu-Punch® 5 mm biopsy punch. To adhere the lower glass and PDMS
layers, solvent bonding with methanol was performed. The PDMS layer and glass reflecting layer
were irreversibly bonded through plasma oxidation, sealing the resonant chamber for acoustic
trapping. The upper PMMA and PDMS layers were adhered using pressure-sensitive adhesive.

After assembly, each microchip underwent quality control testing via extrinsic Fabry-Perot
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interferometry (EFPI) to precisely determine the channel height of the acoustic trapping region.
Due to minor variations in material thickness, each chip will have slightly different channel heights
(= 10 um), thus impacting the optimal trapping frequency. To generate the ultrasonic standing
wave, a piezoelectric transducer was adhered to the bottom of each microfluidic chip. Piezos
display a linear response in oscillation to an input voltage [11], and will vibrate with the same
frequency as the input voltage frequency. Based on the microchannel height (283 pm) and the
desire to generate 3 trapping nodes, applied frequencies were on the order of 7-9 MHz.

2.2.2  Acoustic trapping of particles

A frequency of sound was chosen such that a standing wave was formed with three nodes,
and thus three regions of low pressure where particles would be drawn due to their acoustic
radiation force. The resonance frequency of the standing wave was predicted using the 1D
resonance approximation (Equation 1), which is dependent on the height of the channel (h),
ultrasonic wavelength (1), and the number of acoustic nodes (n).

(1)  h=nA2=nv2f(n=1,23..)
The microchips were fabricated with 283 um thick PDMS as the fluidic layer, and thus, the
necessary wavelength to generate three nodes was calculated to be 188 um, or a frequency of 7.71
MHz. Due to variability in material thickness, the necessary frequency to generate a standing
wave may differ slightly for each microchip.

As shown in Figure 2-3A, when a solution of different particle sizes is flowed through the
standing wave, the larger particles experience a stronger primary acoustic radiation force, and are
held in place, despite the fluid flow dragging them downstream. This can be visualized by acoustic
trapping of fluorescent beads (Figure 2-3B), and additionally it is observed that a slight deviation

from the resonant frequency leads to a significant decrease in trapping efficiency. Beads are
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Figure 2-3. Visualizing acoustic trapping. (A) Acoustic trapping of sperm cells under liquid flow. When subjected to flow in the
microchannel, sperm cells are held in place at the acoustic nodes while smaller particles and debris are washed away. (B)
Visual monitoring of bead aggregation across three applied frequencies. As the frequency of sound reaches the optimal trapping
frequency, 7.26 MHz, a large, dense aggregate of fluorescent beads is formed.

focused to the channel center, but not trapped at 7.22 MHz, while a loose aggregate is formed at
7.24 MHz. When the applied frequency is increased to 7.26 MHz, a large, stable aggregate of
beads is formed that remains held in place under flow. This is exactly how sperm cells are trapped
and held in place, as they are the largest particles in solution after a differential lysis is performed
on the sexual assault sample.
2.2.3 Hardware design

All necessary components for fluidic control, electronic activation of the piezo, and user
operation were integrated into a single prototype instrument shown in Figure 2-4A. The acrylic
protective shell contained a waveform generator (Hantek DDS-3X25), an oscilloscope (Hantek
6052BE), and a home-built amplifier, all controlled via LabView software. The upper module was
3D printed from polylactic acid (PLA) material, and housed the syringe pumps (LabSmith SPS01),
solenoid valves (LabSmith AV201), and rubber O-rings that prevent fluidic contact with any of

the hardware outside the microchip. By maintaining pneumatic fluid control, sample is never
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exposed to the hardware, and thus, cross-contamination between samples run on the same

instrument is mitigated. Also contained in the 3D printed module is the chip manifold, which is
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Figure 2-4. ADE instrumentation. (4) Hardware and electronic components of the ADE prototype. All elements required to
induce the standing wave are encased in the ADE box and controlled via external laptop. (B) The chip manifold contains
repulsive magnets to apply uniform pressure, as well as a Raspberry Pi camera to monitor trapping in real time. (C) 3D printed
chip mounting stage and fluidic control module. The blue pressure plate applied uniform force to the microchip, maintaining
pneumatic connection to the pumps and valves housed in the 3D shell beneath the chip stage. (D) The graphical user interface
provides status updates on syringe pump volume, valve status, and overall trapping stage.

comprised of two hinged layers that apply uniform pressure to the top of the microchip (Figure 2-
4B-C). The chip manifold ensures uniform contact with all 6 O-rings, maintains electrical contact
between the piezo and brass pogo pins, and brings the Raspberry Pi camera into focus over the
acoustic trapping site. The inclusion of the Raspberry Pi camera provided real time monitoring of
acoustic trapping events, which was crucial for development and optimization of this work. Video
feedback was also used for quality control testing of each chip to determine the optimal trapping

frequency before loading a sample. All of the fluidic and electronic hardware was controlled
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through a graphical user interface (GUI) on a laptop. The GUI (Figure 2-4D) showed the volume
of each syringe pump, valve status, and provided real time video monitoring to the user. The GUI
could also be programmed to perform automated acoustic trapping, and contained an advanced
menu which allowed the user to change flow rate, trapping time, valve position, and other
parameters if desired.
2.2.4 ADE workflow

To perform ADE, the following solutions were loaded by the operator in this sequence: 10
pL priming solution (5:1:1 mixture of ethanol, glycerol, and water) to reservoir 1; 110 pL
fluorescent bead solution (1:500 dilution of 6 um diameter yellow fluorescent beads in water) to
reservoir 1; 65 pL sample added to reservoir 2; and 43 pL wash buffer to reservoir 3. The
microchip was loaded into the instrument, and samples were processed in 4 automated stages:
frequency scanning, sample trapping, washing, and elution. The frequency scanning step
identified the optimal acoustic trapping frequency for each chip, ensuring resonance was achieved
for maximum sperm cell retention. Even though each chip underwent quality control to predict
the optimal trapping frequency, environmental conditions such as temperature and humidity can
impact the properties of PDMS [12], and lead to minute changes in layer thickness and channel
height. The scan was conducted using fluorescent beads by applying 8 different acoustic
frequencies at 0.02 MHz increments, holding each one for 5 seconds before releasing the bead
aggregate. In this manner, a range of 0.14 MHz could be covered in less than a minute. During
each applied frequency, images of the trapped aggregate were saved, computer software measured
the size of the aggregated beads, and the optimal trapping frequency was objectively determined
based on the largest clump of trapped beads. This is shown in Figure 2-5, where frequencies are

applied from 8.04 MHz to 8.18 MHz, and the largest aggregate of beads occurred at 8.14 MHz,
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Figure 2-5. Frequency scan to determine optimal trapping frequency. As the piezo steps up by 0.02 MHz every 5 seconds, the
size of the bead aggregate is measured by computer software. The largest bead aggregate occurred at 8.14 MHz, which is
selected as the optimal trapping frequency for this test.

the 6™ applied frequency. Using this information, 8.14 MHz would then be applied to trap sperm
cells. During sample trapping, the optimal trapping frequency was applied while the sample was
flowed from R2 at 45 pL/min. Sperm cells were trapped and held in place, while smaller particles
including free DNA and cellular debris were forced out of the trap site and flowed to R5. This
proceeded for 60 seconds, after which the sample from R2 was depleted and the aggregate of sperm
had been captured. Flow was then switched to R3, which contained the wash buffer. For most
experiments this was water, but some tests were conducted using phosphate buffered saline.
During this washing stage, the piezo remained activated, at the optimal frequency, to hold the
pellet of sperm in place while the wash buffer displaced the surrounding fluid, and removed any
residual non-sperm genetic material from the trapping site. Finally, the piezo was deactivated,
which eliminated the standing acoustic wave and released all trapped cells. High flow rate (200
pL/min) was used to move the captured cells to R4, where they were pipetted out for DNA

extraction and amplification.
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2.2.5 Chemical processing of samples

Consistent with forensic protocols, sample handling consisted of a preferential lysis before
ADE, followed by a DNA cleanup step, sperm cell DNA extraction, PCR amplification, and
electrophoretic separation of DNA fragments [13]. All chemical treatments were performed in-
tube. Epithelial cells were preferentially lysed using prepGEM (ZyGEM NZ Ltd) with incubation
at 75°C for 15 min and 95°C for 5 min. Once ADE was completed and the sperm aggregate eluted
from the chip, the pellet was treated with DNase 1 enzyme (ZyGEM NZ Ltd, 0.5 Units
enzyme/reaction) and 1X DNase buffer (ZyGEM NZ Ltd) at 37°C for 5 min, followed by 75°C
for 5 min to remove any non-sperm DNA that may remain in the sperm fraction. Male DNA was
extracted from sperm cells using Acrosolv, prepGEM, and 1X Red Plus buffer (ZyGEM NZ Ltd)
by incubating at 52°C for 5 min, 75°C for 3 min, and 95°C for 3 min. PCR was conducted using

Promega reagents, with either a 5-plex, 6-plex, or 18-plex STR panel, all allele markers are listed

in Table 2-1.

Promega amplification kit Allele-specific PCR markers

5-plex Amelogenin, D2S1338, D8S1179, D12S391, D21S11

6-plex Amelogenin, D18S51, D2S1338, D8S1179, D12S391, D21S11

PP18D Amelogenin, D3S1358, DIS1656, D21S441, DI10S1248,
DI13S317, Penta E, D16S539, D18S51, D2S1338, CSFIPO,
THO1, vWA, D21S11, D7S820, D5S818, D8S1179, D12S391,
D195433, FGA

Table 2-1. Allele markers for PCR amplification kits. The custom 5- and 6-plex amplification kits differed by a single allele marker
(D18S51). The Promega PP18D kit contained an additional 14 allele markers.

While national forensic laboratories require 20 loci (or more) for STR profiles that can be
used in court, we opted to conduct research and development using custom 5-plex and 6-plex STR
kits for reasons of cost. The conclusions drawn from these limited-loci amplification kits are still
valid, as we are deciphering the presence or absence of male vs female DNA, not referencing the

profiles for a match in a national database. Each amplification kit used a 96°C denaturation step
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for 2 min, followed by 30 cycles of 94°C for 10 sec and 60°C for 60 sec, with a final 5 min hold
at 60°C. The PCR displayed a linear dynamic range of 0.1-2.5 ng DNA (R? = 0.9839). After
amplification, 1 uL of the DNA fragments, along with an internal lane standard, were injected and
separated electrophoretically using a 16-capillary ABI 3130xL. The resulting electropherograms
were analyzed using GeneMarker v2.9.2.
2.2.6 Mock sample formulation

During development of the ADE prototype, mock samples were tested and analyzed to
evaluate acoustic trapping performance. Multiple experts from forensic laboratories were
consulted on formulating the most realistic samples possible. Under the UVA Institutional Review
Board HSR Protocol #12548, neat semen was donated from healthy males. The semen samples
were aliquoted into 50 pL batches and stored at 4°C in a biohazardous materials refrigerator.
Under the same IRB protocol, healthy females donated buccal swabs, vaginal swabs, and post-
coital vaginal swabs, all collected on cotton, which were stored at room temperature. Post-coital
vaginal swabs were donated by the UVA hospital; however, it was not specified if condoms were
used, thus the presence of sperm could not be guaranteed. For this reason, 500-2,000 sperm cells
were spiked into mock samples generated from these swabs. To recover female epithelial cells,
each swab was agitated in 600 pL water for 60 seconds, followed by a spin basket to collect cells.
The cell pellet, as well as the semen aliquots, were then diluted and counted via hemocytometry
(Figure 2-6) using the green fluorescent nucleic acid stain SYTO-11. The respective cellular
concentrations recovered for post-coital vaginal and their corresponding buccal swabs are shown
in Figure 2-6.

For testing the effect of exogenous biological material present on the swab; yeast, E. coli,

and blood were added to mock samples. Yeast cells were activated by adding 25 mg dry yeast to
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-
(cells/uL) (cells/uL)

003 50 306

004 239 744

005 100 2167

006 94 588

007 144 667

010 89 459

013 94 405

015 56 189

Figure 2-6. Cell counting for donated swabs. The stain SYTO-11 exhibits bright green fluorescence upon binding nucleic acids,
and thus can be used to accurately quantify the number of cells present in a sample using microscopy (left). Of the 8§ samples
collected through the UVA hospital, the range of cell counts on each swab was highly variable (right).

500 puL water, and diluting 1000X in water. A vaginal swab containing menstrual blood was
collected, and the epithelial cell count was measured at 678 cells/uL (including white blood cells,
which were not visually distinguishable under SYTO-11 staining). E. coli cells (XL1-Blue strain,
Stratagene) were cultured in 5 mL of Super Optimal Broth (SOB) medium, and spiked into mock
samples. For the addition of yeast and E. coli cells, they were added at 20-40% of the concentration
of epithelial cells in the sample, a common range for the presence of exogenous cells in the vaginal
cavity [14].

2.3 Results and discussion

2.3.1 Quality control testing

A crucial aspect for ADE is preventing any possible contamination of one sample with the
genetic material of another. The presence of contaminating DNA from a forensic analyst or subject
of a separate investigation in a sample could be catastrophic, as it would indicate lack of proper
sample handling and cast doubt on all results. For this reason, each microchip was single-use only.

However, as a factor of machining tolerances of the purchased materials, complete uniformity in
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channel height was not achievable. In order to predict the optimal trapping frequency before
testing each microchip, the channel height was measured using EFPI, a fiber-optic technique that
can determine the depth of an object based on its light scattering properties [15]. From this data,
and the experimental acoustic trapping, a linear relationship (R?=0.9841) was established between
the optimal resonant frequency and the inverse of the channel height (Figure 2-7). Using this

predictive formula, the optimal trapping frequency for each chip can be predicted using the

Optimal trapping frequency as a function of channel height
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Figure 2-7. Relationship between channel height and optimal trapping frequency. There is a linear relationship (R’

= 0.9841) between the inverse of the channel height (x-axis) and the optimal trapping frequency (y-axis). This allows

for accurate prediction of the optimal trapping frequency without needing to test each individual chip.
measured height of the channel with high accuracy. As shown in Figure 2-8, which plots the
experimental optimal trapping frequency (x-axis) against the difference (in MHz) from the
predicted optimal frequency (y-axis), these predictions were extremely accurate. The red bars
represent + 0.07 MHz from the predicted frequency, which are the bounds of the 0.14 MHz

frequency scan conducted before each test. Of the 93 microchips tested, only 3 fall outside of this

scan range. This data clearly shows that accurate channel height measurements can reliably predict
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Optimal trapping frequency vs. Predicted trapping frequency
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Figure 2-8. Variability in predicted vs actual optimal trapping frequency. By using testing frequencies across (.14

MHz (boundaries within red lines), 96% of all microchips fabricated exhibit acoustic trapping within the scan

range. Error bars represent +1 standard deviation, n = 3 for each data point. For the 93 chips tested, all but three

displayed optimal trapping frequency within 0.07 MHz of the predicted trapping frequency.
the optimal trapping frequency, and that a frequency of 0.14 MHz is sufficient for identifying the
optimal frequency for the 96% of the ADE microchips.
2.3.2  Mock samples from buccal swabs

This mock sample was generated with buccal cells and sperm cells in equal concentration,

and underwent differential lysis prior to ADE. By examining the female reference STR profile
(Figure 2-9A) and the male reference STR profile (Figure 2-9B), it can be seen that the shared
alleles are AMEL-X, D2-24, D8-13, and D21-31.2. The remaining alleles are unique to each
donor. In the pre-trapping STR profile (Figure 2-9C), a ‘mixed’ profile is observed, where there
are roughly equal contributions from both the male and female DNA. This STR profile is
insufficient to conclusively identify a suspect, as it could be claimed that one or more alleles of
the potential suspect are masked by the significant contribution of the victim’s DNA. However,

after undergoing ADE, the sperm fraction (Figure 2-9D) generated a ‘clean male’ profile, and

exactly matched the reference STR pattern of the sperm cell donor. This demonstrate that ADE



46

was able to completely isolate sperm cells from all other genetic material in less than 7 minutes,

without any hands-on manipulation of the sample.
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Figure 2-9. STR profiles from 1:1 mock sample. (4) Female reference profile, obtained from buccal swab. (B) Male reference
profile, obtained from anonymously donated semen. (C) STR profile from the mock sample before undergoing ADE. Alleles are
present from both the male and female cell donors, constituting a mixed profile. (D) STR profile from the sperm fraction after
ADE. All alleles present match the male donor, indicating complete isolation of sperm cells.

2.3.3  Mock samples from post-coital vaginal swabs

Post-coital vaginal swabs, obtained through collaboration with the UVA Hospital, were
used to generate mock samples with a range of epithelial cell:sperm cell (F:M) ratios. The same
anonymous sperm donor was used for each sample, but each vaginal swab was provided by a
different individual. The data in Figure 2-10 shows the STR profiles generated from samples 007
and 013, which were formulated at 4:1 and 3.5:1 F:M ratios, respectively, by first quantitating the
number of epithelial cells present, and adding a dilution of semen. These ratios of F:M cells are
reflected in the pre-trapping STR profiles (Figure 2-10B and E), in which a clearly ‘mixed’ profile
is observed. While the female alleles demonstrate stronger peak heights than the male alleles,

there is a significant amount of DNA present from both donors, and these samples would require
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differential extraction to be probative (usable in court). After ADE, the post-trapping sperm
fractions (Figure 2-10C and F) are ‘clean male’ STR profiles, containing alleles only from the
sperm donor. While this shows successful ADE for post-coital mock samples at higher cellular
ratios, there are concerns over the peak heights of the post-trapping STR profiles. Figure 2-10C
exhibits peak heights between 100 and 500 RFU, as compared to the 600-2200 RFU peaks seen in
Figure 2-10E. One conclusion that could be drawn is that not all sperm cells in the mock sample

were captured, indicating differences in capture efficiency in each test. However, the video of
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Figure 2-10. STR profiles from vaginal swab mock samples. (A) Female reference profile for donor 007. (B) STR profile from
mock sample containing F:M of 4:1 before ADE. Alleles from both male and female donors are observed. (C) Sperm fraction
STR profile from mock sample 007 after acoustic trapping. Only male alleles are seen, which match the reference profile of
the semen donor. (D) Female reference profile for donor 013. (E) Pre-trapping profile from mock sample containing F:M of
3.5:1, with both male and female alleles present. (F) Sperm fraction STR profile exactly matches that of the sperm donor,
indicating successful separation of sperm cells from female epithelial cells.

sample trapping showed large aggregates of sperm collected for each sample, suggesting that
acoustic trapping performance was not impaired. Another possible explanation is that the sperm
cells used for sample 007 had degraded, or been damaged over long term storage. Any sperm cell
degradation would make them susceptible to rupture during the first preferential lysis step,
resulting in removal of male DNA during the DNase 1 treatment, and subsequently low peak

heights in the STR profile.
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Additional post-coital vaginal swabs were used to generate samples 010 and 015, which
were formulated at F:M cell ratios of 5:1 and 2:1, respectively. The pre-trapping profiles (Figure
2-11B and E) show ‘major female’ profiles, where some male alleles are seen, but at significantly
lower peak heights than the female alleles. This is unsurprising due to the excess female cells in
solution. After ADE, the post-trapping sperm fractions (Figure 2-11C and F), again, generated
‘clean male’ STR profiles, with no observed female DNA after ADE. These promising results

show successful capture of sperm cells from a mock sexual assault sample, both in less time and
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Figure 2-11. STR profiles from vaginal swab mock samples. (A) STR profile from buccal swab of the female cell donor. (B)
The pre-trapping STR profile for sample 010 is mixed, with alleles present from both male and female donors. (C) Sperm
fraction STR profile after ADE is entirely male. (D) Female reference profile for donor 015. (E) STR profile of the mock sample
015 before acoustic trapping. (E) STR profile of the sperm fraction is a clean male profile, matching the semen donor.

with fewer steps than a traditional differential extraction. However, consistent with the previous
experiment, relatively low peak heights (<400 RFU) were observed with sperm fractions, which
supports the hypothesis of a degraded sperm sample. An alternative theory was that inefficient
amplification of DNA was leading to lower peak heights in the resulting STR profiles. This effect

is explored and discussed further in section 2.3.6.
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2.3.4  Effect of other cell types on sperm cell trapping

Based on our discussions with forensic experts, a necessary consideration for this
technology was the potential presence of exogenous material on some sexual assault samples.
Swabs, clothing, and other evidentiary materials may also contain blood, or microorganisms such
as yeast and bacterial cells, in addition to the sperm and epithelial cells from the suspect and victim.
The primary concern regarding the presence of these substances is the possibility of co-trapping
with the sperm cells, or even preferential acoustic trapping of the non-sperm particles. This could
lead to a loss of sperm cells from the sample, and failure to generate a clean male STR profile after
acoustic separation. Specifically, yeast and E. coli are microorganisms that commonly appear in
these sample types, and are both micron-scale particles that could potentially co-trap with sperm
cells. To test the effect of the exogenous materials, mock samples were formulated at 1:1 F:-M
ratio of epithelial:sperm cells, and then spiked with either yeast, E. coli, or blood at 20% of the
total cell numbers, as specified in Materials and Methods. From the experiment conducted with
yeast spiked into the sample, the pre-trapping STR profile (Figure 2-12) is a ‘major female’ with

minor contributions from the male alleles. After ADE, the sperm fraction generated a ‘clean male’

A — Pre-trapping, mock sample B — Post-trapping, sperm fraction
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Figure 2-12. STR profiles from 1:1 mock sample containing yeast. (A) The pre-trapping profile is major female, with minor allele
contributions from the male donor. (B) After ADE, the sperm fraction STR profile is entirely male, matching the semen donor.

profile, indicating that yeast cells did not displace sperm from the trapping site, and do not interfere

with acoustic trapping. The results from the E. coli experiment are shown in Figure 2-13. The
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post-trapping sperm fraction STR profiles are shown from samples formulated with 0%, 20%, and
40% bacterial cells as a percent of epithelial cell concentration. A significant decrease in peak
height is seen across the three samples, with some larger DNA fragments dropping out entirely
from the D21 locus in the 20% and 40% samples, indicative of low initial mass of DNA. This
shows that E. coli interfered acoustic trapping of sperm cells at biologically relevant

concentrations, and may be a concern in some very specific cases [14, 16].

No E. coli 20% E. coli 40% E. coli

Lo()();_ - - e - = - - ™

Figure 2-13. STR profiles from the sperm fraction of 1:1 mock samples containing E. coli cells. (4) Sperm firaction STR profile
from a 1:1 sample with no E. coli present. Full male profile with excellent peak heights. (B) Sperm fraction STR profile from a
1:1 sample containing E. coli at 20% the concentration of epithelial cells. Full male profile with low peak heights. (C) Sperm
fraction STR profile from a 1:1 sample containing E. coli at 40% the concentration of epithelial cells. Partial male profile with
low peak heights and some missing loci.

A secondary concern with regard to victim’s blood is the co-trapping of red blood cells,
which are known to contain several PCR inhibiting compounds [17, 18]. If a sample provided by
a victim contained significant amounts of blood, and those red blood cells were co-trapped and

captured with sperm cells, downstream DNA amplification may be negatively affected. The pre-

A — Pre-trapping, mock sample B — Post-trapping, sperm fraction
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Figure 2-14. STR profiles from 1:1 mock sample containing blood. (A) The pre-trapping profile is major female, with minor allele
contributions from the male donor. (B) After ADE, the sperm fraction STR profile is entirely male, matching the semen donor.
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trapping profile from the sample containing blood (Figure 2-14) is a ‘major female’ STR result,
with significantly stronger peak heights for the female alleles than the male alleles. After
undergoing ADE, the sperm fraction STR profile is a ‘clean male’ with no trace of female DNA,
and strong peak heights at all loci. This shows that presence of blood on the sample swab did not
negatively impact acoustic trapping of sperm cells, and suggests that co-trapping of red blood cells
is not a concern for ADE.
2.3.5 Impact of sample freshness on DNA amplification

In section 2.3.4, it was hypothesized that sperm sample degradation was contributing to
low STR peak heights. The specific basis for this concern originated from dilution of the sperm
cells in water. Due to the extremely high cellular concentration of neat semen, it was necessary to
dilute each aliquot up to 1000X prior to addition to the mock samples. However, it has been shown
that significant changes in the surrounding liquid medium can lead to osmotic shock, which may
impact sperm cell morphology and stability [19, 20]. We hypothesized that by diluting the neat
semen in water, and storing those aliquots for several days in between use, inadvertent pre-mature
sperm cell lysis was occurring prior to the preferential lysis step. This would then reduce the

number of intact sperm cells present in each sample, leading to poor recovery during ADE, and

A — Fresh dilution of 1,000 sperm cells B — 1 week dilution of 1,000 sperm cells
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Figure 2-15. Amplification of 1,000 sperm cells. (A) STR profile from a fresh dilution of 1,000 sperm cells, extracted and amplified
the same day. (B) The STR profile from a 1-week old sperm cell dilution has significantly lower peak heights, and one missing
loci. This indicates degradation of sperm cells over time once diluted.
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thus, weaker amplification of male DNA. To test this, a freshly diluted aliquot of 1,000 sperm
cells and a 7-day old aliquot of 1,000 sperm cells were extracted and amplified. Their resulting
STR profiles are shown in Figure 2-15, and a reduction in peak height by nearly half-fold is
observed between the fresh and aged samples. This result clearly shows that aged dilutions suffer
from loss of sperm cell integrity, believed to be due to osmotic shock, and that, in turn, impacts
the cellular concentration in each mock sample. Moving forward from this test, each semen aliquot
was both re-counted and aliquoted fresh for every mock sample generated.
2.3.6 Removal of the D18S51 primer

One additional theory regarding the low peak heights observed in some sperm fractions
after ADE was that inefficient amplification of the target DNA was occurring. When compiling
an amplification kit, care must be taken to ensure compatibility of each primer set (in terms of
sequence complementarity), in order to produce robust amplification [21]. Previous work in our
lab had found success by eliminating the D18S51 primer set from the custom 6-plex amplification
kit provided by Promega, and when implemented with our testing, drastic improvement in DNA
amplification was observed. Figure 2-16 shows the STR profiles from the exact same sperm

fraction collected post-ADE, amplified with the original 6-plex kit (Figure 2-16A), or a 5-plex

A — 6-plex PCR amplification B — 5-plex PCR amplification
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Figure 2-16. Amplification of the same post-ADE sample with 6-plex or 5-plex STR kits. (A) STR profile of the post-ADE sperm
fraction amplified with a custom 6-plex kit. A clean male profile with low peak heights is observed. (B) The same post-ADE sperm
fraction was amplified with a 5-plex kit, lacking the D18S51 primers. The resulting STR profile is completely male, and has
significantly higher peaks.
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kit which had the D18S51 primers removed (Figure 2-16B). The peak heights are tripled in the
5-plex results, giving clear indication that the primers for the D18 locus were limiting the DNA
amplification efficiency of the sample. The same test was conducted with a 20:1 F:M ratio sample,
which had previously undergone ADE. Figure 2-17 compares the amplification of post-ADE male
fraction using either 6-plex (Figure 2-17A) or 5-plex (Figure 2-17B). Consistently, a distinct
improvement in peak height is observed with the removal of the D18S51 primers. Moving

forward, the modified 5-plex amplification kit was used for all testing.

A — 6-plex PCR amplification B — 5-plex PCR amplification
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Figure 2-17. Amplification of the same post-ADE sample with two different PCR kits. (A) This STR profile was collected after
amplification of the sperm fraction from a 20:1 sample, PCR conducted with 6-plex kit. Peak heights are low, but a clean male
profile is obtained. (B) STR profile from the same sperm fraction sample, but amplified with a 5-plex kit lacking the D18 primers.
The peak heights are significantly higher at all loci.

2.3.7 Mock sample testing with modified amplification kit

After establishing new protocols for preparing sperm cells, and more efficient DNA
amplification by removing the D18S51 primer, mock samples were generated from two post-coital
vaginal swabs. With the expectation that these changes would significantly improve our capture
of sperm cells and subsequent DNA amplification, higher F:M ratio samples were tested. To
generate the data shown in Figure 2-18, sample 012 was formulated at 20:1 F:M ratio, while
sample 017 was formulated at 10:1 F:M ratio. In both cases the pre-trapping STR profiles (Figure
2-18B and E) show a ‘major female’ profile, with peak heights of the female alleles up to 20X

higher than the male alleles. This indicates the presence of significantly more female DNA than
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Figure 2-18. STR profiles from vaginal swab mock samples. (4) The female reference STR profile of donor 012. (B) The pre-
trapping STR profile is major female, with much stronger peak heights for the female alleles than the male alleles. (C) STR
profile from the sperm fraction post-ADE is entirely male, matching the semen donor. (D) STR profile from a buccal swab of
donor 017. (E) Pre-strapping STR profile of this mock sample is major female, with minor male allele contributions. (E) Sperm
fraction STR profile is clean male.

male DNA, and would necessitate a differential extraction in a criminal investigation. After sperm
cell capture through ADE, the post-trapping STR profiles (Figure 2-18C and F) are ‘clean male’
profiles with strong peak heights and no trace of female DNA, suggesting sufficient capture of
sperm cells from these mock samples using ADE. Furthermore, the peak heights are much higher
than previously observed and are indicative of more efficient DNA amplification with the modified
STR kit.
2.3.8 Sperm cell capture from high F:M ratio mock samples

Our collaborators at forensic laboratories made it clear that, while there is no ‘typical’
sexual assault sample, the vast majority will exhibit F:M cell ratios between 1:10 and 50:1. The
results reported in sections 2.3.2 through 2.3.7 show that ADE can capture and purify sperm cells
from mock samples at the low end of this range, but do not address more challenging, higher F:-M
ratio samples. Two high ratio samples were formulated at a F:M ratio of 40:1, one containing

1,000 total sperm and the other containing 500 total sperm. Both were prepared with a vaginal
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swab from the same anonymous donor, freshly counted and diluted sperm cells, and amplified
with the new 5-plex kit. The results in Figure 2-19 for the 1,000 sperm sample show a ‘clean
female’ STR profile from the pre-trapped sample, as the excess female DNA completely masks
the low concentration of male DNA. However, after ADE, a ‘clean male’ STR profile was
generated from the sperm fraction, showing that complete separation of sperm cells is possible
even from high F:M ratio samples. The 500 sperm sample results are shown in Figure 2-20, and
the same conclusions can be reached. From an initial female-dominated sample, ADE can capture
enough sperm cells to generate a ‘clean male’ STR profile capable of identifying a suspect. As
expected, the peak heights in the sperm fraction are lower for the sample containing half the

quantity of sperm cells.

A — Pre-trapping, 40:1 sample B — Post-trapping, sperm fraction
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Figure 2-19. STR profiles from a 40:1 vaginal swab mock sample containing 1,000 sperm cells. (A) STR profile from the mock
sample before ADE. The profile is clean female, as no male peaks are observed. (B) Post-ADE sperm fraction STR profile is clean
male, with strong peak heights, showing no female DNA contribution.
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Figure 2-20. STR profiles from a 40: 1 vaginal swab mock sample containing 500 sperm cells. (A) Before ADE, the STR profile of
the mock sample is entirely female. (B) After ADE, the sperm fraction STR profile is a clean male profile, with no female alleles
present.
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2.3.9 ADE of extreme F:M mock sample

To go well beyond the scope recommended by our forensic collaborators, a sample was
prepared containing 100 times as many vaginal epithelial cells as sperm cells in solution. There
were 250 sperm cells in the mock sample, and the results from ADE are shown in Figure 2-21.
As expected, the pre-trapping STR profile is ‘clean female’ with no trace of male DNA present
due to the masking effect. The post-trapping sperm fraction shows a ‘mixed’ STR profile, with
contributing peaks from the male and female cell donors at the Amelogenin, D8S1179, and
D12S391 loci, and only male alleles appearing at the D2S1338 and D21S11 loci. However, low
peak heights are exhibited at the male-only loci, indicating low total sperm cell capture. While
this ADE test did not completely purify sperm cells from the sample, it is still a promising result.
From a sample completely overwhelmed with female DNA, acoustic separation isolated enough
sperm cells that a partial male profile was obtained. Using modern software and mathematical

approaches, mixed STR profiles can be deconvoluted even when female DNA is the major

A — Pre-trapping, 100:1 sample B — Post-trapping, sperm fraction
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Figure 2-21. STR profiles from a 100:1 mock sample from a vaginal swab, 250 sperm cells. (A) STR profile from the mock sample
before ADE is entirely female. (B) The post-trapping sperm fraction STR profile is mixed, with contributions from both the female
and male cell donors.

contributor [22], and thus, even this partial result could provide valuable identifying information.
This experiment was replicated with additional samples at F:M of 100:1, and similar results were

obtained.
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2.3.10 Trapping effectiveness demonstrated with the CODIS STR loci

During the research and development stage of this project, the custom 6-plex and 5-plex
amplification kits were cost-effective ways to analyze results and determine experimental
directions. However, the long-term goal of this project was always to place instruments in active
forensic laboratories for evaluation, and thus an experiment was conducted to demonstrate a full
18-plex amplification of a mock sexual assault sample that had undergone ADE. To demonstrate
the compatibility of this technology with already validated forensic chemistries, PowerPlex 18D
amplification kit was used for pre- and post-trapped sample fractions. A 20:1 F:M sample was
prepared with vaginal swabs and diluted semen, and the resulting STR profiles are shown in Figure
2-22. The pre-trapping profile shows only female alleles (Figure 2-22A), as the male DNA was
not concentrated enough before acoustic separation to influence the profile. The post-trapping

sperm fraction (Figure 2-22B) is a ‘clean male’ STR profile, with all male alleles present and no
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Figure 2-22. PowerPlex 18D STR profiles from a 20:1 mock sample from a vaginal swab. (A) Pre-trapping STR profile shows
only female alleles. (B) The post-trapping sperm fraction STR profile is entirely male, matching the semen donor. (C) Liquid
collected from the non-sperm fraction was amplified, and the STR profile matches the female cell donor with no male alleles
present.
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extraneous peaks appearing in the profile. Finally, Figure 2-22C shows the non-sperm fraction,
collected from RS on the microchip, and is a ‘clean female’ STR profile that matches the
anonymous donor. This experiment demonstrated, beyond a doubt, that this technology can
successfully capture sperm cells acoustically from a mock sexual assault sample, and that full

amplification of the federally mandated panel of genetic loci is possible from the sperm fraction.

2.4 Summary

The continued development of ADE culminated in a fully functioning prototype instrument
and microchip, capable of rapidly capturing sperm cells from mock sexual assault samples. This
was validated using buccal cells, vaginal cells, a variety of exogenous biological materials, and a
wide range of F:M cell ratios. To overcome obstacles encountered with inefficient amplification
and degradation of sperm cells, several changes were made to sample formulation, STR protocols,
and acoustic trapping parameters, ultimately reaching the point where the instrument could be sent

to forensic laboratories for external evaluation with authentic sexual assault samples.
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Chapter 3: Evaluation of a prototype acoustic differential extraction

instrument in forensic laboratories

3.1 Introduction

This inability of conventional differential extraction (DE) to keep up with the rising
demand for DNA analysis of sexual assault kits (SAKs) has led to research from the academic and
commercial sectors for alternative approaches. Several research groups and companies have
tackled the issue of improving DE, leading to excellent developments and new technologies. Some
of these techniques have been productized [1, 2], while many more are undergoing validation in
independent laboratories [3, 4], a crucial step for gaining traction in the forensic community.
Internal validations are required before any new procedure can be applied in a forensic laboratory,
public or private, and can require months, to years, before gaining acceptance [5, 6]. This testing
i1s important for ensuring that high-quality, reproducible results will be generated from every
technique that is approved for criminal investigations. The previous chapters describe acoustic
differential extraction (ADE) as our approach to supplanting the laborious conventional DE, but
several other promising methods have been developed.

While conventional DE (described in Chapter 1, section 1.2.2) remains the gold standard
for sexual assault sample processing in forensic laboratories, there have been significant efforts to
provide alternative approaches. One method uses a preferential lysis to sequentially break open
all non-sperm cells, but does not isolate or purify the sperm. A secondary lysis degrades the sperm
cells, and probabilistic DNA analysis is performed to compare the pattern of short tandem repeats
(STR), and identify the major contributors in each profile [7, 8]. This is an intriguing technique,

but fails when testing samples with extremely low concentrations of sperm cells, as the male DNA
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contribution is masked by the excess female DNA. A similar approach does not physically
separate the sperm cells, but instead, relies on a protease and DNase 1 enzyme to completely
remove all female DNA from the sample before lysing the sperm cells [9]. This method shows
promise for its simplicity and effectiveness, but has yet to gain acceptance in many forensic crime
laboratories. One alternative to conventional DE uses pressure cycling to selectively lyse epithelial
cells without rupturing the sperm, followed by an alkaline lysis to break open sperm cells, which
can improve DNA recovery [10]. This significantly reduces the handling time per sample;
however, it still requires repeated manual centrifugation steps by an analyst, and fails to produce
clean separations of male and female DNA at cellular ratios of higher than 5:1 epithelial-to-sperm
cells [11]. There have been several commercialized systems for improved DE, some of which may
soon be adopted by forensic laboratories. One such system is the DEPArray™, which uses
dielectrophoresis to manipulate and capture individual sperm cells, providing incredible sensitivity
and selectivity. The major drawbacks of DEPArray™ are that it requires more time and operator
steps than most other methods, and includes cell staining/fixation and lengthy incubations [1].
However, this approach is incredibly exciting for its application to trace evidence samples with
low numbers of sperm, or instances where there are sperm cells from multiple attackers in a single
sample. In either of those example cases, traditional DE would fail to produce a single-source
male STR profile that could be used to identify a suspect, but DEPArray™ may succeed due to its
ability to capture individual sperm based on minute differences in electric polarization. Another
system immobilizes sperm cells using antibodies tagged to magnetic beads, which can then be
removed from the sample lysate and provide clean separations, even in extreme cases of
overwhelming amounts of epithelial cells [2]. However, this procedure also suffers from complex

handling and preparation steps, and can fail to capture significant amounts of sperm from samples
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more dilute than 10° cells/mL [2]. Laser capture microdissection (LCM), another very precise
technology, harvests sperm cells, or other particles of interest, by individually cutting them out of
the substrate. LCM can effectively separate sperm cells from mixed samples, but routinely
provides sperm fractions with a low number of cells, and like other systems, struggles with
laborious and time-consuming steps [12]. In addition, the highly manual nature of LCM makes it
unlikely that this technique can be automated in the future [13]. One of the simpler, but non-
commercialized alternatives to conventional DE uses filtration to sift out sperm cells from the
larger epithelial cells. However, as would be expected, this approach is subject to clogging of the
membrane with high number of cells, as well as, failure to filter out free DNA from the sample
that could influence the downstream STR profile [14, 15].

Each of these novel approaches offer advantages over conventional DE, but none can fully
address the issues with current protocols, namely the need for faster, more automated, and robust
capture of sperm cells from any type of sexual assault sample. It was our hope that ADE,
developed over several years, would meet these needs and fit seamlessly into existing forensic
protocols. In order to evaluate ADE with authentic sexual assault samples, tested by professional
forensic analysts, we established connections at six state-run forensic laboratories across the
country. From these labs, we inquired about the average sample composition of sexual assault
evidence, the recovery rate of sperm cells from a conventional DE, and expected ratios of
epithelial:sperm cells. This information was used to plan for and execute an external evaluation
of the ADE technology, where the prototype instrument and microchips were tested by forensic

analysts in two government laboratories.



3.2 Materials and methods

3.2.1 Selection of off-site laboratories

64

During development of the ADE microchip and instrument, many forensic experts around

the country provided valuable insight and recommendations. Of these experts, two groups in

particular expressed interest in remaining involved throughout the project. The forensic biology

units from Palm Beach County Sheriff’s Office (PBSO) and Mesa Police Department (Mesa PD),

spearheaded by Dr. Julie Sikorsky and
Dr. Kim Meza, respectively, each
agreed to facilitate the validation of an
ADE prototype in their facility. Drs.
Sikorsky and Meza are well respected
in the forensic field, and their team of
analysts  possessed  the  skills,
knowledge, and access to authentic
samples required for a true analysis of
the capabilities of ADE.
3.2.2 Non-probative sexual assault
samples

Available at the PBSO forensic
biology unit for testing was a large
collection of adjudicated samples, all of

which originated from investigations

that had already concluded. These non-
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Table 3-1. Catalog of PBSO authentic sexual assault samples.

The PBSO

forensic biology unit samples varied in terms of substrate, number of sperm
cells, previous separation quality, and presence or absence of acid

phosphatase (AP) prostate specific antigen (PSA).
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probative, excess materials offered the chance to test authentic sexual assault evidence, and
compare ADE results to the actual findings from conventional DE. A catalog of the available
samples from PBSO is shown in Table 3-1; these pieces of evidence were collected between 2006-
2009. Additional samples were tested as they became available, with a priority placed on testing
samples from a wide range of substrates that contained a variable amount of sperm cells in order
to challenge the ADE technique and gain a true appraisal of its robustness. At the Mesa PD lab,
analysts first tested the ADE prototype using diluted semen deposited onto an array of fabrics.
They also prepared mock samples from vaginal swabs and semen, and used the mock samples to
evaluate ADE as a sperm cell capture technique. At both laboratories, forensic analysts were asked
to track each sample using the chart shown in Table 3-2. By tracking sample information, visual
observations from the acoustic trapping, and STR profile interpretation, comprehensive data was

collected for each non-probative sample evaluated.

Opera . Beads | Sample Pellet M profile; F | M profile; noF| M profile; no F OPERATOR COMMENTS
MIC Chip # sample type Info on [Sperm Cell]? trapped| trapped captured peaks seen contribution | peaks; strong PH

tor
Sample # | Sample Code |\ iiiayc

SP fraction: single source male contributor. NS fraction:

3 844 1-9 | Ics BO63 |swabs of sheet| 100 sp, ECs noted Y Y Y Y major male contributor with 2 additional low level peaks
- ! called. Sample from 2009

Table 3-2. Operator feedback chart. For each sample tested, the operator tracked if the ADE microchip showed bead trapping,
sample trapping, and the visual pellet captured and eluted to the sperm reservoir.

3.2.3  Microchips and reagents for external evaluation

In anticipation of testing a wide range of non-probative samples, each forensic laboratory
was provided with 20 ADE microchips. The chips were fabricated as described in Chapter 2,
section 2.2.2, and underwent quality control testing to ensure adequate acoustic trapping of sperm-
like particles (6 pm diameter beads). In addition, the following solutions were prepared for each
lab: a priming solution (5:1:1 ratio of water:ethanol:glycerol), a fluorescent bead solution (1:500
dilution of 6 um fluorescent beads in water), and an assisting bead solution (1:75 dilution of 6 pm

black beads in 20% Tween 20; beads were sourced from Polysciences). The assisting bead solution
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is crucial for ‘seeding’ the acoustic trapping site, which initiates aggregation of particles [16]. This
is especially important for samples which may contain a low number of total sperm cells, as the
beads will initiate trapping and allow sperm to collect [17]. The chemical reagents supplied to
each forensic lab were: PrepGEM and 10X Blue Buffer (ZyGEM NZ Ltd), a 5% sarkosyl solution
in water, DNase 1 enzyme and 10X DNase 1 Buffer (ZyGEM NZ Ltd, 0.5 Units of
enzyme/reaction), and the sperm lysis reagent Acrosolv and 1X Red+ Buffer (ZyGEM NZ Ltd).
All DNA amplification was performed with Promega or Qiagen polymerase chain reaction (PCR)
reagents, as specified below, provided by each forensic laboratory.
3.2.4 Workflow and sample protocol

For each mock sample, a portion of the substrate (1/4 of a cotton swab, or 3 mm? fabric
cutting) was added to a polypropylene tube with 1U PrepGEM, 1X Blue Buffer, sarkosyl (0.2%
final concentration), and water to 100 uL, and incubated at 75°C for 15 min, 95°C for 5 min. This
liberated cells and genetic material from the substrate cutting, while also lysing epithelial cells and
leaving sperm cells intact. The sample cutting was placed in a spin basket and piggy-back
centrifuged to collect the excess liquid, which was added to the sample lysate. Assisting bead
solution was also added to the lysate, and the sample was loaded into the ADE chip. After
performing ADE as described in Chapter 2, section 2.2.4, the sperm and non-sperm fractions were
collected from the microchip. Prior to sperm cell extraction with Acrosolv and Red+ Buffer, the
non-sperm fraction was treated with DNase 1 to remove any residual free DNA. The sperm and
non-sperm fractions were then quantified using quantitative polymerase chain reaction (qQPCR)
with the Promega PowerQuant AB7500, DNA amplified with the Promega PowerPlex Fusion 5C
kit (I ng DNA per reaction), STR profiles were generated on the ABI 3500xL (Applied

Biosystems), and analyzed using GeneMapper ID-X 1.5 software. The stochastic threshold for
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Figure 3-1. (A) Negative control for PBSO amplification kit. No extraneous alleles are observed, indicating no contamination from
reagent or environmental sources. (B) Positive control from PBSO amplification kit. Template male DNA was amplified using
Promega PowerPlex Fusion 5C kit, strong peak heights and acceptable balance at all loci indicate successful amplification.

this instrument and amplification chemistry was 150 RFU. A negative and positive control

(2800M control DNA, 1 ng) for the PCR amplification is shown in Figure 3-1, demonstrating no
contamination or extraneous peaks in the negative control, and a full male profile with strong peak
heights for the positive control.

3.3 Results and discussion

3.3.1 Condom swab sample

The first sample tested at PBSO was number 758, obtained by swabbing the inside of a
condom collected during a sexual assault investigation in 2008. In the initial processing and DE
conducted by PBSO, analysts noted greater than 100 sperm cells present, with few epithelial cells
visible during microscopy of a 1/8 swab cutting. After their conventional DE (as performed at
time of sample collection), both the sperm and non-sperm fractions generated full male STR
profiles. When processed using ADE, our results matched those obtained by conventional DE.
The STR profiles shown in Figure 3-2 (non-sperm fraction) and Figure 3-3 (sperm fraction) both
show full male profiles, with strong peak heights and no contribution from female alleles. The
strong peak heights (500-14000 RFU) indicate that an abundance of sperm cells was present in the

initial sample, and that ADE successfully captured enough sperm to generate a full male profile.
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Figure 3-2. STR profile from the non-sperm fraction of a condom swab sample. The non-sperm fraction from reservoir 5 was
collected and amplified, resulting in an STR profile that is entirely male. This indicates lack of epithelial cells present in the initial
sample. NOTE: all 4 panels are from the same STR profile, each representing a different fluorescent dye channel that detects
different primer sets.
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Figure 3-3. STR profile from the sperm fraction of a condom swab sample. This post-trapping profile shows all of the male-
associated alleles, with peak heights exceeding the PSBO stochastic threshold. This confirms that ADE can capture a sufficient
number of sperm cells for DNA profiling from a sexual assault sample containing an abundance of sperm.

Based on the full male profile acquired from the non-sperm fraction (Figure 3-2), this result also

shows that when excess sperm are present, a significant number of cells will escape to the non-
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sperm fraction. The generation of a full male STR profile from the sperm fraction was a positive,
yet unsurprising result, as it was the first demonstration that ADE can capture sperm cells in an
automated fashion from an authentic, non-probative sexual assault sample.
3.3.2  Sheet cutting sample

Sample 844 from PBSO was a piece of fabric, cut from sheets that were collected as
evidence from an investigation conducted in 2009. During initial cataloging, over 100 sperm cells
were observed with microscopy, with some epithelial cells present. The 3 mm? fabric cutting was
processed in the same manner as a cotton swab, with cells eluted and lysed from the substrate prior
to ADE. Our ADE results showed a full male STR profile from both the non-sperm fraction,
Figure 3-4, and the sperm fraction, Figure 3-5. Each locus in the sperm fraction profile shows
peak heights well exceeding the stochastic threshold, indicating an abundance of sperm, enough
of which were trapped acoustically to generate a full male profile. This is similar to the
conventional DE result obtained by PBSO during their initial investigation. Their DE in 2009 also

yielded a full male profile from the sperm fraction, whereas the non-sperm fraction yielded a
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Figure 3-4. STR profile from the non-sperm fraction of a sheet cutting sample. A full male profile is observed, with no significant
contribution observed from female alleles.
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Figure 3-5. STR profile from the sperm fraction of a sheet cutting sample. The sperm fraction generated a full male profile, with
no contributing female alleles. This matches the conventional DE result obtained by PBSO in 2009.

‘mixed profile’ with major male contributor. A ‘mixed profile’ means that some DNA was present
from both the victim and suspect, but with a higher concentration of male DNA. We believe this
is due to conventional DE’s ability to repeatedly purify and wash each sample, which resulted in
fewer sperm cells in the non-sperm fraction compared to our results. While ADE lacks this
capability, the priority was to isolate sperm to generate a male profile, which was clearly achieved
(Figure 3-5). Additionally, by examining the relative peak heights seen in each STR profile from
ADE, it can be deduced that more sperm cells were captured in the sperm fraction than the non-
sperm fraction.
3.3.3 Vaginal swab sample

A vaginal swab (PBSO sample 412) from 2008 was selected for ADE testing, with 100+
sperm cells and significant amounts of epithelial cells noted during microscopy. When initially
processed through conventional DE, analysts obtained a full female profile from the non-sperm

fraction, and a full male profile from the sperm fraction. When tested with ADE, a full female
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profile was obtained for the non-sperm fraction, Figure 3-6, but the sperm fraction results deviated

from PBSO’s findings. When subjected to ADE, this sample produced a major female STR profile,

Figure 3-7, indicative of predominantly female DNA in solution. While there are some male
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Figure 3-6. STR profile from the non-sperm fraction of a vaginal swab sample. This result is a full female STR profile, indicative of
no sperm present in the non-sperm reservoir. This matches the conventional DE result from PBSO.
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Figure 3-7. STR profile from the sperm fraction of a vaginal swab sample. This sample generated a mixed profile with major female

contribution. This indicates capture of some sperm cells during ADE, but failure to remove all epithelial cells and female DNA.
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alleles observed, they have much lower peak heights than the female alleles. This showed that
ADE did not capture enough sperm cells to generate a male profile, nor did it fully eliminate female
epithelial cells and/or free DNA during acoustic trapping. This result would suggest that ADE
may struggle to isolate sperm cells from samples that contain a high total number of cells, with
excess female epithelial cells as compared to sperm.
3.3.4 Shorts cutting sample

In order to test the lower limits of ADE, two challenging samples were chosen from PBSO
which contained few total sperm cells. The first sample, a swab of fabric shorts, submitted as
evidence in 2009, contained no observable sperm cells during microscopy, but did test positive for
prostate specific antigen (PSA), which can be used to predict the presence of semen in a sample
[18]. When processed using conventional DE, the analysts were unable to obtain a clean separation
of female and male DNA, which resulted in a mixed profile for both the non-sperm and sperm
fractions. When processed with ADE, the non-sperm fraction generated a partial STR profile
(incomplete profile with allele ‘dropouts’), as shown in Figure 3-8. The alleles that are present
can be assigned to the female victim, but conclusive identification was not possible from this

profile. A partial profile was also generated from the sperm fraction, Figure 3-9, with only 3 loci

14212

Figure 3-8. STR profile from the non-sperm fraction of a shorts swab sample. This sample generated an incomplete STR profile
from the non-sperm fraction, yielding at best a partial female result, indicating very low DNA concentration in the non-sperm
fraction.
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Figure 3-9. STR profile from the sperm fraction of a shorts swab sample. This sperm fraction yielded an incomplete profile, with
only three discernable peaks appearing across all loci. This indicates an almost complete absence of any DNA in the sperm fraction.

reaching the stochastic threshold (out of 24 loci) . This indicates that almost no DNA was present
in the non-sperm fraction and that few, if any sperm cells, were captured. This result showed that
when conventional DE could not obtain a male profile from a challenging, low-cell count sample,
it is unlikely that ADE would be able to succeed as an alternative method.
3.3.5 Rectal swab sample

The second challenging PBSO sample, a rectal swab from 2008, contained 3 sperm cells
observed during microscopy along with epithelial cells and debris. When processed with ADE,
the non-sperm fraction generated an incomplete STR profile, with significant dropout at multiple
alleles (Figure 3-10). The alleles that were present are predominantly female, indicating a ‘partial
female’ profile with minor contributions from male DNA. The sperm fraction from this sample is
shown in Figure 3-11. While also a partial profile with many allele dropouts, the peak balance at

various loci (e.g., Amelogenin, D18S51) indicate that this is a mixed profile, with similar amounts

—— ——
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Figure 3-10. STR profile from the non-sperm fraction of a rectal swab sample. The resulting partial profile is lacking larger
fragment peaks in the electropherogram. The peaks that do appear, indicate that this is a major female profile, with
predominantly female DNA present.
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Figure 3-11. STR profile from the sperm fraction of a rectal swab sample. After ADE, the sperm fraction also generated a partial,
mixed profile, with similar amounts of male and female DNA present in the sample.

of both male and female DNA present. However, the overall peak heights are low, and PBSO
forensic analysts noted that significant degradation appears to have occurred. This conclusion is
based on the observed ski slope effect (reduction in peak height from left-to-right in the STR
profile), and loss of larger fragments in the electropherogram. When originally processed via
conventional DE, analysts generated a full male STR profile from the sperm fraction, showing that
ADE could not replicate the conventional result for this challenging sample. The reasons for the
inability of ADE to replicate conventional DE results are discussed in the following sections.
3.3.6 Inhibition of PCR

When analyzing the data collected from these initial ADE tests, several observations were
made. Most importantly, there appeared to be significant dropout (missing loci) and degradation
(decline in peak height at larger fragments) in many post-ADE samples. While this could be
attributed to old samples, it was hypothesized that incompatibility between reagents could also be
causing these issues. As detailed in materials and methods, all pre-ADE lysis and post-ADE
DNase/extraction was carried out with ZyGEM reagents, which were not validated by PBSO,
whereas qPCR and STR amplification were carried out by validated Promega reagents. Upon

recommendation by the PBSO analysts, an additional 5 samples were processed using only
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reagents previously validated by PBSO (lysis and extraction). All samples were then analyzed by

PowerQuant to assess DNA quantities, quality, extraction efficiency, and potential contamination.

Name Shift Threshold Threshold
412 1Ans 1 | -8.403 142.104 At or Above 7.134 At or Above
01-30-17 412 1Asp 2 2.3400 21.5548 At or Above 7.5673 At or Above
SONIC 758 2-2ns 3 | -0.5248 1.4534 Below 3.2417 At or Above
Training 758_2-2sp_4 0.6802 Below 5.6017 At or Above
844 19ns 5 | -1.6596 3.0550 At or Above 6.0136 At orm
844_1-9sp_6 1.0281 Below 4.7976 At or Above
01-31-17 412 1Cns_1 0.516 8.978 At or Above 40.069 At or Above
SONIC 412 1Csp 2 0.4715 3.8127 At or Above 15.9542 At or Above
.. 844 2C-2ns 3| 0.0882 21.4504 At or Above 62.5470 At or Above
Training 844 2C.25p 4| 0.2287 103666 | At or Above | Undetermined | At or Above
02-06-17 412 1Cns_1 -0.002 16.169 At or Above 17.521 At or Above
Non SONIC - used | 412 1Csp 2 0.1160 1.6424 Below 48121 At or Above
conventional 844 2C-2ns 3| -0.1139 9.9633 At or Above 10.2535 At or Above
methods to 844 _2C-2sp 4| -0.1114 14265 Below Undetermined | At or Above
compare samples RCNS_5 -0.1680 Below
to SONIC (age) RCSP_6 -0.0902 | Below
469 3-3ns 1 | 0.123 Below 4.811 At or Above 5.988 At or Above
469 3-3sp 2 | -0.2632 Below 4.0371 At or Above 4.6574 At or Above
04-17-17 289_3-1ns_3 | 0.1175 Below 7.7650 At or Above 3.5126 At or Above
Used PBSO 289 3-1sp 4 | -0.1312 Below 7.0450 At or Above 3.1765 At or Above
reagents in 412_1Ans_5 | -0.1809 Below 599.1305 At or Above 6.7913 Atorm
combination with | 412 1Asp 6 | -0.1155 Below 386.3917 At or Above 5.5325 At or Above
SONIC instrument; | 376_14-1ns_7 | 0.0138 Below 224.9058 At or Above 11.8926 At or Above
post-SONIC 376_14-1sp_8 | 0.1497 Below Undetermined 7.8943 At or Above
purification with 980 6Cns 9 -0.150 Below 782.654 At or Above 5.499 At or Above
EZ1 980_6Csp_10 | 0.0335 Below 115.4203 At or Above 4.2447 At or Above
RCNS_11 -0.4478 Below
RCSP 12 -0.3833 Below
957 5-13ns 1| 0.182 Below 2.046 At or Above 7.365 At or Above
957 5-13sp 2 | 0.4147 |LNLSgu] 20227 | AtorAbove| 98539 | AtorAbove
844 1-5ns 3 | -0.3802 Below 29712 At or Above 3.4705 At or Above
844_1-5sp_4 | 0.2790 4.9959 At or Above | Undetermined | At Ofm
980 6Ans 5 0.3640 90.4568 At or Above 5.1132 At or Above
04-19-17 980_6Asp_6 | 0.8189 91.8752 | AtorAbove | 127976 | Ator Above
All SONIC 976 1Gns 7 0.4562 69.6473 At or Above 15.4556 At or Above
976 _1Gsp_8 1.4383 62.3771 At or Above 31.1777 At or Above
839_2B-6ns_9| 0.389 24.587 At or Above 46.624 At or Above
839 2B-6sp 10| 0.2057 10.8427 At or Above 20.6097 Atorm
039_1Gns_11 | -0.2018 Below 9.5491 At or Above 77.6139 At or Above
039 1Gsp 12 | 0.3186 1.7321 Below Undetermined | At or Above |
IPC shift = At or Above At orll':'bo:: I2 ur::d-catlcs A /0 jation = At or
YN OO possible Male/Female |\ Lo 0, Possible degraded
present mixture; Au!f)/Y ratiols 2
200 = PBSO direct to Y-STR f

Table 3-3. gPCR data from PBSO samples. “SONIC” was the name of the prototype instrument, and “All SONIC”
refers to use of ZyGEM reagents. The IPC shift is used to indicated possible inhibition of DNA amplification. IPC
above 0.3 may signify presence of an inhibitor. Elevated IPC threshold was observed only in samples which used
UVA-provided extraction reagents in combination with PBSO amplification chemistry. When IPC shift exceeded 2.5,
detection was maxed out, and thus, no value was recorded.
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During qPCR, the internal positive control (IPC) threshold is often used as an indicator for
potential inhibition of DNA amplification [19]. PowerQuant data shown in Table 3-3
demonstrates a clear pattern: an elevated IPC threshold (second and third columns) only occurs in
samples that were lysed and extracted using ZyGEM reagents from UVA, and never occurs in the
all-PBSO processed samples. While not every ZyGEM sample displays potential PCR inhibition,
it is evident that there is some incompatibility between the ZyGEM and Promega reagents, leading
to less efficient amplification of the target DNA. With these new data and hypothesis, additional
samples were tested using all PBSO extraction and amplification chemistries, and some previous
samples were retested under new conditions.
3.3.7 Rectal swab sample, retested

One PBSO sample that was flagged for inhibition was 412-C, the rectal swab which

generated partial STR profiles from the non-sperm and sperm fractions after ADE (Figures 3-10,

3-11). This sample, having already undergone ADE, was re-extracted using the validated Qiagen
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Figure 3-12. Re-extracted STR profile from the sperm fraction of a rectal swab sample. Upon DNA extraction with EZ1 reagents,
a full male STR profile is seen from the sperm fraction. A minor ski slope effect is observed at larger fragments, indicating possible
degradation of the sample. NOTE: y-axis has been zoomed in to display smaller peaks at larger fragments.
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EZI Investigator Kit, and significantly different results were observed. Figure 3-12 shows the
sperm fraction from the rectal swab sample after ADE, where a full male STR profile is observed.
This suggests that ADE did, in fact, capture enough sperm cells from this challenging sample to
conclusively identify a suspect. In addition, the resulting profile contains no female alleles, and
demonstrates strong peak heights at all loci. Some degradation concerns remain, due to lower peak
heights at larger fragments, but those may be attributed to age of the sample or low total sperm
cell concentration. While the exact cause of PCR inhibition was not determined, it is clear that
some combination of the ZyGEM lysis/extraction reagents and Promega amplification kits were
incompatible, leading to inefficient extraction and amplification of male DNA from the captured
sperm cells. This promising result of a full male STR profile obtained from a rectal swab with low
total sperm cells shows that ADE may be viable for a wide range of sexual assault samples.
3.3.8 Delayed collection vaginal swab

The feedback from our initial evaluation at PBSO was positive, and the laboratory director
requested that the prototype ADE instrument be subjected to further testing. Additional samples
were collected, including a ‘time-delayed’ vaginal swab sample collected 5 hours after intercourse.
There was no microscopy data for this sample, but PowerQuant results gave an estimate of 16:1
ratio of female:male cells. There was no information on the total number of cells, but based on
prior sample collection at PBSO, it is likely that the sample contained significantly more epithelial
cells than a buccal or rectal swab. When processed using ADE (with validated reagents), the non-
sperm fraction resulted in a full female STR profile (Figure 3-13). The sperm fraction STR profile,
shown in Figure 3-14, was considered mixed, with significant contributions from both the victim’s
and suspect’s DNA. Compared to the non-sperm fraction, the sperm fraction profile showed a

clear increase in sperm cell concentration and improvement in purification (i.e., an enrichment in
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Figure 3-13. STR profile from the non-sperm fraction of a delayed vaginal swab. This profile is full female, with no significant
contributions from any male alleles.
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Figure 3-14. STR profile from the sperm fraction of a delayed vaginal swab. After ADE, the sperm fraction generated a mixed
profile, with major female contributions. This profile shows alleles from both the victim and suspect, with more female DNA
present than male DNA.

suspect’s DNA), even though ADE was not able to fully isolate sperm cells and remove all female

DNA from the sample. However, with recent software advancements, STR mixtures can be

deconvoluted to their individual sources, so even a mixed profile is a valuable improvement over
pre-ADE results.

3.3.9 Analysis of failed trapping tests

The most important takeaway from this external evaluation was discovered during data

analysis, when the real-time trapping videos were reviewed in conjunction with analyst records.

For each sample tested, the operator noted successful fluorescent bead trapping during the
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frequency scan step. This was important, as it demonstrated that each microchip and piezo were
operating correctly, and generating a standing acoustic wave for particle trapping. However,
during the sperm cell trapping stage of many tests, aggregation was difficult to observe. Upon
reviewing the videos of each run, it became apparent that a large aggregate of beads was trapped
to determine the optimal frequency, as expected, but upon switching from bead solution to actual

sample, a rapid loss of trapping occurred. This unpredicted effect is illustrated in Figure 3-15,

Figure 3-15. Snapshots from scanning vs trapping of time-delayed samples. (A) Beads trapped during frequency scanning; sample
flow is from right to left. (B) Sample trapping 5 seconds after scan, full aggregate is retained. (C) Sample trapping 6 seconds after
scan, aggregated has broken into two and shifted downstream of the optimal trapping site). (D) Sample trapping 7 seconds after
scan. Smaller aggregate remains trapped, but is further downstream. (E) Sample trapping 8 seconds after scan, entire aggregate
has been washed away. Using the same frequency that optimally trapped beads in (A), the entire aggregate is lost within 8
seconds.

which shows the decrease in aggregate size and shift in trapping location over the course of 8
seconds. These images were collected during ADE of a non-probative sample at PBSO, while
switching between the frequency scan and the sample trapping stages. We hypothesized that
physical differences in the density, viscosity, and compressibility of the scanning solution, as
compared to the non-probative sample, led to variability in optimal acoustic trapping conditions.
This loss of acoustic trapping resulted in poor sperm cell capture, which in turn led to less male
DNA in the sperm fraction, and fewer full male STR profiles generated. This effect was observed
in many samples upon reviewing the run data, and was identified as a clear area that needed
improvement for future iterations of this technology.
3.3.10 Mesa PD: Cotton fabric sample

The Forensic Biology Unit at Mesa PD did not have any non-probative samples available
to test with ADE, instead, their analysts prepared mock samples on realistic substrates. The first

was a dilution of semen deposited onto cotton fabric. The only difference from the ADE protocol
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described in section 3.2.4 was the use of Qiagen Investigator 24Plex kit for DNA amplification,
as opposed to the Promega Fusion kit. A cutting of the fabric was subjected to the ADE workflow,
carried out by Mesa PD analysts. The non-sperm fraction resulted in a partial male STR profile,

shown in Figure 3-16. Due to the lack of female epithelial cells in the mock sample, one would
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Figure 3-16. STR profile from the non-sperm fraction of a cotton fabric sample. This is a partial male profile, with only male
DNA present, but many loci lacking any peaks.

expect nothing in the non-sperm fraction. However, the STR result indicates that a low number
of sperm cells did escape the trapping site, leading to a partial male profile in the non-sperm
fraction. The sperm fraction STR profile from this cotton fabric sample is shown in Figure 3-17.
This STR profile is a ‘clean male’ with all loci represented and only male DNA present, indicative
of successful separation. This is an unsurprising, but still positive result, showing that ADE can

capture sperm cells from a cotton substrate.
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Figure 3-17. STR profile from the sperm fraction of a cotton fabric sample. This is a full male STR profile, with only male DNA
present and peaks appearing at all loci. For the D2 locus (furthest right in the black trace), a single male allele is present, but

was not automatically called by the analysis software.

3.3.11 Spandex fabric sample

The second sample prepared and tested at Mesa PD was semen deposited onto spandex

fabric. Similarly, as with the cotton fabric sample, the non-sperm fraction here (Figure 3-18)

generated a partial male profile, with many allele dropouts and low overall peak heights. This

3
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Figure 3-18. STR profile from the non-sperm fraction of a spandex sample. A partial male profile is observed; this result shows

some male DNA present in the non-sperm fraction.
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indicates a small number of sperm cells escaping the acoustic trapping site. The sperm fraction
STR profile in Figure 3-19 is, again, a ‘clean male’ profile. At two loci, D2S1338 and D7S820,
peaks for the male alleles are present, but were not automatically called due to low peak heights.
A similar effect was observed with the cotton fabric sample, suggesting that the sperm cells may
have been degraded or damaged during storage. However, this test confirms that ADE can capture
sperm cells from a variety of substrate materials, and can fit into the existing forensic workflow at

a government laboratory.
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Figure 3-19. STR profile from the sperm fraction of a spandex sample. This is a full male STR profile, with only male DNA and all
loci represented. The D2 locus (furthest right in the black trace) and the D7 locus (second from right in the purple trace) both have
male alleles present, but peak heights were too low to be automatically assigned.
3.3.12 Mock sexual assault sample

A mock sample was prepared at Mesa PD, containing female epithelial cells and male
sperm cells deposited on a cotton swab. The concentration range of each cell type was not known,
and the sample was processed as described in section 3.2.4. Acoustic trapping was observed for
the fluorescent beads and sperm cells, however, a downstream valve failure resulted in complete

loss of sample to the non-sperm fraction. This caused unexpectedly high volume of liquid to

collect in reservoirs 4 and 5 of the microchip, recombining the sperm and non-sperm fractions,



leading to inconclusive STR profiles.

&3

Figure 3-20 shows the STR profile of the non-sperm

fraction, which would be classified as a ‘partial male’ profile. Despite many allele dropouts, the

partial profile can be attributed to the male semen donor, indicating that a significant amount of

sperm cells was present in the non-sperm fraction. Figure 3-21 shows the STR profile of the

sperm fraction. There is no DNA present in this sample based on the absence of STR peaks,

indicating a total lack of sperm cell capture. This can be attributed to the unexpected hardware
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Figure 3-20. STR profile from the non-sperm fraction of a mock sample. This non-sperm fraction resulted in a partial male STR
profile, with male alleles present at most loci.
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Figure 3-21. STR profile from the sperm fraction of a mock sample. There is no amplification of target DNA in this sample,
resulting in no profile. This is indicative of lack of sperm cells, or any other DNA, in the sperm fraction.
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failure, which resulted in minimal fluid (< 10 puL) collected from reservoir 4 (sperm fraction) of
the microchip.

These STR profile results, combined with discrepant volumes in the downstream reservoir,
led to the discovery that one of the solenoid valves was malfunctioning, causing the sperm and
non-sperm fractions to be combined into a single reservoir. Aside from the obvious impact of
failing to separate sperm cells from female DNA, this valve failure also forced excess fluid into
reservoir 5, causing sample to flow down into the tubing and valving that connects reservoirs 4, 5,
and 6. While onsite in the Mesa PD Forensic Biology Unit, the valve and tubing blockages could
not be cleared and the instrument was deemed non-functional. At this point the external testing
was halted at the Mesa facilities, and the instrument returned to UV A for repair. The prototype
system was not designed to be ruggedized, and therefore we hypothesized that unforeseeable

shipping damage caused the valving failure which led to breakdown.

3.4 Summary

During extensive testing at two state-run forensic laboratories, the ADE prototype
instrument and microchip delivered results that are comparable to conventional DE with some
sample types. ADE of the condom, bed sheet, and rectal swab sample from the PBSO lab all
resulted in full male STR profiles, matching the previously obtained result via conventional DE.
The novel ADE method required far fewer pipetting steps, avoided centrifugation of the sperm
cells to separate them from epithelial lysate, was performed faster (50 minutes vs 2+ hours), and
in a more automated fashion than conventional DE. However, the testing at PBSO also illustrated
several areas in which improvement is needed. First, there was clear incompatibility between the
mixed use of non-validated and validated reagents, indicated by the IPC flag. This resulted in poor

DNA amplification, possibly skewing the overall results of some samples. Future testing of this
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prototype will necessitate better reagent compatibility, either by providing all reagents with the
instrument, or fully investigating different reagent combinations in advance. The second, and
more impactful takeaway from this evaluation, was that the acoustic trapping effect appears to
vary greatly between samples of different cellular composition. This was observed with several
samples containing a high number of epithelial cells, where fluorescent beads were successfully
trapped, but sperm cells and residual beads failed to be trapped under the same applied acoustic
frequency. It is our hypothesis that the complex biofluids present in authentic sexual assault
samples significantly change the liquid medium as compared to pure water, and that, in turn, shifts
the acoustic frequency that must be applied. This is not a simple issue to resolve, and our attempt
to do so is presented in Chapter 4.

The feedback from analysts at Mesa PD and the team at PBSO was extremely positive.
Both groups expressed a strong interest in continuing to support development of this technology,
as they foresee a clear path to implementing ADE in the processing of sexual assault samples. Dr.
Cecelia Crouse, the Crime Laboratory Director from PBSO stated that:

“The prototype SONIC-DE instrument was compact, intuitive to use, and provides

a new approach for differential extraction. We were impressed with the

technology’s ability to capture sperm from exemplary sexual assault samples, and

with some adjustments to hardware and chemical processes, we believe that this

system could also move to address more challenging samples (such as those with

low total sperm or excess epithelial cells). We would support the further

development and testing of this technology, and would be excited to field-test a

second-generation system with the necessary improvements.”
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Such support from a respected and influential figure in the forensic community is vital for

advancing this technology, and the partnerships with PBSO and Mesa PD will remain crucial for

bringing ADE to a functional role in processing sexual assault samples.
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Chapter 4: Real-time electronic feedback for improved acoustic

trapping

4.1 Introduction

4.1.1 Impact of external evaluation testing

The years-long development of acoustic differential extraction (ADE), described in
Chapters 2 and 3, yielded promising results during external evaluation in forensic laboratories.
Testing non-probative sexual assault samples showed that ADE performs comparably to
conventional differential extraction (DE) in some cases, with far fewer hands-on steps and less
time required. However, through testing a wide range of evidentiary materials and analyzing
acoustic trapping performance, it became clear that sperm cell capture was not uniform across all
sample types. Specifically, it was observed that in samples containing an extremely high number
of epithelial cells (greater than approximately 50,000), very few, if any, sperm cells were retained.
As discussed in Chapter 3, section 3.3.8, all microchips showed acoustic trapping of fluorescent
beads in water during the ‘frequency scan’ step that identifies the optimal trapping frequency.
However, on that same microchip, when fluid flow was shifted from the bead solution to a non-
probative sample, particle aggregation was lost over the course of ten seconds, and no sperm cells
were captured. This phenomenon occurred with multiple non-probative sexual assault samples
during the external evaluation stage, but had not been previously observed during research and
development of this technology. Essentially, applying the optimal trapping frequency for a
microchip caused aggregation of beads in water, but did not capture sperm cells from a sample.

The conclusion drawn from these tests was that variability in the physical characteristics of the
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sexual assault sample caused a loss of acoustic trapping. Specifically, differences in sample
density, viscosity, and compressibility caused a shift in optimal trapping frequency.
4.1.2  Sample-to-sample variability

During previous development and testing of the ADE prototype at UVA, mock samples
were formulated to contain between 1,000 and 20,000 female epithelial cells. This was due to a
focus on cellular ratio, i.e. epithelial cells:sperm cells, rather than concern with the total number
of cells present. However, as it became clear at the Palm Beach County Sherriff’s Office and Mesa
Police Department, there is no ‘typical’ sexual assault sample, and evidence can contain hundreds
of thousands of total cells. Regardless of sample composition, the first step of ADE or
conventional DE is cellular lysis, breaking open all epithelial cells to release their contents. We
believe that this lysis significantly changes the physical properties of samples with a high number
of epithelial cells, and those changes in density, compressibility, and viscosity of the fluid leads to
a loss of acoustic trapping. Multiple studies have shown that when cellular lysis occurs, the cellular
content perfuses into the surrounding liquid and causes an increase in viscosity [1-4]. Significant
fluidic changes, brought on by cellular lysis and release of proteins, debris, and membrane
fragments into solution, subsequently impact the efficiency of acoustic trapping. Acoustic
radiation forces are well defined in the literature [5-10] and described in depth in Chapter 1, section
1.2.5. These forces, specifically the primary radiation force, depend heavily on the fluidic
properties, as well as the particles being trapped. With regard to the fluidic properties, there is
specific literature demonstrating that the viscosity of the surrounding liquid will impact trapping,
changing the acoustic radiation force experienced by particles in a standing wave [7, 11]. What
has not been reported, however, is if these changes could lead to a shift in the resonant frequency

for an acoustic trapping device, resulting in a different required wavelength of sound to create the
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standing wave. In short, a frequency of sound that traps particles in one liquid, may not do so in
another. This effect could explain the observed loss of trapping during the shift from beads in
water to a non-probative sexual assault sample.

The crux of this issue is two-fold: First, due to the wide variability in the cellular content
of sexual assault samples, it is impossible to accurately predict their physical properties. Second,
the evidence screening process does not quantify the number of cells present on sexual assault
sample. Microscopy is used to gather a rough estimate of sperm cell count, and note any presence
of epithelial cells, but this is performed quickly on a small cutting of evidence, and samples with
high cell counts are simply marked as “+++” to indicate an excess of epithelial cells or sperm [12].
These two factors cause a dilemma, wherein each sexual assault sample may have significantly
different fluidic characteristics that cannot be accurately predicted with current techniques. ADE
already uses an initial frequency scan to identify the optimal trapping frequency for each unique
microchip, accounting for differences in channel height and material thickness. However, we must
now also account for differences in the physical properties of each unique sample. To achieve
this, an approach was sought that could measure acoustic trapping performance in real-time, feed
that information back into the ADE instrument, and automatically adjust the applied frequency as
necessary to account for changes in the liquid medium.

Such a ‘feedback system’ has been previously described by Nilsson et al. [13], where
impedance measurements were used to identify the optimal trapping frequency for a microfluidic
acoustic trapping platform. Based on previous literature [14,15], the Nilsson group designed a
circuit to calculate a power spectrum from the output impedance of the function generator, which
applies the electrical waveform. By identifying the peak power output of the piezoelectric

transducer, based on impedance measurements, they determined the optimal trapping frequency
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for their system. That information was used to adjust the applied frequency under different
conditions, successfully maintaining a resonant standing wave. This approach would meet the
necessary criteria for our problem, and provide real-time feedback on the optimal acoustic trapping
frequency.
4.1.3  Alternate method of detecting optimal trapping frequency

When conducting an acoustic trapping experiment, the resonance frequency occurs when
the piezoelectric transducer most efficiently converts electrical energy into mechanical energy
[16]. There is less resistance to vibration as the piezo approaches its resonant frequency, which
causes electrical impedance to reach a minimum when resonance is achieved. Taking advantage
of this relationship is how Nilsson et al. identified the optimal frequency for their system, using
impedance measurements to determine when resistance to vibration was at a minimum. Our
approach uses the same principle, seeking to identify the resonant frequency by determining when
the minimum resistance to piezo vibration occurs. However, instead of using an impedance
analyzer, we directly measured the output voltage of the piezo. Impedance is defined as the
opposition a circuit presents to a current when voltage is applied, and Ohm’s Law (for AC) states
that V' = IZ, where V' = voltage, I = current, and Z = impedance [17,18]. By using this relationship
and monitoring output voltage of the piezo, any changes in the voltage represent a change in
impedance, and thus, change in resistance to vibration during acoustic trapping. This is an
appealing approach for determining the optimal trapping frequency, as voltage measurements are
rapid, quantifiable, and more easily interpreted than measuring the aggregation of fluorescent
beads. Our testable hypothesis was that a minimum in voltage output from the piezo will correlate
with the optimal trapping frequency, and this measurement can be used to adjust acoustic trapping

in real-time, preventing the loss of captured particles.
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4.2 Materials and methods

4.2.1 Circuitry for measuring voltage output of the piezo

A custom printed circuit board (PCB) was designed and fabricated by Vahid Farmehini
(UVA Department of Electrical Engineering) to measure the output voltage of the piezoelectric
transducer. The objective of incorporating this PCB was to measure, in real-time, any changes in
the voltage output from the piezo during ADE. A simplified schematic of the PCB is shown in
Figure 4-1, which can be broken down into the ‘voltage divider’ and ‘peak detector’ units.

Together these units provide precise measurement of the AC voltage amplitude across the piezo
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Figure 4-1. Schematic for measuring voltage output. (A) The circuitry shown measures the voltage across the piezoelectric
transducer. This PCB was designed and fabricated by Vahid Farmehini, UVA Electrical Engineering. (B) The voltage monitoring
circuit was connected via pogo pins to the piezo on the underside of the microchip.

transducer [19]. Within the peak detector unit, a fast comparator (Ad8561, Analog Devices, MA)
continuously compares the previously held value (V.) with the new input AC voltage (V.). When
the new input voltage is higher, the comparator output swings high (+5V) and produces a charging
current (Ic), which in turn increases the capacitor voltage. If the input voltage is lower than the

previously held value, the comparator output drops to 0V and the capacitor voltage is unchanged.

The voltage data is plotted using LabView software, which displays the output voltage in real-time
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during a test. The operator can then use that information to select a new acoustic frequency during
ADE.
4.2.2 Hardware and software modifications to the ADE prototype

The previously described ADE prototype was modified to allow for real-time
measurements of the output voltage, and to accommodate manual control of the applied frequency.
First, electrical leads were soldered to the brass pogo pins that create electrical contact with the
piezoelectric transducer. Those leads connected to the external PCB (Figure 4-1) via a Bayonet
Neill-Concelman (BNC) connector, providing the voltage data needed for the proposed feedback
system. Second, control of the function generator was removed from the ADE software, as the
pre-programmed frequency scans were limited in their range, timing, and user manipulation.
Instead, the function generator was externally controlled through Hantek DDS-3X25 software,
which allowed the user to customize the applied frequency, amplitude, and waveform of the

electrical signal. Fluidic control through valves and pumps, as well as the real-time video
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Figure 4-2. Overall workflow for manual real-time feedback. (A) The operator sets the starting frequency and amplitude of the
applied waveform. Once acoustic trapping begins, the frequency can be manually adjusted to any value between 1.0 and 9.9
MHz. (B) The LabView interface allows the operator to control two valves and three syringe pumps, directing fluid between any
of 6 fluidic reservoirs. (C) Real-time video shows aggregation of fluorescent beads in the trap site. (D) Voltage data is also collected
in real-time, providing the operator with a quantifiable indicator of optimal trapping. (E) The printed circuit board used to measure
voltage output from the piezo during ADE.
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monitoring, was left unchanged. With each of these adjustments, the overall workflow could now
be represented as shown in Figure 4-2. After preparing a sample and loading the microchip, the
operator applied a frequency (Figure 4-2A) and initiated syringe pumps to move sample through
the acoustic trap site (Figure 4-2B). Simultaneous video monitoring (Figure 4-2C) and voltage
measurements (Figure 4-2D) were provided during ADE. The voltage data was collected by the
PCB shown in Figure 4-2E, and was plotted as a function of voltage (y-axis) vs time (x-axis). By
analyzing the voltage data and visual aggregation of beads, the user could identify, and then apply,
the best trapping frequency in real-time (Figure 4-2A), thus retaining the maximum number of
particles or cells. This approach would optimize acoustic trapping regardless of the physical
characteristics of the sample.
4.2.3  Sample composition and experimental workflow

During evaluation of this real-time feedback system, a wide range of samples were tested.
These included solutions of yellow fluorescent beads in water, as well as mock samples containing
glycerol, epithelial cell lysate, sperm cells, and human serum. Epithelial cells were collected via
buccal swabs, while semen and human serum were collected anonymously under the UVA
Institutional Review Board HSR Protocol #12548. Epithelial cells were recovered by manually
agitating the swab in 600 uL water for 60 seconds, followed by a spin basket extraction. Epithelial
cells and sperm cells were diluted and quantitated via hemocytometry using the green fluorescent
nucleic acid stain SYTO-11. When necessary, epithelial cells were lysed using prepGEM
(ZyGEM NZ Ltd) with incubation at 75°C for 15 min, and 95°C for 5 min.

The previous microfluidic chip design implemented for method development, as described
in Chapters 2 and 3, was used for development of this feedback system. The microchip, shown in

Figure 4-3, contains 6 fluidic reservoirs and an acoustic trapping site. The piezo vibrates against
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the glass-PDMS-glass resonator chamber, generating standing acoustic waves, which promote
particle aggregation as discussed in Chapters 1 and 2. During testing, the chip was loaded with 10

puL priming solution (5:1:1 ratio of water:ethanol:glycerol), and reservoirs 1, 2, and 3 were loaded

with 110 pL of fluorescent bead solution, mock sample, or glycerol dilution.

@alass Opoms @ Channel e Site

Figure 4-3. Microchip schematic for acoustic trapping. The multilayer chip composed of glass, polydimethylsiloxane (PDMS), and
poly(methyl)methacrylate (PMMA) contains 6 reservoirs and one acoustic trapping site. The “upstream” reservoirs 1, 2, and 3
contain fluorescent beads, sample, and/or wash buffer, dependent upon experimental design. The “downstream” reservoirs 4, 5,
and 6 are for collection of the different sample fractions.

4.3 Results and discussion

4.3.1 Effect of epithelial cell concentration on optimal trapping frequency

Based on observations during prototype development and external evaluation of the ADE
system, samples containing a high number of epithelial cells showed poor acoustic trapping
efficiency at the predicted optimal frequency. In order to test the hypothesis that a high
concentration of epithelial cells was responsible for shifting the optimal trapping frequency and
causing loss of trapping, samples were prepared with yellow fluorescent beads suspended either
in water, lysate from 75,000 cells, lysate from 100,000 cells, or lysate from 150,000 cells. All
epithelial cells were collected from the same donor, and lysed as described in section 4.2.3. Each
sample was trapped in triplicate using the same microfluidic chip, ensuring that any variance in
optimal trapping frequency was due to sample composition. Each sample was exposed to six

different applied frequencies, and optimal trapping frequency determined by image analysis of the
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single largest aggregate of beads. The results in Figure 4-4 show video snapshots acquired from
the acoustic trapping site during each test, in which clear aggregation is observed. At the same
applied frequencies, very different outcomes are observed for each sample. The data shows that
the optimal trapping frequency for a solution of beads in water is 7.76 MHz, but this shifts up to

7.78 MHz for a sample containing 75,000 lysed epithelial cells. While there is still some particle
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Figure 4-4. Shift in optimal trapping frequency with increasing epithelial cell concentration. Over a range of 6 applied
frequencies (y-axis) different acoustic trapping is achieved, visualized by the aggregation of yellow fluorescent beads. In
samples with increasing concentration of lysed epithelial cells (x-axis) there is a clear increase in the optimal trapping frequency.

aggregation at 7.76 MHz in the 75,000 cell sample, the cluster is smaller and visibly less dense.
In the samples containing 100,000 cells and 150,000 cells, the aggregation at 7.76 MHz is further
diminished, and the optimal trapping frequency shifts higher. This data clearly shows that
epithelial cell concentration has an effect on the optimal trapping frequency, and that increasing
the number of epithelial cells shifts the optimal frequency higher. This strengthens the hypothesis

generated from observations during external evaluation at the Palm Beach County Sheriff’s Office,
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in that high epithelial cell samples displayed loss of trapping at a previously predicted optimal
frequency. Additional experiments were conducted with samples containing a wider range of
epithelial cell concentration, identifying the optimal trapping frequency via bead aggregation. The
results in Figure 4-5 plot the optimal trapping frequency (y-axis) against the number of epithelial
cells in the sample (x-axis), and show two trends. With a higher concentration of epithelial cells

in the sample, the average optimal trapping frequency shifted higher. Additionally, the average
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Figure 4-5. Effect of epithelial cell concentration on optimal trapping frequency. Samples with more epithelial cells display a higher
average optimal trapping frequency, and also exhibit larger variance in optimal trapping frequency. Error bars represent + 1
standard deviation, n = 3 for each data point. The sample with 25,000 cells trapped at the same frequency in all three tests, hence,
there is no error bar.

optimal trapping frequency became more variable at higher epithelial cell concentrations. This
variability only adds to the concern that some samples, with a high number of epithelial cells, may
not exhibit acoustic trapping as expected based only on channel height.

These findings necessitate analysis of the acoustic trapping phenomenon, and what could
impact the standing wave. The resonance condition of an acoustic oscillator is dependent on the
sound velocity, frequency, and wavelength, as well as the cavity dimensions. Changes to any of
these parameters will impact the resonance condition, which in turn affects the pressure amplitude

of the standing wave. The relationship between amplitude and frequency has a narrow range,
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where deviation from the resonant frequency will result in drastic loss of acoustic pressure
amplitude. That loss manifests as weaker acoustic trapping, and failure to retain particles. Thus,
changes in resonance condition due to alteration in fluid compressibility or density, must be
addressed by shifting the applied frequency in order to achieve acoustic trapping.

We hypothesize that this distinct shift in optimal trapping frequency is a direct result of
changes to the viscosity, density, and compressibility of the liquid. There is an empirical
dependence between these properties [20, 21], and upon lysis of hundreds of thousands of
epithelial cells, the release of cellular components will drastically impact liquid characteristics [ 1-
4]. Changes in the density and compressibility of the liquid will alter the speed of sound in that
medium, as shown by Equation 1 (v = speed of sound, K = compressibility, p = density). In turn,
changes to the speed of sound alter the wavelength generated by an applied frequency, as seen in
Equation 2 (c = speed of sound, A = wavelength, /= frequency). Thus, shifts in fluid density or
compressibility lead to loss of resonance, and necessitate a corresponding shift in applied

frequency to generate a standing acoustic wave.

(1) v = (Kp)/?

Cc

2) A= ]—c
The results from trapping experiments with different epithelial cell samples, shown in
Figure 4-4 and Figure 4-5, demonstrate a clear need for an adjustment to ADE in order to handle
any type of sample, and hence, our proposed real-time feedback system. This simple experiment
showed that, on the same microchip and under the same conditions, acoustic trapping may fail due

to unique sample characteristics that are unknown prior to attempting ADE. While our ‘frequency

scanning’ approach can accurately account for chip-to-chip differences, a new method is required
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to account for sample-to-sample differences. The initial scan of frequencies will still be
implemented to provide a starting point for acoustic trapping, but when actual sample is introduced
into the trap site, a real-time approach that can influence the trapping efficiency right away will be
necessary. To achieve this, the previously described voltage measurement approach was
implemented during ADE.
4.3.2 Correlation of voltage output with resonant frequency

A proof-of-concept test was conducted to demonstrate the relationship between voltage
output of the piezo, and optimal acoustic trapping frequency for a microchip. Figure 4-6A shows

the voltage data collected while scanning through eight frequencies on an empty microchip, from
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Figure 4-6. Voltage response to acoustic trapping. (A) An empty ADE microchip was subjected to a scan of 8 applied frequencies.
Real-time voltage data shows minimal changes in voltage output across all 8 frequencies. (B) Voltage data from a scan of the
same chip, loaded with fluorescent beads in water. There is a minimum in output voltage at 7.57 and 7.59 MHz. (C) Video
snapshots collected during frequency scan. The largest single aggregation occurs at the same applied frequencies as the minimum
output voltage.

7.53 MHz to 7.67 MHz. The frequencies were applied for four seconds, the function generator
was deactivated, shifted to a higher frequency, and applied again. The voltage data (y-axis) shows
almost no change in the output of the piezo, as the microchip was empty and contained no particles
to be trapped or liquid to transmit sound waves. The voltage data in Figure 4-6B shows the same

frequency scan applied when the microchip was loaded with a solution of fluorescent beads in
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water. Here, a clear drop in output voltage is observed at both 7.57 MHz and 7.59 MHz, before

returning to the initial voltage levels. These two average minimum outputs correspond with the

optimal particle trapping observed with fluorescent beads, shown in Figure 4-6C. The video

snapshots show equivalent trapping at 7.57 MHz and 7.59 MHz, with a single dense aggregate of

beads retained under flow. These results demonstrate that monitoring voltage output of the piezo,

and specifically locating the minimum in voltage output, can be used to identify optimal trapping

frequency. This confirms the hypothesis that voltage output will change in response to shifts in

vibration of the piezo, and that lower voltage output correlates with less resistance to vibration,

i.e. the optimal trapping frequency.

This  experiment  was
repeated with multiple different
microchips and solutions, with
additional results shown in Figure
4-7. Here the frequency scan was
conducted from 7.54 MHz to 7.68
MHz, with a minimum in output
voltage occurring at 7.58 MHz.
Figure 4-7B shows that the
strongest aggregation of beads also
occurs at 7.58 MHz, confirming
that voltage output can be used to
determine  optimal  trapping

frequency. One important aspect
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Figure 4-7. Voltage minimum indicates optimal trapping frequency. (A) During a
scan of 8 applied frequencies, output voltage data was collected. The minimum in
output voltage across the piezo occurred at 7.58 MHz. (B) Video snapshots from
the acoustic trapping test. The largest single aggregate of particles occurs at 7.58
MHz, corresponding with the minimum in voltage output.
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of these results is that measuring the voltage output of the piezo is faster, more objective, and
easily automatable than visually determining the strongest aggregation of beads. Therefore,
voltage measurements at multiple different frequencies could be preprogrammed, performed on
the millisecond timescale, and repeated often throughout sample trapping in order to ensure that
the optimal trapping frequency is always applied.

4.3.3  Evaluation of voltage measurement circuitry

The schematic shown in Figure 4-1 is a general layout for the peak detector circuit, but
within the custom PCB built for this project, there were three unique designs included for
measuring the output voltage of the piezo. Termed ‘Circuit #1, Circuit #2, and Circuit #3,” minute
differences were expected to impact the voltage data. Circuit #1 and Circuit #2 shared a similar
topology, the classic peak detector, differing only in the orientation of a single diode. This setup
captured the peak voltage of the input signal, and held it inside a capacitor until a higher input
signal was received. Due to voltage drop across the diodes and some current leakage, the output
of the peak detector from Circuits #1 and #2 was expected to be less than the actual value of the
peak. Circuit #3 was slightly more complex, using the fast comparator approach described in
section 4.2.1. This results in more accurate measurements, with error on the scale of 10 mV as
opposed to 500 mV for Circuits #1 and #2.

In order to benchmark the performance of each peak detector circuit, all three were tested
by acoustically trapping fluorescent beads in water, across a range of applied frequencies. For
Circuit #1, the output voltage data and video snapshots of trapping are shown in Figure 4-8. As
expected, the minimum output voltage at 7.54 MHz matched the strongest visual trapping of beads.
The baseline voltage was approximately -0.5 V, and each new frequency caused an initial spike in

voltage, followed by stabilization. This can be compared to Circuit #2, data shown in Figure 4-9.



Here the minimum voltage output at 7.65 MHz also
corresponds to strong aggregation of beads, and the
initial spike in voltage output at each new frequency
baseline

is also observed. The

signal is
approximately 0 V, and maximum voltage output is
slightly lower than that measured with Circuit #1.
The same test was conducted with Circuit #3, the
resulting data are shown in Figure 4-10. Again the
minimum voltage output identified the same optimal
trapping frequency as visual monitoring of beads,
occurring at 7.59 MHz. The baseline signal for this
circuit was approximately 0.1 V, and the initial spike
in output voltage was still observed.

Importantly, all three circuit designs showed
the same trend from the voltage measurements: a
minimum output in voltage from the piezo
correlated with the optimal trapping frequency.
Directly comparing the data from each of the three
circuit designs showed a difference in baseline
signal, and potential differences in maximum output
voltage (approximately 3.4 V for Circuit #3,

approximately 3.2 V for Circuits #1 and #2). The

difference in measurement error did not appear to
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Figure 4-8. Voltage data from Circuit #1. (A) Voltage data
collected from Circuit #1 during a frequency scan. A
minimum in output voltage occurred at 7.54 MHz. (B) Video
snapshots from the trapping run. The largest single
aggregate of particles is seen at 7.54 MHz, matching the
freauencv identified bv output voltaae measurements.

A Voltage vs. Applied Frequency [Perrso T ]

32 ™ ]
[\

34

2] I~ \F\ \\.

26

24+
22+
24

18+

& 16
2

2 14+
12
14
08-
06-
04-
02+
0 g Ll L

761 763 |
MHz

1005086:3!

7.55 MHz 7.57 MHz 7.59 MHz 7.61 MHz
7.63 MHz 7.65 MHz 7.67 MHz 7.69 MHz

Figure 4-9. Voltage data from Circuit #2. (A) Voltage data
collected from Circuit #2 during a frequency scan. A
minimum in output voltage occurred at 7.65 MHz. (B) Video
snapshots from the trapping run. The largest single
aggregate of particles is seen at 7.65 MHz, matching the
frequency identified by output voltage measurements.
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impact the data collection. However, it is |[A Voltage vs. Applied Frequency (oo 7T

i:, F b F ~ =
important to note that this data was collected from ] \
multiple, subsequent tests, and thus any difference N F

in the spectra cannot be solely attributed to the 2

circuit features. For future testing, data

acquisition was adjusted to collect data from all
three circuits simultaneously.

4.3.4 Circuit comparison with a continuous

7.59 MHz 7.61 MHz 7.63 MHz 7.65 MHz

scan
Figure 4-10. Voltage data from circuit #3. (A) Voltage data

. . collected from circuit #3 during a frequency scan. A
Subsequent  testing  continued  the inimumin output voltage occurred at 7.59 MHz. (B) Video
snapshots from the trapping run. The largest single

comparison of Circuits #1, #2, and #3, but also @99regate of particles s seen at 7.59 MHz, matching the
frequency identified by output voltage measurements.
introduced a continuous frequency scan. All previous testing had operated by applying the desired
frequency for 4 seconds, deactivating the function generator, shifting to a higher frequency, then
reactivating the function generator for another 4 seconds. This on/off stepwise fashion was
effective for determining optimal trapping frequency, but would not be suitable for real-time
feedback when trapping an actual sample. Deactivating the function generator results in loss of
the standing acoustic wave, meaning that during the transition between frequencies, there is no
acoustic trapping. If an authentic sample were present, that gap would result in sperm cells lost to
the waste reservoir. Instead, a continuous scan is needed, wherein the function generator remains
activated, and the frequency is stepped higher without any interruption. As implemented in our
manual feedback system, this requires the operator to rapidly delete and enter each frequency

value. A comparison of the two methods is shown in Figure 4-11. For this data, the black, green,

and red traces represent Circuit #1, #2, and #3 respectively. The on/off scan, 4-11A, results in
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voltage minimums at 7.55 and 7.56 MHz, matching the strongest observed trapping (4-11C). The

voltage data for Circuits #1 and #2 is virtually identical, while Circuit #3 is offset slightly, but
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Figure 4-11. Continuous scan with manual frequency control. The black, green, and red traces represent Circuits #1, #2, and #3,
respectively. (A) Voltage data collected during a manual frequency scan. Each frequency was applied for 4 seconds before turning
off the function generator, shifting the frequency up by 0.01 MHz, and activating the function generator again. (B) Manual scan
conducted by keeping the function generator active throughout, and adjusting the applied frequency every 4 seconds. In both
cases, the scan covered 7.53 MHz to 7.60 MHz, and a minimum in output voltage occurred at 7.55 or 7.56 MHz. (C) Video
snapshots from fluorescent bead trapping. For both scans, the minimum voltage output corresponds with strong particle
aggregation.

shows the same trend. Figure 4-11B shows the voltage data collected during a continuous scan,
with the associated video snapshots in 4-11D. Here a clear minimum in output voltage is identified
at 7.56 MHz, which matches the strong trapping observed from the bead aggregation. It can be
observed that unlike previous scanning experiments, the aggregate of beads does not drastically
diminish in size after the optimal trapping frequency has been reached (i.e. at 7.59 and 7.60 MHz).
We hypothesize that this is due to the constant influx of more fluorescent beads, without any pause
in the applied frequency. This results in an increasing concentration of beads in the trap site, and
the previously trapped aggregate cannot dissipate and flow out of the trap site before the next
frequency is applied. This is exactly the desired effect when trapping sexual assault samples, in

order to minimize loss of sperm cells. Importantly, however, monitoring the output voltage still
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indicates the true optimal trapping frequency, regardless of particle concentration. Furthermore,
the continuous scan required half the time of the on/off scan, and by reducing the time each
frequency is applied, an entire scan could be conducted in less than two seconds.

The results of this experiment showed that a continuous scan is a viable approach, even
with manual entry of each applied frequency. The continuous scan was faster than an on/off scan,
resulted in more particles being retained in the trap site, and identified the same optimal trapping
frequency as the on/off approach. Moving forward, only a continuous scan was used for testing.
Additional analysis of the data showed that the voltage measurements from Circuits #1 and #2 are
in fact identical, varying only in their baseline signal amplitude. Circuit #3 values were offset
approximately 0.5 V higher, and showed slightly more gradual changes.

4.3.5 Manual real-time feedback to mock sexual assault samples

After clearly demonstrating that identifying a minimum in output voltage from the piezo
can be used the determine the optimal trapping frequency, mock sexual assault samples were
prepared to apply this technique to a relevant sample matrix. One of these samples contained
290,000 total cells, with a ratio of 5:1 female epithelial cells:male sperm cells. The sample
underwent a standard differential lysis procedure, as described in Chapter 2 section 2.3.5. The
resulting lysate was processed with the manual feedback ADE approach. A rapid scan of eight
frequencies was conducted from 7.54 MHz to 7.61 MHz, with 0.01 MHz increments, in order to
identify the optimal trapping frequency for this specific microchip. The resulting voltage data is
shown in Figure 4-12Ai, where a clear minimum in output voltage can be identified at 7.59 MHz.
With this starting point of 7.59 MHz, the mock sample was flowed through the trapping site with
the piezo activated. The applied frequency was manually increased in 0.01 MHz increments, while

the operator monitored the voltage output in real-time. The voltage data is shown in Figure 4-
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Figure 4-12. Real-time feedback during mock sample trapping. (Ai) Trapping fluorescent beads in water across 8 frequencies shows
a clear voltage minimum at 7.59 MHz. (Aii) While trapping the mock sexual assault sample, the applied frequency is adjusted by
0.01 MHz each step. A local minimum in average voltage is observed at 7.61 MHz, so that frequency is applied for the remainder
of the trapping. (Bi-iv) Visual monitoring of the trap site over 30 seconds. At the conclusion of the trapping event, a large
aggregate of sperm cells has been captured. (Ci-iv) Color adjusted images from trapping site. Image processing allows for the
sperm aggregate to be clearly identified. (D) Images of beads (i) and beads with sperm cells (ii) being trapped. The shadow above
and behind the aggregate is clearly visible due to the angle of lighting above the microchip.

12Aii, and during sample trapping a minimum in output voltage was observed at 7.61 MHz, a shift
up by 0.02 MHz compared to the frequency scan of beads in water. After two subsequent
frequency steps to ensure the minimum had occurred, the frequency was set and held at 7.61 MHz
for the remainder of sample trapping. Video snapshots from the sample trapping (Figure 4-12B)
show that an aggregate of trapped sperm cells grows in size over the 30 second trapping event. In
these brightfield images, the region highlighted by the red ellipse in Bi shows no cells, while the
blurred area encompassed in the red ellipse (Bii-iv) is the growing aggregate of cells. While a
trained eye can easily discern the cell clumps in Panel B, the aggregation may not be apparent to
an untrained observer. The images were also processed with a color adjustment (Figure 4-12C)
to help visualize the trapped cells. This color adjustment was performed in ImageJ software,

utilizing the L*a*b* color space and the ‘Color Inspector’ plugin, which boosted color contrast by
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14X and rotated color -90°. This manipulation of the image provides more intuitive visualization
of the shadow associated with the cell aggregate, which grows over time as more cells are
acoustically trapped. The shadows can be easily seen in Cii-iv, and are highlighted by the white
ellipses. To further illustrate this point, Figure 4-12D shows brightfield images of beads (Di) and
beads with sperm cells (Dii) during ADE. The shadow on the bottom of the channel is clearly
visible behind the aggregates; the color adjustment of images from mock sample trapping allows
this to be more easily recognized.

This experiment confirmed that, not only is an initial frequency scan necessary to
determine the optimal frequency for each specific chip, but also the optimal trapping frequency
may change, during a run, dependent on each specific sample. Most importantly, it shows that any
shift in optimal trapping frequency can be accounted for, in real-time, solely by monitoring the
output voltage from the piezo. This kept the piezo at its optimal resonant frequency, resulting in
a large aggregate of captured sperm cells. The described feedback method is still ‘manual,’
requiring user analysis and input during the test. However, this capability now means that samples
with excessive amounts of epithelial cells can be processed, maintaining acoustic trapping even
under extreme circumstances.

4.3.6 Effect of viscosity on optimal trapping frequency

The core problem with ADE’s inability to deal with a broad range of sexual assault samples
was the change in viscosity due to cellular lysis. While this specific phenomenon was identified
in the context of forensic DNA identification, acoustic trapping of particles is relevant in many
other fields. In order to make these findings more applicable for the general microfluidic
community, an experiment was conducted using glycerol solutions spiked with fluorescent beads.

An ADE microchip was loaded with fluorescent beads in water (reservoir 1), fluorescent beads in
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5% glycerol (reservoir 2), and fluorescent beads in 10% glycerol (reservoir 3). A frequency scan
from 7.52 MHz to 7.76 MHz, 0.02 MHz increments, was conducted while flowing each solution

through the acoustic trap site, with voltage data collected in real-time. The frequency scan with
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Figure 4-13. Shift in voltage minimum with changing viscosity. (A) Frequency sweep of fluorescent beads in water. A clear
minimum in output voltage is observed at 7.58 MHz, corroborated by visual aggregation of beads. (B) When flow is switched to a
solution of 5% glycerol, the optimal trapping frequency shifts up to 7.64 MHz. The new minimum output voltage matches the shift
in observed particle trapping. (C) When trapping beads in 10% glycerol solution, the minimum output voltage shifts up to 7.68
MHz. (D) The solution of human serum spiked with fluorescent beads displayed a minimum output voltage at 7.70 MHz.

fluorescent beads in water showed a clear minimum output voltage at 7.58 MHz (Figure 4-13A),
indicating the optimal trapping frequency. The subsequent frequency scan was conducted with
the 5% glycerol solution, and the minimum output voltage shifted to 7.64 MHz (Figure 4-13B).
Similarly, when that fluid is replaced by a 10% glycerol solution, the minimum output voltage
increased again, to 7.68 MHz (Figure 4-13C). This straightforward test demonstrates how the

optimal trapping frequency is influenced by viscosity, which will impact acoustic trapping

efficiency.
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For our applications, any increase in viscosity is due to release of cellular components from
lysed epithelial cells. Other, similarly complex sample matrices are prevalent in microfluidic
acoustic trapping applications [22, 23], and thus, it was important to establish that this effect is
observed in other biofluids. Human serum was selected as a sample matrix because it has modest
viscosity (1.4 cP), and is laden with protein (~70 mg/mL). As with glycerol solutions, 100 uL of
human serum was spiked with fluorescent beads, and flowed through the ADE chip during a
frequency scan, with constant measurement of piezo voltage. Figure 4-13D shows the output
voltage during the frequency scan, where a clear minimum can be identified at 7.70 MHz. This
indicates that human serum is more similar to a 10% glycerol solution (optimal frequency 7.68
MHz), than to water (optimal frequency 7.58 MHz), with regard to liquid properties for acoustic
trapping. The dynamic viscosity for serum (1.4 cP) is most similar to 10% glycerol (1.3 cP), as
opposed to 5% glycerol (1.1 cP) or water (0.9 cP), and the shift in optimal trapping frequency
reflects those relative values. It noteworthy that a sample of serum diluted 5X in water was tested,
resulting in an optimal trapping frequency of 7.60 MHz. This is indicative of the reduced viscosity,
causing the fluid to behave more like water and experience acoustic trapping at a similar frequency.
This serum experiment also supports the hypothesis that viscosity is the driving force behind the
observed shift in optimal trapping frequency, that is to say, there is not an additional factor unique
to cell lysate or serum that shifts the optimal frequency independent of viscosity.

4.3.7 Current measurements for optimal frequency determination

The previous results have clearly shown that real-time, electronic measurements of an
acoustic trapping system can be used to identify the optimal trapping frequency on a sample-to-
sample basis. However, they are not limited to measuring the output voltage from the piezoelectric

transducer. A new custom PCB was designed, which measured the DC current from the function
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generator entering the amplifier. The theory behind this design was that in the electrical circuit,
there is some variable resistance due to changes in vibration of the piezo at different applied
frequencies. That variable resistance should result in different amounts of current drawn through
the circuit, which can be easily measured. The main benefit to this approach is that an external
peak detector circuit is not necessary, as the output voltage from the piezo would not need to be
monitored. An additional feature of this new PCB was the ability to program frequency scans for
duration, step size, and range, allowing for much faster and more precise frequency changes as
compared to the manual feedback approach.

A demonstration of this principle is shown in Figure 4-14, as beads in water were
acoustically trapped during a frequency scan from 7.50 MHz to 7.60 MHz. In each plot, the green
trace indicates a change in applied frequency (shifting up 0.01 MHz), the red trace is the output
voltage from the piezo, and the black trace is the measured current into the amplifier. The plot in
Figure 4-14A was generated from a scan with a four second hold at each frequency. Both a
minimum in output voltage (red) and a maximum in input current (black) were observed at the

penultimate frequency, 7.59 MHz, indicating the optimal trapping frequency. This showed that
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Figure 4-14. Current and voltage measurements during automated scan. (A) A frequency scan was conducted from 7.50 MHz to
7.60 MHz, shifting up 0.01 MHz every 4 seconds. The green trace indicates a change in applied frequency, while the red trace is
the voltage output from the piezo, and the black trace is the current into the amplifier. The minimum output voltage corresponds
with the maximum input current, indicating that current measurements can also be used to identify the optimal trapping
frequency. (B) The same scan was conducted with a 1 second scan time, and the same trend is observed. (C) A 500 ms scan time
generates the same results, a maximum input current corresponding with minimum output voltage.
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monitoring the input current will generate the same results as measuring the output voltage from
the piezo, but require less complex hardware. Figure 4-14B and C were generated from frequency
scans at 1.0 and 0.5 second frequency steps, respectively, moving closer to the timescale desired
for implementation during automated feedback for ADE. In both of those scans, the same trend
was observed, with a minimum output voltage and maximum input current occurring at 7.59 MHz,
identifying the optimal trapping frequency.

This more automated, DC measurement approach was also tested using with epithelial cell
lysate samples. An ADE microchip was loaded with a solution of beads in water, as well as a
mock sample containing lysate from 160,000 epithelial cells, and subjected to acoustic trapping.
With the ability to preprogram rapid frequency scans, two back-to-back scans covering 7.52 MHz
to 7.64 MHz were conducted with each solution. The data for a solution of beads in water, Figure
4-15, plotted the input current at each applied frequency. The black trace is raw data, and the red
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quickly and accurately identify

properties.
4.4 Summary

In solutions with an increasing number of lysed epithelial cells, a corresponding shift to a
higher resonant acoustic frequency was observed. When more than 100,000 epithelial cells were
present in solution, the resulting lysate displayed a higher average optimal trapping frequency than
a solution of water, also with higher variability. The observed frequency shift can be attributed to
changes in viscosity, density, and compressibility of the liquid, which alters the speed of sound
through the medium. Consequently, the wavelength generated by an applied frequency will be
shifted: a denser fluid possess a higher speed of sound, which results in a longer wavelength from
the same frequency of sound as compared to water. The connection between sample cell
concentration and shifting resonant conditions was a breakthrough that helped launch the next
stage of ADE research. The described phenomenon, combined with observations made during

evaluation of the ADE technology with non-probative sexual assault samples, led to the conclusion
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that sample-to-sample variability caused acoustic trapping failure with some non-probative
samples tested at forensic laboratories. Those specific sample-to-sample differences cannot be
accurately predicted prior to ADE, and they directly impact the necessary frequency to achieve
resonance.

A distinct relationship was shown between the output voltage of a piezoelectric transducer,
and the optimal frequency for a resonant acoustic wave. Through straightforward experiments that
combined visual aggregation monitoring and real-time voltage measurements, the minimum
output voltage was shown to reproducibly correlate with the optimal trapping frequency.
Furthermore, it was demonstrated that when the resonant frequency is affected by solution
viscosity, monitoring the output voltage from the piezo is sufficient for detecting this change and
identifying the new optimal trapping frequency. This principle has not been described elsewhere
in the literature, as no groups have reported directly on the effect of viscosity on resonant trapping
frequency. This real-time feedback system allowed for multiple, rapid scans of different
frequencies during ADE. Determining the shift in optimal frequency during a run allowed for a
new frequency to be selected during the sample trapping stage, resulting in successful sperm cell
capture. Finally, it was demonstrated that measuring the DC current entering amplifier, as opposed
to voltage out of the piezo, is equally viable for identifying the optimal trapping frequency. Due
to the greater simplicity in measuring DC, and less invasive hardware modifications, this approach
will be explored for future prototypes.

The future directions of this research will seek to combine the established ADE protocol
with real-time feedback, providing the bandwidth to process any sexual assault sample. The
immediate steps that must be taken are to automate the optimal frequency identification, either

through voltage or current measurements, and program a feedback loop that will update the applied
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frequency independent of any operator. In theory, this approach will first conduct a scan of
multiple frequencies, and select the frequency that generated a voltage minimum or current
maximum. From that point, the applied frequency will be shifted up or down by 0.01 MHz, the
new voltage or current value compared to the previous data point, and dependent on an increase
or decrease in signal, the frequency will either remain the same, or be adjusted to the new optimal
trapping frequency. This will occur in approximately 100 ms, and be repeated throughout the
trapping process, in order to account for any changes in sample viscosity due to temperature, or
other factors, during ADE. The described approach for maintaining the optimal trapping frequency
is essentially ‘cruise control’ for ADE. The data and findings from this chapter will allow for
accurate, rapid frequency identification to occur in real-time, and when implemented into an ADE

prototype, lead to faster processing of all sexual assault samples.
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Chapter S: Microchip separations of explosive compounds on native

polymeric substrate

5.1 Introduction

5.1.1 Detection of military-grade explosives

Military installations, munitions manufacturing sites, and other government facilities are
at high risk for inadvertent contamination of soil and groundwater with toxic explosive compounds
[1]. These sites can leach nitrated explosives into the surrounding environment, requiring regular
monitoring for human health, as well as plant and animal life [2, 3]. The often remote,
inconvenient location of these installations, as well as the labor-intensive protocols required for
sample testing, pose significant challenges to this task. The only Environmental Protection
Agency (EPA) approved method for detecting explosive compounds in soil and groundwater is
not field-portable [4], and few commercial alternatives exist to meet this need. This chapter
describes a new project that seeks to provide rapid, on-site detection of multiple explosive
compounds for environmental and forensic applications.

One of the most common classes of military explosives are organic, nitro-containing
compounds. These molecules are typically neutral, contain one or more nitro groups, and have
been used extensively throughout history [5]. The majority of these compounds were implemented
as explosives, propellants, or chemical intermediates during munitions manufacturing. Though
many are no longer used by the U.S. military, stockpiles of these explosives and their degradation
products remain throughout the country, and pose a risk to human health and environmental safety.
The current gold standard for detecting these compounds uses high performance liquid

chromatography (HPLC), but micellar electrokinetic chromatography (MEKC) is an attractive
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alternative for several reasons. Like HPLC, MEKC can rapidly separate neutral compounds, yet
does not require a packed column or external pressure source. MEKC has also been implemented
as a portable microchip technology [6], which remains a major hurdle for HPLC. Several research
groups have investigated the separation of explosive compounds through MEKC, with promising
results. Bailey et al. [7] and Kennedy et al. [8] applied MEKC to detect a panel of 14 explosive
compounds. These approaches used indirect laser-induced fluorescence (ILIF), the same detection
scheme employed herein, to resolve all 14 explosives in less than 15 minutes. While their
separations were performed on a commercial benchtop capillary electrophoresis instrument, the
aim of this research is to adapt the rapid MEKC approach to a microfluidic platform that is
amenable for portability.
5.1.2  Cyclic olefin copolymer for microchip separations

In order to scale this technology to the micro realm, we performed electrophoresis on a
thermoplastic polymer microdevice. Glass microchips are typically preferred for electrophoresis
based on their optical transparency and chemical stability, but their fragility, high cost, and difficult
fabrication are detrimental for on-site analyses [9]. One research group has demonstrated
separation of several explosive compounds on a glass microchip [10], but neither the hardware nor
microchip were portable or rugged enough for practical use. In contrast, cyclic olefin copolymer
(COC) microchips were employed for the research presented herein. This polymer substrate was
chosen for its similar optical properties to glass, but with an increased resistance to scratching or
breaking, making COC a durable, low-cost alternative. One drawback of COC, however, is its
lack of formal surface charge. For this reason, most research groups who perform electrokinetic
driven separations on COC implement a surface treatment, which provides charge and adds

functionalization to the channel walls, promoting a larger zeta potential [11,12]. Zeta potential
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describes the electric potential between the bulk solution and the channel wall, and is an important
representation of ion distribution in the dispersed medium. Application of surface treatments to
thermoplastic microdevices is one approach for fabricating devices with a higher zeta potential,
and ultimately, a stronger electric double layer. However, such surface modifications are seldom
straightforward, and can result in single-use-only microchips [13]. For our purposes, a native COC
device was selected, as it could be purchased commercially, stored indefinitely with no surface
modifications, and resist deformation or breaking during portable use. Despite its lack of
functionalized groups, literature has suggested that adsorption of anions to neutral surfaces can
impart charge to materials that would otherwise lack the requirements for performing
electrokinetic separations [14, 15]. For this reason, COC was considered a suitable potential
substrate.

This chapter describes free-solution, electrokinetic driven separations on a native COC
device, identifying explosive compounds for environmental and forensic samples. Previous
research in this area has relied on microdevices using either glass substrates, surface modifications,
or benchtop instruments to achieve explosive compound detection in a timely manner. Our goal
was to demonstrate a path toward on-site explosives detection, using a low-cost, durable, native
thermoplastic-based microfluidic platform.

5.2 Materials and methods

5.2.1 Selection of explosive compounds

With advice from collaborators at the Naval Research Laboratories, eleven explosive
compounds were selected for testing. These compounds were chosen for their relevance in
environmental and forensic science, their inclusion in the EPA method, as well as their amenability

to separation via MEKC. Table 5-1 lists the explosives chosen, as well as their toxic effects in
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TNT Anemia, abnormal liver function Explosives manufacturing
DNT Vomiting, cyanosis Explosives manufacturing
Tetryl Vomiting, skin rashes Military installations
2-nitrophenol Skin irritation, aquatic toxicity Industrial manufacturing
4-nitrophenol Inhibited DNA repair Water contamination
2,4-dinitrophenol Cataracts Industrial manufacturing
3,5-dinitroaniline Skin and eye irritation Explosive blasting
NTO Muscular atrophy Munitions storage
Picric acid Skin disease, poisoning Explosives manufacturing
Nitroguanidine Skin and eye irritation Environmental exposure
Nitroglycerin Low blood pressure, nausea Explosives manufacturing

Table 5-1. Explosive compounds of interest. These eleven explosives are all hazardous to humans, plants, and animals. Exposure
may occur through many avenues, often via environmental contamination near military storage or munitions manufacturing sites.

humans, and the most common route of exposure [16-23]. Many of these compounds are also
hazardous to plant and animal life, often through contamination of soil and groundwater.
Analytical standards were acquired from Cerilliant (TX, USA) and Accustandard (CT, USA).
Each standard was purchased in dilute form (0.1-5 mg/mL), dissolved in either methanol or
acetonitrile. Prior to testing, each explosive standard was further diluted, and in some cases,
combined to form mixtures of compounds.
5.2.2  Microchip separation conditions

COC microchips were purchased from Microfluidic ChipShop (Germany), and were
fabricated from injection molded Topas® polymer. Two microchip designs were selected, each
with a 50 x 50 um separation channel: one standard cross-T injection, and one staggered cross-T.
The four reservoirs (sample, sample waste, buffer, outlet) each held up to 20 pL of liquid, and
were connected via 50 x 50 um channels. Separations were performed using a high voltage power

supply (0-2000 V) with platinum electrodes. Indirect laser-induced fluorescence (ILIF) detection
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was implemented, with rhodamine B as the background fluorophore. ILIF measures the baseline
signal of a fluorescing species in the background electrolyte (BGE), and detects analytes when
they displace the fluorophore, causing a drop in signal. This detection scheme has been widely
reported for a variety of analytes [24, 25], and was shown to be more sensitive than indirect UV
absorbance, a similar detection technique [26]. In our system, rhodamine B is displaced by the
explosive compounds of interest, which themselves do not fluoresce, causing a drop in signal.
Laser excitation was achieved using a 488 nm sapphire laser, with fluorescence data collected via
photomultiplier tube.

Separations were performed in a sodium tetraborate buffer system, at pH 9.2. Unless
otherwise specified, all experiments were performed with 10 mM sodium tetraborate in both the
BGE and sample matrix (SM). The surfactant present in the BGE was sodium dodecyl sulfate
(SDS), at a concentration of 80 mM unless otherwise stated. Rhodamine B was added to all BGE
at 200 nM. The BGE also contained 2,000,000 M, polyethylene oxide (PEO) at 0.5% by weight.
PEO was included to increase the viscosity of the BGE, which limits diffusion of analytes,
resulting in higher resolution of peaks. Injection voltages were applied between 300 V and 750
V, over the course of 20 to 240 seconds. Separation voltages ranged from 1000 V to 1800 V, for
up to 400 seconds. The separation channel was 5.8 cm in length, and separation currents were
held below 60 pA at all times, to minimize Joule heating effects. For data analysis, resolution was
calculated using Equation 1, where ¢ = retention time (for peak a or b), and w;» = peak width at

half height (for peak a or b).

(1) R=1.18( fa ~ 0 )

Wi1/2(a) T W1/2(b)
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5.3 Results and discussion

5.3.1 Adapting MEKC to native COC microchip

The COC microchip employed for these separations was untreated, with no surface
modifications to enhance formation of the electric double layer. It was hypothesized that this
would not be a detriment, however, as literature has shown that under elevated pH (>8), native
COC will exhibit a zeta potential similar to that of borosilicate glass [27], indicative of electric
double layer formation. By using solutions at high pH and generating a large negative zeta
potential, ions in solution should still partition at the channel-fluid interface as they would with a
charged glass surface. If this is the case, then sufficient electroosmotic flow (EOF) could still be
generated without any surface treatment of the COC. This was tested by loading the microchip
(Figure 5-1A and B) with a BGE of sodium tetraborate at pH 9.2, and filling the sample wells
with BGE containing rhodamine B fluorescent dye. @~ When monitored via fluorescence
microscopy, the staggered cross-T injection site of the microchip can be seen in Figure 5-1C,
exhibiting no visible fluorescence. However, when 1500 V are applied from the sample to sample

waste reservoirs, the injection site is filled with the fluorescent rhodamine B solution. (Figure 5-

A

detail A 53

| S—

585

Outlet

Figure 5-1. Demonstration of electroosmotic flow on native COC microchip. (A) Microchip schematic from ChipShop (Germany).
50 micron diameter channels with both a standard and staggered cross-T injection. (B) Image of the COC microchip used for
experimentation. (C) Microscopic view of staggered injection channel, prior to sample loading. (D) Injection site after
electrokinetic loading of rhodamine B sample by applying 1500 V.
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1D). After voltage was applied from the buffer to outlet reservoirs, a sample plug was
electrokinetically driven towards the detector. This simple experiment demonstrated the ability to
generate rapid, reproducible electroosmotic flow on a native COC microchip, under appropriate
conditions.

This same experiment was conducted with laser excitation at 488 nm and fluorescence
detection (as described in section 5.2.2), with the results shown in Figure 5-2. When rhodamine
B was injected, Figure 5-2A, the y-axis (relative fluorescence units) shows a steady baseline signal
before a rapid rise in fluorescence at 190 seconds. When the trailing end of the plug passes the
detector, signal returns to baseline. The drop in signal is not as abrupt as the rise, indicating that
diffusion may lead to band broadening during actual separations. Figure 5-2B shows the results
from the inverse experiment: the separation channel initially filled with rhodamine B solution, and
a plug of non-fluorescent SM was injected. Here the baseline signal is high, and when the
fluorescent solution is displaced by the SM, a sharp drop in signal is observed. Both of these tests
show that concise plug of sample can be injected, electrokinetically driven down the channel, and

detected using measured changes in fluorescence.

A Rhodamine B injection B Sample matrix injection
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Figure 5-2. Injections of rhodamine B and sample matrix. (A) With the microchip filled with buffer, a plug of rhodamine B solution
was injected and electrokinetically driven past the detector. Increase in fluorescent signal indicates the plug of dye moving through
the channel. (B) In a channel filled with rhodamine B solution, a plug of the sample matrix (buffer) was electrokinetically driven
past the detector. The drop in fluorescence indicates the plug.
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5.3.2  Microchip detection of nitroaromatics

A panel of eleven explosives was acquired, based on their relevance for military and
environmental concerns, as well as their neutral character (Table 5-1). Each explosive was
analyzed individually, at final SM concentrations ranging from 0.02 mg/mL to 0.1 mg/mL, and
detecting via ILIF following a MEKC-based separation as described in section 5.2.2. The first
explosive detected was TNT, shown in Figure 5-3. Initial baseline signal is low, as the fluorophore
rhodamine B can be thermally quenched due to elevated temperature during prolonged laser
exposure [28]. Once voltage was applied from the buffer to outlet reservoirs, fresh BGE was
driven past the detector, causing an immediate rise in signal due to the introduction of unquenched
fluorophore. The EOF indicator, methanol, is observed after 80 seconds, indicating the fastest

possible elution time, as methanol has no micelle permeability and will migrate with the bulk EOF.

After 150 seconds, a

TNT standard

sharp drop in

fluorescence  indicates

the band of TNT passing 5

RFU
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the detector, displacing

the rhodamine B from 2 \

,  Injection Separation start

\

EOF indicator

the background

electrolyte in the | T omoan R

. . Figure 5-3. Detection of TNT. The signal disturbance at 80 seconds is due to methanol
detection zone. This passing the detector, displacing the rhodamine B and indicating the speed of bulk EOF.
Adrop in fluorescent signal at 155 seconds is due to a band of TNT passing the detector.

proof-of-principle result
showed that using low-cost, non-surface modified COC microchips, a rapid, electrokinetically

driven separation can detect a neutral explosive compound.
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Two additional nitroaromatic compounds, DNT and tetryl, were detected under these
conditions. Figures 5-4 and 5-5 show the spectra for DNT and tetryl, respectively, which were

each detected within 150 seconds. Due to the higher micelle permeability of DNT relative to TNT

. DNT standard
or tetryl, a higher methanol sanaar
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concentration was implemented in the

DNT
BGE. Increasing methanol reduced
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nitroaromatic compounds in
Figure 5-4. Detection of DNT. DNT is detected at 110 seconds due to a drop
in fluorescent signal. This separation is faster than that observed for TNT
due to higher applied voltages, as well as lower concentration of polymer.

particular, TNT, DNT, and tetryl, pose

a significant challenge, as they differ

Tetryl standard
only by the number of nitro groups 8

on the aromatic ring. This causes

. - . tetryl
them to interact similarly with kd
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difficulty of resolving these 0

compounds in a mixture. This is
Figure 5-5. Detection of tetryl. Clear drop in fluorescence is observed at
especially relevant as tetryl a 95 seconds, indicating the band of tetryl passing the detector.
2

common military grade explosive, will degrade over time first into TNT, then DNT, with the
sequential loss of nitro groups [29]. Detecting the presence of some, or all of these nitroaromatics,

and the ratio of each, would provide information about the age and degradation state of a sample.
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5.3.3  Microchip detection of nitrophenols

Four compounds from the nitrophenol family were identified using the described method.
Diluted standards of 2-nitrophenol (Figure 5-6), 4-nitrophenol (Figure 5-7), and 2,4-dinitrophenol
(Figure 5-8) were all detected within 200 seconds, with similar migration times observed for each
compound. These nitrophenols are the major components of Shellite, a military grade explosive,
and all have high acute toxicity for humans [30]. The other component of Shellite is 2,4,6-
trinitrophenol, also known as picric acid, which was detected via the described MEKC method.
That electropherogram, shown in Figure 5-9, resulted in two distinct drops in fluorescent signal
at approximately 165 and 180 seconds. This result was unexpected, as the picric acid standard
was high purity (98%) and should not contain detectable contaminants. It is our hypothesis that
picric acid had partially degraded over time, resulting in both 2,4,6-trinitrophenol and 2,4-
dinitrophenol in solution. There are multiple competing theories regarding the breakdown of picric
acid [31, 32], which result in various degradation products. If the standard of picric acid had
partially degraded, then the presence of another nitrophenol compound in solution would migrate

differently, and cause a second drop in fluorescence. It is not known which degradation product
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Figure 5-6. Detection of 2-nitrophenol. 2-nitrophenol is Figure 5-7. Detection of 4-nitrophenol. A slight drop in
detected at 175 seconds after injection, with some fronting fluorescence is indicative of the 4-nitrophenol band displacing
observed. rhodamine B as it passes the detector.
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Figure 5-8. Detection of 2,4-dinitrophenol. 2,4-dinitrophenol
displays a slower migration time than either 2- or 4-
nitrophenol, passing the detector at 200 seconds.

Figure 5-9. Detection of picric acid. Each test for picric acid
displayed two rhodamine B displacement events. Based on this
data, picric acid has separated into two distinct bands.

may have been in solution with picric acid, but the distinctive double displacement event was

observed with each test of this compound.

5.3.4 Detection of additional explosive compounds

Another explosive compound tested was 3-n

munition from the early 1900’s. Like picric acid,

itro-1,2,4-triazol-5-one (NTO), an army-grade
this analyte displayed two distinct drops in

fluorescence during the separation,
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Figure 5-10. Detection of 3-nitro-1,2,4-triazol-5-one (NTO).
electropherogram for NTO displays two distinct negative troughs,

were also observed in replicates of this test. Rhodamine B displacement

at 160 and 190 seconds are indicative of NTO passing the detector.

The drop in fluorescence. ~However,

which

unlike the picric acid anomaly, for

this compound we hypothesize that NTO isomerized to one of its many known conformations [33],

resulting in the detection of two conformers, each migrating at a different rate..
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The final three compounds detected were 3,5-dinitroaniline, nitroguanidine, and
nitroglycerin. Figure 5-11 shows the electropherogram for 3,5-dinitroaniline, which was clearly
identified by the drop in fluorescence at 220 seconds. The sharp band shape observed with 3,5-

dinitroaniline was not present for nitroguanidine (Figure 5-12) or nitroglycerin (Figure 5-13),

3,5-dinitroaniline standard which were each identified by broad

’ depressions in the spectra. This significant

3,5-dinitroaniline

s band broadening may be attributed to the length
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Figure 5-11. Detection of 3,5-dinitroaniline. Displacement of
rhodamine B by 3,5-dinitroaniline is observed at 220 seconds.
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Figure 5-12. Detection of nitroguanidine. A single, broad Figure 5-13. Detection of nitroglycerin.  Nitroglycerin is

depression is observed for nitroguanidine, passing the detected as a broad depression at 420 seconds.

detector at 385 seconds.

5.3.5 Separation of explosive mixtures

Having detected all eleven compounds individually, several relevant mixtures were tested
using our microchip MEKC separation and ILIF detection strategies. To start, TNT and 3,5-
dinitroaniline were added to the SM at 0.05 mg/mL and 0.02 mg/mL, respectively, and separated
using the same previously described conditions. These compounds were chosen due to their large

difference in micelle permeability, and therefore, migration time, which should allow for sufficient
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separation. The results (Figure 5-14) show that TNT, with less micelle interaction, passed the

detector first at 140 seconds, causing a distinct drop in fluorescence. The analyte band for 3,5-

dinitroaniline, which interacts more extensively with the micelle, is observed at 170 seconds.

While this result shows adequate separation of the compounds, there was concern over failure to

return to baseline fluorescent signal after detection of TNT. This effect was not observed in every

test, but it is hypothesized that lack of pull-back on the injection arms resulted in leaking of SM

TNT and 3,5-dinitroaniline
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Figure 5-14. Separation of TNT and 3,5-dinitroaniline. Two distinct
rhodamine B displacement events are observed. The first at 140 seconds is
attributed to TNT, the second at 170 seconds is due to 3,5-dinitroaniline.
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Figure 5-15. Separation of 2,4-dinitrophenol and 4-nitrophenol. A clear
trough is observed for 2,4-dinitrophenol at 245 seconds. Immediately
following that appears a broad depression, possibly due to 4-nitrophenol
passing the detector.

into the separation chamber. This
diluted the overall concentration
of rhodamine B in solution,
leading to a lower background
signal once the sample matrix
reached the detector.

Another combination of
interest was a solution of mixed
nitrophenols, which may be
common in samples that have
partially degraded from the parent
compounds of 2,4,6-trinitrophenol
or 2,4-dinitrophenol. Figure 5-15
shows the electropherogram from a
sample containing 2,4-

dinitrophenol and 4-nitrophenol,

each at 0.25 mg/mL in solution.



130

The first analyte to pass the detector, 2,4-dinitrophenol, can be easily identified by the drop in
fluorescence at 245 seconds. However there is poor separation from the second compound, 4-
nitrophenol, which appears as a broad band immediately following 2,4-dinitrophenol. Subsequent
tests were unable to improve the resolution, indicating that in its current state, this technique may
not be able to distinguish between different members of the nitrophenol family of explosives.
The nitroaromatic family was also investigated as a mixture, with TNT, DNT, and tetryl
each added to the sample matrix at 0.05 mg/mL. Each of these analytes is independently relevant,
but may also be present in environmental samples as a mixture, due to degradation over time.
However, due to their similar micelle permeability and observed similarity in migration time, full

resolution of all three molecules was not achieved. Figure 5-16 shows an initial attempt to resolve
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Figure 5-16. Separation of TNT, DNT, and tetryl. Two broad troughs are observed at 220 seconds
and 255 seconds. The first is due to TNT passing the detector, while the second can be assigned to
both tetryl and DNT, which were not resolved.

the three nitroaromatics, with clear identification of TNT at 220 seconds. A second, broader drop
in fluorescence is observed at 255 seconds, which can be attributed to tetryl and DNT comigrating,
simultaneously passing the detector and displacing rhodamine B. To address this issue, subsequent

testing was performed with a higher concentration of SDS (175 mM), which increased the number
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of micelles in solution, and in theory, increased analyte-micelle interactions. By increasing those
interactions, even small differences in micelle permeability should lead to larger differences in
migration time, therefore improving resolution between DNT and tetryl. The results are shown in
Figure 5-17, in which all three compounds can be identified by drops in the fluorescent signal.
However, baseline resolution is not achieved for tetryl and DNT, and the background fluorescent

signal does not return to baseline after the DNT band. These results could not be improved further
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Figure 5-17. Separation of TNT, DNT, and tetryl, elevated SDS. A separation employing a higher
concentration of SDS was able to resolve all three analytes. TNT, tetryl, and DNT are detected at
360, 410, and 425 seconds, respectively.

by solely adjusting the surfactant concentration.
5.3.6 Field-amplified stacking

With the goal of improving separation conditions for better resolution of multi-component
mixtures, TNT and DNT were selected as a test matrix for tuning a variety of parameters. Of
particular interest was the implementation of field-amplified stacking, or analyte preconcentration,
which takes advantage of differences in ionic strength between the BGE and SM to generate
regions of varying conductivity [34]. This principle, when applied to MEKC, results in an

increased concentration of micelles at the boundaries between the BGE and SM, due to difference
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in migration speed of the two solutions [35,36]. This boundary stacking of micelles then increases
the analyte-micelle interactions in a narrow region, causing tighter migration of analytes, and
diminished band broadening during separation. The effect of this field-enhanced stacking can be
observed by comparing Figures 5-18 and 5-19, both separations of TNT and DNT, performed
with and without stacking. For Figure 5-18, a mixed sample of TNT and DNT was separated
under the same conditions used for individual compound detection in section 5.3.2. The analytes
are clearly separated, with a calculated resolution of 1.30. However, when the borate concentration
in the SM is decreased five-fold, the separation improves dramatically. Figure 5-19 shows the
electropherogram from a field-enhanced stacking separation of TNT and DNT, with sharper, better
resolved drops in fluorescence observed for each analyte. The calculated resolution between TNT
and DNT was 2.27, a pronounced improvement relative to the success of separation without

stacking.
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Figure 5-18. Separation of TNT and DNT. TNT and DNT are detected at 100 and 115 seconds,
respectively. Baseline resolution was achieved, with clear separation of analytes. Resolution
was calculated at 1.30.
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TNT/DNT, field-enhanced stacking

RFU

DNT
! TNT

FIN
1Inject|on EOF indicator

Separation start

0
- O~ B»m e oo wunm
- NS LLO ™~ OO

Figure 5-19. Separation of TNT and DNT, field amplified stacking. A separation with stacking, or
analyte preconcentration, resulted in improved resolution (2.27) as compared to prior TNT and
DNT experiments.

5.3.7 Addition of [-cyclodextrin

To further improve separation of multiple explosives and promote enhanced resolution, 3-
cyclodextrin was added to the BGE. Often used as a chiral selector in capillary electrophoresis
[37], B-cyclodextrin forms complexes with molecules in a similar fashion to micelles, dependent
upon their inclusion into the hydrophobic cavity. In the context of MEKC, 3-cyclodextrin adds a
secondary method of resolving similar compounds, as they will partition in and out of the
hydrophobic centers. This effectively establishes a second ‘pseudo stationary’ phase for the
separation, as analytes can either be incorporated into the micelles or the cyclodextrin molecules.
While also employing field-amplified stacking, B-cyclodextrin was added to the BGE at 40 mM
for a separation of TNT and DNT. The resulting spectrum, Figure 5-20, shows baseline resolved
bands for each analyte, with a calculated resolution of 2.41, exceeding the previous best separation

conditions. A direct comparison of the effect of B-cyclodextrin is shown in Figure 5-21, which
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overlays three separations with different conditions. The top trace (gray) shows TNT and DNT

separated with no stacking or additives, with a resolution of 1.80. When field-enhanced stacking
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Figure 5-20. Separation of TNT and DNT, [-cyclodextrin. Addition of [f-cyclodextrin results in
improved resolution (2.41) for this separation. A second drop in fluorescence is observed for the
EOF indicator, cause unknown.
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Figure 5-21. Separation of TNT and DNT under different conditions. (A) Upper trace displays a
separation with equal buffer concentration in SM and BGE, no additives. Resolution = 1.80. (B)
Middle trace has analyte stacking (10X buffer concentration in BGE) and f-cyclodextrin (20 mM)
added. Resolution = 1.97. (C) Lower trace with analyte stacking (10X buffer concentration in BGE)
and [-cyclodextrin (40 mM) additive. Resolution is 2.31. Note: y-axis has been offset for visibility of
each spectrum.
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was implemented, and 20 mM B-cyclodextrin added (orange trace), the bands become sharper, and
resolution improves to 1.97. By increasing the 3-cyclodextrin concentration to 40 mM (blue trace)
the resolution is further improved to 2.31, still completing the separation within 5 minutes. This
combination of field-enhanced stacking and 3-cyclodextrin shows that exceptional resolution of
similar nitroaromatic compounds is achievable on our microchip MEKC system, and that
improved mixture separations may be feasible.

Using these improved parameters, as well as other adjusted conditions including polymer,
organic modifier, and surfactant concentrations, improved resolution of tetryl and DNT was
sought. In previous tests, a single broad band caused by comigration of tetryl and DNT was
observed in mixed samples, resulting in a failure to resolve either analyte (Figure 5-16). Figure
5-22 shows that there are distinct local minima in the fluorescent signal for tetryl and DNT, but
baseline resolution is not achieved. Further adjustments to the ionic strength, applied voltages,

and other separation conditions were unsuccessful in improving these results, indicating that other

DNT/tetryl

w

tetryl/DNT

RFU
w

I
Injection \
EOF indicator
Separation start

82
95
109
122
136
149
163
176
190
203
217
230
244
= 257
271
284
298
311
325
338
352
36
379
392
406
419
433
446
460
473

Figure 5-22. Separation of tetryl and DNT. Using field-enhanced stacking and 40 mM [-cyclodextrin,
some resolution of tetryl and DNT is achieved.
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approaches may be necessary for complete separation of the nitroaromatic family of explosive
compounds.
5.3.8 Alternative surfactant molecules

A drastic change was explored to improve resolution of difficult compounds, by replacing
the surfactant molecule and generating different micelles. SDS remains one of the most common
surfactants in separations chemistry, but literature reports on several other successful candidates
including sodium cholate [38], Triton X-100 [39], Tween 20 [40], and various others. Differences
in the micelle size, charge dispersion, and hydrophobic cavity can all contribute to variable analyte
retention with these alternative surfactant molecules. It was hypothesized that a new surfactant
system may result different partitioning of the explosive analytes into the micelle, either by
replacing SDS in the BGE entirely, or combining it with a nonionic surfactant to form a mixed
micelle.

A complete replacement of SDS was tested with sodium cholate at 80 mM, all other BGE
conditions remaining the same. The initial results (Figure 5-23A) showed analyte peaks
immediately following the EOF indicator, with significantly less micelle retention than had been

previously observed. When a lower voltage was applied, the bands became distinct and more
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Figure 5-23. Separation of TNT and DNT with sodium cholate micelle. (A) The electropherogram for a 1400 V separation shows
possible analyte troughs immediately following the EOF marker. (B) When separation voltage is reduced to 450 VV (CHECK THIS),
distinct troughs are observed for TNT and DNT.
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visible, yet still migrated at almost the same speed as the EOF indicator (Figure 5-23B). Although
TNT and DNT were successfully separated, they were not as well resolved as previous experiments
using SDS. In addition, their migration so close to the EOF marker implies that there is very little
micelle interaction during the separation, and that addition of other explosive compounds would
result in a single broad band that could not be resolved into individual analytes. We hypothesized
that this was due to fundamental differences in micelle structure and formation between sodium
cholate and SDS. With a lower aggregation number than SDS (n = 59), sodium cholate (n = 14)
generates smaller micelles. The sodium cholate micelles in fact form a flat, pancake-like shape,
rather than a sphere [41, 42]. This, in turn, leaves hydrophobic analytes more exposed during
interaction with the micelle, causing faster diffusion out of the hydrophobic core. Overall, this
would lead to less retention of explosive compounds in the micelle, and faster migration times
during separation.

Mixed micelles were investigated using combinations of SDS with either Triton X-100 or
Tween 20, which have been exploited successfully for other applications in MEKC [43, 44]. Using
a combination of ionic and nonionic surfactants can provide enhanced selectivity in the separation,

but the mixed micelle will also have lower electrophoretic mobility due to its decreased charge/size
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Figure 5-24. Separation of TNT and DNT with a mixed micelle system. (A) Electropherogram from a separation using 30 mM SDS
and 30 mM Triton X-100 in the BGE. Slight depressions are observed for TNT and DNT. (B) Separation of TNT and DNT using 50
mM SDS and 10 mM Tween 20. Clear troughs are observed for each analyte.
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ratio [45]. The nonionic surfactants were incorporated at different concentrations relative to SDS,
with most promising results generated from mixtures of 30 mM SDS with 30 mM Triton X-100,
and from 50 mM SDS with 10 mM Tween 20. The spectra in Figure 5-24A and B show successful
separation of TNT and DNT, each identified by drops in fluorescence soon after the EOF indicator.
However, the poor resolution and lack of significant difference in migration times indicate that
neither of these mixed micelle systems are superior to SDS for our application of separating
nitroaromatic explosive compounds via microchip MEKC.

5.4 Summary

Using microchip MEKC with ILIF detection, eleven explosive compounds were identified
on native COC devices without any surface modification. Each explosive was detected in less
than five minutes, by observing a distinct drop in fluorescent signal due to displacement of the
background fluorophore. This work is the first reported free-solution, MEKC separation of
explosives on a native COC substrate, and shows high resolution separation of the nitroaromatic
molecules TNT and DNT. Separations were improved through the implementation of field-
enhanced stacking, as well as the addition of B-cyclodextrin. Attempts to improve resolution using
mixed micelles and alternate surfactants were unsuccessful, though future work may incorporate
different micelle-forming species. These separations were conducted on hardware that is fully
amenable for portable, on-site usage. The high voltage power supply, laser excitation source, and
data collection optics have all been compressed to a shoebox-size prototype for a related project
[46], and would be field deployable if necessary. The research presented herein has shown
impactful results in a relevant timeframe. We expect further improvements to be made with
continued research, and anticipate continued meaningful collaboration with our government

partners.
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One of the most significant remaining challenges for this project is to optimize separation
parameters for full resolution of complex mixtures. To date, several two-compound mixtures have
been separated, with partial success in samples containing three explosives. However, samples
collected near military installations may contain varying levels of many explosives, and poor
resolution would confound the results from an authentic sample. The previously discussed EPA
8330 method, as well as leading research groups, have shown identification of up to 14 compounds
in a single sample [4, 7, 8]. However, none of these approaches are fully portable for field use,
and thus more development is required. Achieving a rapid, high-resolution separation of
explosives on a rugged, portable microfluidic platform would meet a distinct need in the forensic
science community. This project has made strides towards achieving that goal, and demonstrated

new advances in separations chemistry.
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Chapter 6. Final remarks

6.1 Conclusions

This dissertation has described advances made in microfluidic applications to forensic
science, specifically with regard to human identification in sexual assault investigations and on-
site explosive detection. Each of these areas has been the target of commercial product
development, as well as dedicated academic research, but to date, no technologies have been
introduced that can adequately address the current analytical shortcomings. For processing sexual
assault samples, the existing differential extraction (DE) protocol is laborious, time-consuming,
and has resulted in hundreds of thousands of backlogged sexual assault samples. The need for on-
site explosive detection from contaminated soil and groundwater sources poses its own challenges
in achieving efficient, informative chemical analysis at the point-of-need. Microfluidic approaches
are enticing for both of these capacities, and the research presented herein describes acoustic and
electrophoretic separation techniques developed to address the stated forensic and environmental
needs.

Chapter 2 detailed the development of an acoustic differential extraction (ADE) prototype
instrument, capable of isolating sperm cells from sexual assault samples in a rapid, automated
fashion. The reported technique applied a standing acoustic wave within a glass and polymer
microchip, creating a resonant chamber for particle capture. This acoustic trapping approach has
been previously applied to a range of biomedical and physical separations, and was attractive for
this project due to the ability to separate particles based on size, density, and compressibility. The
unique dimensions, chemical composition, and physical properties of sperm cells make them

unique within forensic biological samples, and thus, they were the ideal target for acoustic
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separations. It was demonstrated that ADE could isolate and purify sperm cells from mock sexual
assault samples, sequestering fractions of sperm and non-sperm particles within a microfluidic
chip. The mock samples were composed of female epithelial cells, sperm cells, and other
exogenous biomaterials. The presence of contaminating materials such as blood and yeast cells
were shown to have no negative impact on acoustic trapping of sperm. The presence of E. coli,
however, did demonstrate inhibition of acoustic trapping, when foreign cells exceeded 20% of the
total epithelial cell concentration. Further experimentation showed that through optimization of
liquid flow rate, sample preparation, and polymerase chain reaction (PCR) amplification
chemistry, purified sperm fractions could be generated from samples containing lower sperm
concentration and higher mass of female DNA than had been previously achieved. This was
verified using short tandem repeat (STR) analysis, which generated DNA profiles for comparison
to cell donors. STR analysis confirmed that ADE succeeded in isolating sperm cells in samples
containing up to 40-fold more epithelial cells than sperm, producing clean male STR profiles from
samples containing 500 and 1000 total sperm cells. Finally, ADE was applied to an extreme mock
sample, containing 100-fold more epithelial cells than sperm cells in solution. Acoustic capture
drastically improved the female to male cell ratio in these samples, a valuable improvement, but
did not fully remove all female DNA contributions.

The work presented in Chapter 3 described an external evaluation of the ADE prototype
instrument and microchip, which was conducted with three goals in mind. First, to evaluate ADE
as a replacement for DE by testing authentic, non-probative sexual assault samples. Second, to
train professional forensic analysts in ADE protocols, and obtain their expert feedback with regard
to the feasibility of ADE establishing a foothold in forensic workflows. The third goal was to

identify shortcomings of ADE, by exposing the method to a wider range of samples and conditions
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than were available during research and development at UVA. Each of these goals was met, as
ADE was rigorously evaluated over the course of several months at multiple locations. The Palm
Beach County Sheriff’s Office (PBSO) in Florida and the Mesa Police Department in Arizona each
hosted a validation test phase, and provided samples for analysis. At PBSO, dozens of non-
probative samples were tested, ranging from ‘ideal’ samples, containing hundreds of sperm cells
with few female cells present, to more ‘challenging’ samples, some of which showed no visible
sperm cells during the screening process. With ideal samples, ADE was shown to replicate the
results of conventional DE, generating full male STR profiles which matched the known attacker.
With some of the more challenging samples, when conventional DE failed to produce a clean
separation, ADE could not improve upon that result, also generating a partial STR profile.
Importantly, once chemical modifications were made to the post-ADE workflow, DNA
amplification was improved, and some re-tested challenging samples showed successful sperm
cell capture. On the whole, the evaluation demonstrated that ADE rivals the performance of
conventional DE in some situations, but falls short with a subset of more challenging samples.
Importantly, it was demonstrated that acoustic trapping performance was not uniform across all
samples, which led to unexpected failure to capture sperm cells. This observation was made by
analyzing video of acoustic trapping, which showed loss of particle aggregation during the
transition from frequency scanning to sample trapping. This indicated that not only does each
microchip possess its own unique trapping frequency, but that the optimal resonant condition may
change based on each sample. When testing samples with extremely high numbers of epithelial
cells, the previously applied optimal acoustic frequency was not sufficient for sperm cell capture.

We discovered that sample-to-sample differences played an important role achieving optimal
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acoustic trapping, and hypothesized that specific changes to the liquid’s viscosity, density, and
compressibility resulted in variable resonant conditions.

Those sample-to-sample differences were addressed by the research presented in Chapter
4. It was hypothesized that changes in sample viscosity, due to cellular lysis, altered the density
and compressibility of the liquid on a sample-to-sample basis. Those changes directly impacted
the speed of sound through that medium, altering the resonant condition. This change in speed of
sound generated different wavelengths when the same frequency was applied through each sample.
Essentially, the piezoelectric transducer was vibrating at the same frequency during the frequency
scanning and sample trapping stages. However, when a different liquid entered the acoustic trap
site, that vibrational frequency no longer generated the same wavelength of sound, as it was now
being transmitted through a more viscous medium. This changed the resonance condition on a
sample-to-sample basis, which could not be accurately predicted based solely on sample screening
information. This effect was illustrated via acoustic trapping of fluorescent beads, in which
solutions of varying epithelial cell lysate concentration demonstrated a shift in the optimal trapping
frequency. This simple demonstration was the first direct observation of this acoustic effect in
biological samples, shedding light on an important factor in acoustic separations. To address this
challenge as it pertains to sexual assault samples, a real-time feedback system was developed for
ADE. This ‘cruise control’ approach employed real-time measurements of voltage from the piezo,
and used that data to improve acoustic trapping performance during sperm cell capture. It was
demonstrated that when resonance is achieved in the acoustic chamber, the voltage output of the
piezo reaches a local minimum. This phenomenon was demonstrated using fluorescent bead
solutions, combining visual aggregation measurement with voltage data collection to show a direct

relationship. It was shown that performing a constant frequency scan, as opposed to the on/off
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scan required for bead aggregation, was a faster and equally accurate method for determining
optimal trapping frequency. Furthermore, this constant scan could be applied during sample
trapping, providing feedback on changing liquid conditions without losing the already-capture
sperm cells. This real-time feedback was demonstrated with mock sexual assault samples, and
identified shifts in optimal frequency during trapping that resulted in successful sperm cell capture.
The frequency shift phenomenon has an impact well beyond the ADE technology, and thus, more
general quantitation of the effect was conducted. Diluted glycerol solutions were spiked with
fluorescent beads, along with a human serum solution, and subjected to a voltage-monitored
frequency scan. It was shown that, in addition to other factors, optimal trapping frequency is
directly dependent on solution viscosity. The description of this effect, as well as the resulting
real-time feedback system, are the future of a more robust ADE technology that can process
samples containing any number of epithelial cells, and adapt to changing liquid environments.

In Chapter S5, microchip micellar electrokinetic chromatography (MEKC) was
demonstrated as a viable approach for detecting explosive compounds on a native, thermoplastic
polymer for portable use. This project sought to fill the unmet need for on-site, sensitive detection
of explosives in environmental and forensic samples. Using an untreated cyclic olefin copolymer
(COC) microchip, 11 explosive compounds were detected at sub-0.05 mg/mL levels. Despite the
lack of charged surface groups on COC, electroosmotic flow (EOF) was generated at elevated pH,
due to preferential adsorption of ions to the polymer surface. Multiple mixtures of explosive
compounds were separated, including nitroaromatics, nitrophenols, various combinations found in
military explosives. To enhance resolution and achieve higher quality separations, field-enhanced
stacking was applied. A 5-fold difference in ionic strength between the background electrotype

(BGE) and sample matrix (SM) resulted in dramatic improvement in separation of nitroaromatic
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molecules TNT and DNT. This was further improved through the addition of B-cyclodextrin,
which provided a second pseudo stationary phase for analytes to interact with during the
separation. Adding B-cyclodextrin at 20 and 40 mM resulted in the best resolution achieved for
TNT and DNT mixtures, exceeding 2.40 for these compounds. Alternative surfactant molecules
were investigated, but showed no improvement over sodium dodecyl sulfate (SDS) when tested
individually or as mixed micelle systems. The work in Chapter 5 is the first reported free-solution
MEKC separation of explosives on a COC device, which is attractive for its ruggedness, optical
properties, and potential for field use.

6.2 Future work

The ADE project presented in this dissertation resulted in a fully functional prototype
instrument, but there are still many improvements that can be made and research paths worth
investigating. In its current state, the real-time feedback system for ADE is largely manual,
requiring operator input for each applied frequency, as the user must monitor voltage data and
determine when the minimum output occurs. In future iterations of this technology, the feedback
system must be automated to become truly paradigm-shifting for the forensic community.
Specifically, voltage data collection must be linked directly to the function generator, with
software to identify the minimum voltage point and apply that frequency automatically. The
feedback system will constantly update trapping parameters, even after determining the optimal
trapping frequency for each unique sample. Sperm cell trapping requires 45-60 seconds per
sample, during which, liquid properties may change as the scanning solution is fully replaced by
the sample. Over that time, constant adjustments to the frequency can be made, comparing new
voltage output to the previous data point. If a new minimum in voltage is identified at any point

during the test, it will indicate a new optimal trapping frequency. Without deactivating the piezo,
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and without any user input, the function generator will shift to that newly identified frequency,

which becomes starting point for future measurements.

An additional direction for future work is to redesign the ADE microchip, adding multiplex

capabilities for processing samples in parallel. Sexual assault samples typically contain a

minimum of four evidentiary swabs, and yet, neither conventional DE nor ADE can process more

than a single sample at one time. This multiplexing will be achieved by fabricating a glass and

polymer microchip, similar to the design described in
Chapters 2 and 3, but with four parallel acoustic trapping
domains. A proposed schematic is shown in Figure 6-1. Each
trap site will be connected to a different sample reservoir,
actuated by its own piezoelectric transducer, and operate with
independent frequency application from the other regions.
The fluorescent bead (Be) and buffer solutions (Bu) will be
connected to all four domains, for microchip quality control
and pellet washing, respectively. The independent acoustic
trapping sites will allow for optimized, unique trapping
parameters to be applied for each sample, employing the
cruise control feature described previously. Implementing the

ability to process four samples at once will ease a major
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Figure 6-1. Multiplex chip for parallel ADE.
Sperm cells from 4 samples can be
simultaneously captured and purified by
acoustic trapping, generating distinct sperm
(SP) and non-sperm (NSP) fractions.

bottleneck in forensic workflows, as sexual assault kits are typically submitted with four

evidentiary swabs (vaginal, vaginal-cervical, perianal, and external genitalia). With a 4-plex

microchip, a single ADE procedure will be required to capture sperm cells from all four swabs

simultaneously, expediting investigations.
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These proposed changes to the feedback system and microchip will necessitate updates to
the ADE hardware. Currently encompassed in the prototype instrument are a function generator,
amplifier, Raspberry Pi camera, solenoid valves, and syringe pumps. However, all electronic
components can be combined onto a printed circuit board (PCB), with similar fabrication to the
voltage peak detector circuit. That PCB contains a function generator and amplifier, capable of
replacing the external components of the current ADE instrument. By also integrating the
Raspberry Pi system, and eliminating the laptop currently used for user input, the overall footprint
of the instrument will shrink from desktop computer size, to roughly shoebox size. In addition,
the programming and operational requirements will be significantly reduced.

Multiple future directions are envisioned for the explosives detection project employing
microchip MEKC. Alternate polymeric substrates may be investigated, including
poly(methyl)methacrylate (PMMA) and other formulations of cyclic olefin copolymer (COC) such
as Zeonor. Changes to the surface chemistry of the microchip may result in less adsorption of
analytes to the channel walls, which could have contributed to the band broadening observed
during separations. Alternative substrates may also demonstrate stronger electroosmotic flow
(EOF), which could reduce the time of each separation and lower the required voltage to generate
EOF, which would in turn generate less heat. Minimizing heating during a separation is always a
priority, as the reduction of band broadening due to diffusion leads to higher resolution separations.
Future studies will also implement mock sample testing, to uncover any challenges with sample
matrices that may be encountered. It is predicted that salinity, the presence of solid particles, and
other properties of groundwater samples will need to be accounted for during microchip

separations.
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6.3 Summary

Microfluidic separations offer solutions for complex problems, both forensic and
environmental, and can fill multiple unmet needs in the scientific community. Growing DNA
evidence backlogs require novel approaches for processing sexual assault samples, and
environmental concerns over the spread of toxic explosives need to be monitored in an efficient,
portable manner. The methods described in this thesis offer solutions to each of these issues,
applying acoustic trapping to sperm cell capture, and microchip MEKC to explosive compound
detection. Each of these projects is driven by a clear forensic need, and continued development

will result in competitive alternatives to existing technologies.



