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ABSTRACT

One out of every six American women has been the victim of a sexual assault in their lifetime. However, the DNA
casework backlog continues to increase outpacing the nation’s capacity since processing of DNA evidence in
sexual assault casework remains a bottleneck due to laborious and time-consuming differential extraction of
victim and perpetrator cells. Additionally, a significant amount (60-90%) of male DNA evidence is lost with
existing procedures. Here, we developed a microfluidic method that selectively captures sperm using a unique
oligosaccharide sequence (Sialyl LewisX), a major carbohydrate ligand for sperm-egg binding. This method was
validated with forensic mock samples dating back to 2003, resulting in 70-92% sperm capture efficiency and a
60-92% reduction in epithelial fraction. Captured sperm were then lysed on-chip and DNA was isolated. This
method reduces assay-time from 8 hours down to 80 minutes, providing an inexpensive alternative to current

differential extraction techniques, accelerating identification of suspects and advancing public safety.
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EXECUTIVE SUMMARY

Here, we have developed a microfluidic method integrated with a bio-inspired oligosaccharide sequence for
selective isolation, differential extraction and quantitation of sperm from the forensic evidence of heterogeneous
cellular content in sexual assault kits. We present a method that (i) differentially isolates sperm and lyses them
on-chip, and extracts sperm DNA for downstream quantitation genetic analyses; (ii) reduces the differential
extraction time from 8 hours to 80 min; (iii) minimizes the need for manual labor; (iv) increases capture efficiency
of immuno-based separation of sperm assays from ~17% to 70-92%; and (v) keeps this high efficiency for

samples older than 14 years, representing a crucial direction to reduce the evidence backlog.
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MAIN BODY OF THE FINAL TECHNICAL REPORT

- INTRODUCTION

The failure to test and analyze evidence connected to sexual assault in a timely manner constitutes a growing
problem for victims, public safety and the criminal justice system. The Rape, Abuse & Incest National Network
(RAINN) has reported that a sexual assault occurs every 98 seconds in the United States alone, with the majority
of victims being under the age of 3012, An investigative report in 2015 identified over 70,000 sexual assault kits
from over 1000 police departments (approximately 6% of the police departments in the USA) that were not tested
for DNA evidence *. Therefore, the demand for DNA testing is increasing. Expanded awareness of the power of
forensic technology to help solve crimes creates new needs for scientific advances in the field >¢. Among these
advances, microfluidic technologies have considerable impact by combining high-throughput processing and

efficient isolation of cells and biological entities from complex heterogeneous biological matrices "°.

In practice, processing of evidence from sexual assault kits generally requires separation of the victim’s cells
from the perpetrator’s cells. This process involves time-consuming, labor-intensive steps of selective cell lysis,
centrifugation and separation into female and male cell fractions (i.e., differential extraction) which can take up
to 8 hours, contributing significantly to the backlog problem. However, it has been reported that this cell
separation process results in losses of 60-90% of the male DNA %13, Although there have been multiple attempts
for alternative methods to differentially extract sperm using acoustic trapping 4, antibody-based capture 5, laser
microdissection %718 nuclease-based approaches ° and magnetic bead-based separation %21, these methods
have not been broadly available in practical applications due to the complexity and low separation yield for
sperm. As a result, they are not widely in use in the community. Particularly, the antibody-based extraction
methods have been difficult to work with aged samples due to changes in the antigen specificity of sperm over
time. Hence, this challenge making them less capabile to capture sperm, which decreases to ~17% after 10
days, limiting their utility and applicability for forensic samples 2. To address these unmet challenges, we have
developed a microfluidic method for differential extraction and quantitation of sperm from the forensic evidence

samples in sexual assault kits (Figure 1).
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- METHODS

Materials: (3-Mercaptopropyl)trimethoxysilane, (3-MPS, 95%), aminobenzoic acid hydrazide (4-ABAH, 95%),
bovine serum albumin (BSA), dimethyl sulfoxide (DMSO), Triton X-100, Proteinase K (recombinant, PCR Grade)
and ethanol (EtOH, 200 proof) were purchased from Sigma-Aldrich (St. Louis, MO). (N-y-maleimidobutyryl-
oxysuccinimide ester (GMBS), tris(2-carboxyethyl)phosphine (TCEP) and Qubit® dsDNA High Sensitivity (HS)
Assay were obtained from Thermo Fisher Scientific (Waltham, MA). Phosphate buffered saline (PBS) and Sialyl
Lewis* (SLeX) were obtained from Fisher Scientific (Hampton, NH), Zymo Research (Irvine, CA) and EMD

Millipore (Hayward, CA), respectively. QlAamp DNA Mini Kit was purchased from Qiagen (Valencia, CA).

Molecular docking study: We employed a molecular docking simulation to study the binding localization and
energy of SLeX - M340H-[3-1,4-galactosyltransferase-1 (M340H-B4GAL-T1 (B4GAL-T1) interactions on sperm
membrane. The structural coordinate data of SLeX and B4GAL-T1 was extracted from the Protein Data Bank
2223 The molecular surfaces of SLeX and B4GAL-T1, along with the results of the docking simulations, were
computed and visualized using Visual Molecular Dynamics (VMD) 2%, AutoDock Tools (ADT) 4.2 was utilized to
configure the simulation input files 2°. SLeX and B4GAL-T1 were converted into the PDBQT file format. AutoDock
Vina was then used for the molecular docking simulation ¢, followed by another ADT run to assess ligand-
receptor hydrogen bonding and binding affinities. Binding affinities were reported as -kcal/mol for each

interaction.

Microchannel fabrication: The microfluidic chips consisted of three main components: (i) a poly(methyl
methacrylate) (PMMA) layer (3.2 mm of thickness), (ii) a double-sided adhesive (DSA) film (50 um and 80 um of
thickness), and (iii) a glass cover slide (24 x 40 mm). Versa LASER (Universal Laser Systems Inc., Scottsdale,
AZ) and CorelIDRAW software (Ottawa, Ontario, Canada) were utilized to design and cut PMMA layers and DSA
films. Inlets and outlets of the chips (0.65 mm in diameter, 26 mm apart) were milled into a PMMA layer, and
DSA film provided microfluidic channels. The microfluidic chips were then constructed by assembling these three
components. Glass cover slides were used as a substrate material, where we performed surface chemistry for

sperm capture.
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Surface functionalization: Glass cover slides were first cleaned with absolute EtOH (200 proof) via sonication
for 15 min at room temperature. The slides were immediately dried under either N, gas or filtered dry air, and
then treated with oxygen plasma (ION3, Corona, CA) (100 mW, 1% oxygen) for 1.5 min to form radical groups.
To generate thiol groups, the slides were placed into a 4% v/v solution of 3-MPS in absolute EtOH and incubated
for 30 min at room temperature. After the silanization step, the surfaces were rinsed with EtOH to remove
unbound chemical residues and dried using either N, gas or filtered dry air. After the microfluidic chip’s three
components were assembled, GMBS (10 mM in DMSO:PBS (1:1)) was introduced into the microchannels to
form succinimide groups by incubating for 45 min at room temperature. The microchannels were then washed
with 1XxPBS (40 pL, 2 times). 4-ABAH reagent (0.25 and 2 mg/mL in 1:1 (v:v) ratio of DMSO:1xPBS) was utilized
to form hydrazide groups for immobilization of SLeX molecules to the microchannels surface. After a washing
step with 1xPBS (40 pL, 2 times), different concentrations of SLeX ranging from 0.1 to 0.5 mg/mL were applied
to the microchannels and incubated overnight at +4°C. The microchannels were then washed with 1xPBS (40
pL, 2 times) and the surface functionalization was accomplished with BSA (3% (w:v) in 1XPBS) incubation for an

hour at room temperature to minimize/avoid non-specific binding.

Sampling: For spiked sperm samples, we purchased sperm from California CryoBank under an Institutional
Review Board (Stanford University IRB Number: 6208, and Protocol ID: 30538). Frozen sperm vials were briefly
thawed in a water-bath set at 37°C, and the number of sperm in each sample were counted using a
hemocytometer. Before sampling, sperm were incubated at room temperature for 1-3 days. For sampling, 5 to
15 pL of sample was applied into the microchannels to ensure the channels filled with the sample. Sperm
samples were incubated for an hour while the imaging was being performed using a light microscope with a
motorized-stage (Zeiss, Germany), and the cells within the microchannels were counted (before the washing
step). The microchannels were then washed with 1xPBS for 20 min using a syringe pump with a 5 pL/min flow
rate to remove unbound cells, and captured cells within the microchannels were counted (after the washing
step). A second imaging step was performed to count the number of captured sperm on-chip. The capture

efficiency rate was defined as (Equation 1):

Sperm count after washing

Capture Ef ficiency (%) = x 100 (1)

Sperm count before washing
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In specificity experiments, we collected buccal epithelial cells from female individuals and mixed them with sperm

samples. The specificity experiments also followed the same sampling procedure as described above.

Forensic mock samples: Simulated forensic samples were prepared by members of the Broward Sheriff's
Office Crime Laboratory (not from casework evidence). Cuttings (cotton swab or cotton gauze) from these
samples were eluted in 500 pL of 1xPBS and placed in a 4°C Thermomixer (Eppendorf, Germany) that was set
at 1,000 rpm for approximately an hour. The cuttings were removed and placed in spin baskets that were
subsequently centrifuged for 5 min at 16,100 rcf / 13,200 rpm to pellet the solids in the solution. Afterward, ~300
pL of the 1xPBS was removed without disturbing the pellet. The pellet was resuspended by pulse vortexing and
5 pL of each sample was then placed on a slide, heat fixed, and dyed with a Christmas Tree stain as a

confirmatory test before applying samples into the microchannels #’.

Sperm lysis on-chip: To lyse sperm cells and collect DNA on-chip, we utilized TCEP as a lysis agent and
introduced 20 pL of TCEP in Triton X-100 (20 pL of TCEP + 1980 pL of RNase free water + 20 pL of Triton X-
100 (100%), pH was adjusted to pH 2.5 with HCI) into the microchannel, then incubated for 15 min. An additional

80 uL of TCEP solution was applied into the channel and the lysate was collected in an eppendorf tube.

After completion of cell lysis in all experimental sets, we added 40 pL of Proteinase K solution (1 pg/mL) to each
lysate tube and incubated for 4 hours at 55°C. During incubation, we inverted the tube occasionally to disperse
the sample. Followed by the incubation, 100 uL of Buffer AL and 100 uL of ethanol were added to the samples
and mixed by vortexing. The samples were then run through gDNA extraction using a Qiagen spin column

protocol.

Qiagen spin column protocols: All samples were processed through the spin column procedure according to
the manufacturer’s protocol. The samples were applied to the QIAamp Mini spin column in a 2 mL collection tube
without wetting the rim. The tubes were centrifuged at 6,000 x g (8,000 rpm) for 1 min. The QIAamp Mini spin
column was placed in a clean 2 mL collection tube and the tube containing the filtrate was discarded. 500 uL of
Buffer AW1 was then added without wetting the rim. The tubes were again centrifuged at 6,000 x g (8,000 rpm)
for 1 min. After that, the QlAamp Mini spin column was placed in a clean 2 mL collection tube, and the collection

tube containing the filtrate was discarded. 500 uL of Buffer AW2 was added without wetting the rim and
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centrifuged at full speed (20,000 x g; 14,000 rpm) for 3 min and the old collection tube with the filtrate was
discarded. The tubes were again centrifuged at full speed for 1 min. The QIAamp Mini spin column was placed
in a clean 1.5 mL microcentrifuge tube and the collection tube containing the filtrate was discarded. 50 uL of
Buffer AE or distilled water was added. The tubes were then incubated at room temperature for 1 min and
centrifuged at 6,000 x g (8,000 rpm) for 1 min. This step was repeated one more time. The final solution was

~75-100 uL for each sample.

Quantitation of extracted DNA: DNA concentration of each sample was quantified using the Qubit®
Fluorometer. Here, we followed the manufacturer’'s protocol for Qubit® dsDNA High Sensitivity (HS) Assay
(Thermo Fisher Scientific, Waltham MA). We first prepared the Qubit® working solution by diluting the Qubit®
dsDNA HS Reagent 1:200 in Qubit® dsDNA HS Buffer. We then prepared two standards by adding 10 pL of
standard into 190 uL of working solution. After that, we prepared sample solutions by adding 2 uL of each sample
into 198 pL of working solution. All samples and standards were vortexed for 2-3 seconds without generating
any bubbles and incubated for 2 min at room temperature. On the Qubit® Fluorometer, we first generated a global
curve using two standards, and then measured DNA concentrations of each sample. The data was represented

as pg/uL.

Statistical analysis: We employed one-way analysis of variance (ANOVA) with Tukey's posthoc test for multiple
comparisons using GraphPad Prism (La Jolla, CA). The statistical significance threshold was set at 0.05

(p<0.05).

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



- RESULTS
A-Statement of Results
Molecular docking study: A recent study identified an oligosaccharide (i.e., Sialyl Lewis* (SLeX: [NeuAca2-
3GalR1-4(Fuca1-3)GIcNAc])) as a unique molecule that sperm uses to bind to the egg 282°. Although this study
did not define exact mechanisms of binding, it created a new direction to bind sperm selectively to surfaces,
circumventing the degradation problem that is inherent to antibodies that focus on the sperm surface for immuno-

separation purposes.

To efficiently capture sperm in microchannels, we integrated this bio-inspired material with a microfluidic
technology and then utilized SLeX, which is located on the extracellular matrix (i.e., zona pellucida (ZP)) of
oocyte as a capture agent. This oligosaccharide sequence has been reported as a major contributing element
for human sperm-oocyte binding 222°. There are also components on the sperm membrane reported as docking
units, including the B1-4 galactosyltransferase 1 (B4GAL-T1) peripheral protein which plays a crucial role in
human sperm-oocyte binding *°-*°. To understand the dynamics of SLeX binding to sperm surface, we used
B4GAL-T1 as a model docking/binding unit on the sperm membrane and computed a molecular docking
simulation to discover the locations and energetics of binding (Figure 2). In this process, as shown in Figure 2a,
we first extracted molecular structure of SLeX in silico from a protein complex defined in the Protein Data Bank
(PDB ID: 3PVD) 22. We then extracted B4GAL-T1 from human M340H-beta-1,4-galactosyltransferase-1 (M340H-
B4GAL-T1, PDB ID: 4EE3) 2. The results of the docking simulations of molecular surfaces of SLeX and B4GAL-
T1 were computed and visualized using AutoDock Vina and Visual Molecular Dynamics (VMD). The docking
analysis revealed seventeen potential binding modes with at least nine different locations on the B4AGAL-T1
surface for SLeX binding (Figure 2b-d). This study presented strong binding modes with affinity energies ranging
from -9.0 to -11.6 kcal/mol (Figure 2c). We observed a binding hot-spot at the Location #2 where eight of the
seventeen SLeX molecules were bound. Experimentally, we also confirmed that SLeX decorated microfluidic
surfaces was able to capture sperm with various morphologies, including normal, condensed acrosome,
abnormal middle-piece, large head, double-headed, double-tailed, small head (pin-head), and tail-less (Figure

2d). Given that SLeX targets the sperm head, binding and capture of sperm was independent of sperm
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morphology. Specifically, sperm without a tail were also captured with SLeX agent primarily interacting with the

sperm head.

Evaluating surface characteristics and sperm capture efficiency in microchannels: We designed
microchannels that consist of three layers: (i) Poly(methyl methacrylate) (PMMA) for formation of inlets and
outlets, (ii) double-sided adhesive for formation of microchannels and assembly of PMMA and glass layers, and
(iii) glass coverslip surface. Layer-by-layer, physical and chemical modifications are applied to the glass surface

to immobilize SLeX on its surface.

Capture efficiency was assessed by varying three main parameters: (i) concentration of mediator agent (i.e.,
4-aminobenzoic acid hydrazide: 4-ABAH) and evaluation of bovine serum albumin (BSA) blocking, (ii) SLeX
concentration, and (iii) channel height (Figure 3a). We first examined the effect of 4-ABAH concentrations (0.25
and 2 mg/mL) on sperm capture efficiency, keeping the SLeX concentration (0.1 mg/mL) and microchannel
height constant (50 pm). We observed higher capture efficiencies at 0.25 mg/mL of 4-ABAH concentration
(Figure 3b), pointing to a potential steric hindrance in higher mediator concentrations for SLeX immobilization.
As reported in the literature, more densely packed layers revealed lower surface activity %67, This effect also
indicated the link between surface coverage, immobilization of molecules and capture activities, and a lower
density of immobilization process on the surface provided a higher binding and sensitivity %63, In addition, BSA
blocking did not significantly change sperm capture efficiency (n=3-4, p>0.05). This experimental set achieved
a 76.5 £ 6% of capture efficiency when 0.25 mg/mL of 4-ABAH and 3% of BSA were applied to the other constant
parameters of SLeX and channel height. Next, we evaluated the effect of SLeX concentrations varying from 0.1
to 0.5 mg/mL over sperm capture efficiency, keeping the microchannel height (50 um), 4-ABAH (0.25 mg/mL)
concentration and BSA (3%) constant (Figure 3c). We observed that the increase in SLeX concentration
enhanced sperm capture efficiency, and the highest SLeX concentration (0.5 mg/mL) resulted in 86.1 + 6.8% of
capture efficiency by generating more binding sites for sperm capture. Finally, we evaluated the effect of
microchannel height on sperm capture efficiency when we kept the aforementioned concentrations (4-ABAH:
0.25 mg/mL and SLeX: 0.5 mg/mL). Given that increased surface interactions are vital for cell capture, we
observed higher capture efficiency with 50 um high channel design compared to 80 um high channel design

(Figure 3d). Overall, the highest sperm capture efficiency was achieved using (i) 0.25 mg/mL of 4-ABAH and
11
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3% BSA, (ii) 0.5 mg/mL of SLeX, and (iii) 50 um high microchannel. We applied these parameters to the following

experimental designs to capture sperm.

Evaluating distribution of sperm capture in microchannels: We assessed the spatial distribution of sperm
on-chip by counting sperm before and after PBS washing steps. In this experiment, we applied high and low
sperm counts into the channels. During the imaging studies, the entire channel was divided into 30 columns
(horizontal direction) by 10 rows (vertical direction). First, we evaluated ~8,000 sperm per channel (high sperm
count) (Figure 3e). Before the washing step, we observed homogenous distribution of sperm in a horizontal
direction whereas higher cell numbers were counted in the middle of the channel while scanning the vertical-
axis. After the washing step, the cell count decreased in the first 5-10 lanes close to the inlet in the horizontal
direction. On the other hand, the vertical distribution did not change after the washing step. In the second
experimental set, we applied a lower sperm count (~300 sperm per channel). Before the washing step, we
observed nearly homogenous cell distribution in a horizontal direction. Through the vertical axis, we observed
the same trend as with higher sperm count experiments, and the sperm cell count was higher in the middle of
channel. After the washing step, the sperm count close to the inlet was altered in a horizontal direction, which
was similarly observed in higher sperm count experiments. After washing, the vertical axis also had a similar

distribution trend, as observed before the washing step.

Benchmarking non-specific cell binding (control): In control experiments, we did not decorate the channels
with surface chemistry, and the glass surface was only cleaned with EtOH before being assembled (Figure 4).
We also introduced high sperm count and low sperm count samples into the channels. High cell counts were
defined as being between 750 and 1,800 sperm per channel, whereas the low cell count was around 100-300
sperm per channel. In high cell count experiments, only a limited number of sperm remained (275 + 96 cells) in
the control surfaces when we applied 1,742 + 239 cells to the channels (Figure 4a). Sperm samples with high
cell counts were significantly removed from the channel surfaces in the absence of surface chemistry (n=4,
p<0.05). In low cell count experiments, some sperm (186 = 97 cells) remained when we introduced 285 + 111
cells to microchannels (Figure 4a). In control channels for both high and low cell count experiments, we observed
that the bare glass surface itself had ~200 non-specific cell adherence points over all sperm count ranges

introduced into the channel.
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After that, we further evaluated sperm counts in the channels modified with surface chemistry (Figure 4b).
In high cell count experiments, most sperm (748 + 9 cells) were captured when we applied 798 + 9 cells into
microchannels (n=3, p>0.05). In low cell count experiments, 116 + 17 sperm were captured in the channels when
we introduced 134 + 19 cells to the microchannels (n=3, p>0.05). Comparing the data between surface chemistry
applied channels and control surfaces (no surface chemistry) in high cell count experiments, a high ratio of sperm
(~94%) was captured on the surface chemistry decorated channels, whereas cells were significantly removed in
control channels and only ~16% of sperm remained in the control channels (Figure 4b). Overall, the
microchannels modified with surface chemistry efficiently captured sperm with a range of 86-94% in both high

and low cell count experiments.

Evaluating limit of detection (LOD): We assessed this parameter by applying multiple cell counts (~20 to
~8,000 sperm per channel) into the channels and calculating capture efficiency at each cell concentration (Figure
4c-e). As a result, the channels captured down to ~20 sperm/channel with a capture efficiency of 75.4 + 1.5%,
and capture efficiency increased up to 93.6 + 3% at higher cell counts (at ~8,000 sperm/channel) (Figure 4c-d).
Therefore, the microchannels were able to handle a broad range of cell numbers and the capture capability of
microfluidic chips was independent of high cell counts introduced into the channels. Statistical assessments
demonstrated that capture efficiency derived from ~20 sperm/channel experiment was lower than other cell
concentration groups (n=3-9, p<0.05) (Figure 4c-d). Further, we observed a non-linear trend with 0.94 and 0.87
for R? (Coefficient of determination: COD) and adjusted R?, respectively. The curve was also examined in two
regions: (i) low cell count (~20 to ~300 sperm/channel), and (ii) high cell count (= 300 sperm/channel). Samples
lower than 300 sperm per channel range provided a capture efficiency between 75.4% and 86.3%, whereas the

capture efficiency for above 300 sperm/channel reached up to 93.6 + 3% (Figure 4e).

Evaluating specificity of sperm capture in microchannels: Vaginal samples contained in sexual assault kits
typically contain vaginal epithelial cells from the victim and sperm cells from the perpetrator. To evaluate
specificity performance of microfluidic chips, we designed two experimental sets: (i) microchannels surfaces
decorated with SLeX molecules, and (ii) microchannels surfaces modified up to the 4-ABAH binding step (non-
SLeX). In both experimental sets, we worked with a heterogeneous cell population including sperm and buccal

epithelial cells. Thus, we evaluated whether SLeX is crucial in specific capture of sperm from mixed cell
13
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populations (Figure 5). In these experiments, the entire microchannel was scanned to count sperm and epithelial
cells before and after washing steps. On SLeX-modified surfaces, the percentage of captured sperm cells (~91%)
was statistically greater than non-specifically bound epithelial cells (~7%) (n=5, p<0.05). Considering the
necessity of SLeX to capture sperm, we observed a drastic decrease in the percentage of captured sperm on
non-SLeX surfaces (n=5, p<0.05). No statistical difference was observed in the percentage of remaining
epithelial cells in both non-SLeX and SLeX-coated channels (n=5, p>0.05). Overall, in these experiments we
obtained two critical outcomes: (i) SLeX-maodified surfaces specifically captured sperm and a vast majority of
epithelial cells (~93%) were removed after a single wash step; and (ii) SLeX played a pivotal role in capturing

and isolating sperm from a heterogeneous cell population (Figure 5b-c).

Validating microfluidic chip performance with forensic mock samples: Forensic mock samples were
collected from the Broward Sheriff's Office Forensic Laboratory. In validation studies, samples were sent to
Stanford University under the approved IRB protocol. The collected samples were non-casework/mock samples,
including epithelial cells and sperm. According to the guidelines of Broward Sheriff's Office Forensic Laboratory,
five mock samples from 2003 to 2015 were collected with either cotton swab or cotton gauze, and directly
introduced through SLeX-decorated channels with three replicates (Figure 5d). Sperm cells were counted before
and after washing steps. In the Forensic Mock Sample 1 (FMS1), (742 + 117) sperm were introduced into the
channels and (685 + 101) sperm were captured after the washing step. In the Forensic Mock Sample 2 (FMS2),
we counted (443 + 168) sperm in the channels and after the washing step, (363 £ 136) sperm were captured on-
chip. The Forensic Mock Sample 3 (FMS3) had fewer sperm compared to the other samples and we observed
(275 = 52) of (333 + 17) sperm captured in the channels after the washing step. In the Forensic Mock Sample 4
(FMS4), we counted (740 + 255) sperm in the channels before the wash step with (661 + 315) sperm captured.
Lastly, the Forensic Mock Sample 5 (FMS5) had (412 £ 18) sperm in the channel with (289 + 19) sperm captured
after the washing step. According to all these results, aged mock samples provided high capture efficiencies
ranging from ~70% to 92% (Figure 5e-f). Additionally, as reported in the literature, cotton content interferes with
capture performance of assays 2!, and we observed similar hindrance when a large cotton swab was used. For
instance, in the FMS2 and FMS5, the capture efficiency decreased to ~70%. Whether a full size of cotton swab

or just a portion of cotton swab was used, the capture efficiency ranged between 86 to 92% (FMS1 and FMS4).
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We also counted the retained epithelial cells in the channels and observed a significantly lower number of
epithelial cells compared to the captured sperm count (n=3, p<0.05). As demonstrated in the spiking
experiments, we also confirmed that our microchannels were able to specifically capture sperm from a
heterogeneous cell population, and device performance did not significantly change while capturing sperm from

aged forensic mock samples.

Sperm lysis on-chip and DNA guantification: Captured sperm in microchannels were first treated with TCEP
in Triton X-100 to lyse cells on-chip. The collected lysate solution was then processed through Proteinase K and
spin column protocols, as described in the Materials and Methods section. After these protocols, the DNA
concentration of each sample was measured and demonstrated in Table 1. Since each sperm cell includes ~3
pg of DNA material, the captured cell number was then converted into an expected DNA concentration of each
sample. In Sample 1 (S1), 7,731 sperm were captured in the channels, indicating an expected DNA concentration
of ~289.9 pg/uL. The quantification analysis measured 188 pg/uL, pointing to a ~64.8% of lysis efficiency which
could also include some loss of DNA in processing. In Sample 2 (S2), we counted 4,990 sperm on-chip and
calculated an expected DNA concentration of ~149.7 pg/uL. After DNA quantitation, we observed 79 pg/uL of
DNA concentration, indicating ~52.8% of lysis efficiency. In Sample 3 (S3), 5,237 sperm were captured in the
channels, indicating an expected DNA concentration of ~159.8 pg/uL. The quantification analysis measured 91
pg/uL, pointing to a ~57% of lysis efficiency. In Sample 4 (S4), we counted 3,160 sperm on-chip and calculated
an expected DNA concentration of ~94.8 pg/uL. Then, we measured 84 pg/uL of DNA concentration, indicating
~88.6% of lysis efficiency. According to all these results, we achieved sperm lysis on-chip and confirmed high
DNA recovery with efficiency ratios between ~52.8% and ~88.6%, demonstrating the applicability of our platform

for potential forensic downstream analyses.
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B- TABLES

Table 1. Efficiency of sperm lysis on-chip and quantification of lysed sperm DNA.

S T
Chip (pg/uL) (pg/uL)

S1 7,731 ~289.9 188 ~64.8%

S2 4,990 ~149.7 79 ~52.8%

S3 5,237 ~159.8 91 ~57%

S4 3,160 ~94.8 84 ~88.6%

This resource was prepared by the author(s) using Federal funds provided by the U.S.

Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.
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C-FIGURES

(i) Sample Collection

(ii) Differential Extraction On-Chip
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Figure 1. Workflow of on-chip differential extraction. 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. 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. The captured sperm are treated with a lysis buffer on-chip, and sperm DNA is

collected into a tube for potential downstream genomic analysis.
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(kcal/mol)
1 1 Location #2 -11.6
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1 3 Location #7 -96
1 4 Location #2 -95
1 5 Location #2 -94
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1 7 Location #4 -92
1 8 Location #2 -9.0
2 1 Location #5 -10.0
2 2 Location #7 -99
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Figure 2. Evaluation of SLeX binding kinetics and binding locations on sperm head. (a) SLeX structure
was extracted from a protein complex defined in the Protein Data Bank (PDB ID: 3PVD) and visualized in silico.
Computational analysis revealed the molecular surface of the SLeX agent for sperm binding using VMD’s built-
in SURF tool. (b) B1-4 galactosyltransferase 1 (B4GALT1) was extracted from human M340H-beta-1,4-

galactosyltransferase-1 (M340H-B4GAL-T1, PDB ID: 4EE3) and visualized in silico. This enzyme-receptor on
18
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the sperm plasma membrane plays a key role in sperm-egg binding. BAGAL-T1-SLeX interactions were then
computed using AutoDock Vina, and the analyses revealed at least nine unique locations for seventeen potential
binding modes for SLeX binding to B4AGALT1. (c) At these docking sites, strong binding was observed with the
affinity energies ranging from -9.0 to -11.6 kcal/mol. (d) We further observed that SLeX molecules capture sperm
cells with different morphologies (i.e., normal, condensed acrosome, abnormal middle-piece, large head, double-
headed, double-tailed, small head, and tail-less) on-chip. These experimental findings confirmed our results
observed in silico, indicating that SLeX targets sperm head and its binding is independent of distinct sperm

morphologies. Scale bars (black lines) represent 10 um.
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Figure 3. Evaluation of surface chemistry and microfluidic chip parameters for sperm capture. (a) Glass

surfaces were decorated with SLeX agent using a layer-by-layer surface chemistry approach. Capture efficiency
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was evaluated by varying three parameters: (i) concentration of mediator molecule (i.e., 4-Aminobenzoic acid
hydrazide: 4-ABAH) and bovine serum albumin (BSA), (i) SLeX concentration, and (iii) channel height. (b)
Various 4-ABAH (0.25 mg/mL and 2 mg/mL) and BSA concentrations (0% and 3%) were examined, and sperm
capture efficiency was calculated at each concentration. In these experiments, 50 pm high microchannels were
modified with a fixed SLeX concentration (0.1 mg/mL). Here, 0.25 mg/mL of 4-ABAH provided higher capture
efficiency than 2 mg/mL of 4-ABAH. This might be due to potential steric hindrance for SLeX immobilization to
the surface. Further, BSA blocking did not significantly affect the sperm capture efficiency (n=3-4, p>0.05) in
these experimental sets. (c) Different SLeX concentrations ranging from 0.1 to 0.5 mg/mL were used to evaluate
sperm capture. The 50 um high microchannels were modified with the optimized 4-ABAH (0.25 mg/mL) and BSA
(3%) concentrations. Here, 0.5 mg/mL of SLeX concentration provided higher capture efficiency compared to
the other groups. (d) Two channel heights (50 um and 80 um) were evaluated in terms of sperm capture
efficiency. The microchannels were decorated with the optimized 4-ABAH (0.25 mg/mL), BSA (3%), and SLeX
(0.5 mg/mL) concentrations. We observed that 50 um high channel heights resulted in higher capture efficiency
than an 80 um high channel. (e) Spatial distribution of cell capture was analyzed on-chip by imaging the entire
microchannel surface through a tiling function of the microscope with an automated x-y stage. Sperm counts
before and after the washing step were plotted through horizontal and vertical directions. Before the washing
step, a homogenous cell distribution was observed in a horizontal direction, whereas sperm cell count increased
in the middle of the channels on the vertical axis. The cell count was altered in the horizontal direction after the
washing step and most of the sperm close to the inlet washed away from the channel surface. On the other
hand, the distribution trend at the vertical axis did not change after the washing step. For statistical analysis, we
used one-way ANOVA with Tukey’'s post hoc test for multiple comparisons with the statistical significance

threshold set at 0.05 (p<0.05). Data is represented with average value + standard deviation (n=3-4).
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Figure 4. Evaluation of non-specific sperm cell binding (control), limit of detection, and distribution of
sperm cell capture. (a) The microchannels without surface chemistry were used as a control set. Non-specific
sperm cell binding was assessed with high (750 - 1,800 sperm per channel) and low (100 - 300 sperm per
channel) cell numbers. Only a limited number of sperm (275 = 96 cells) remained in the channels when we
applied 1,742 + 239 cells into the microchannels. Sperm samples with a high cell number were significantly

removed from the channel surfaces in the absence of surface chemistry (n=4, p<0.05). In addition, some sperm
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(186 £ 97 cells) remained when we introduced 285 + 111 cells to the microchannels. These results demonstrated
that the bare glass surface itself has ~200 non-specific binding points over the sperm count range. (b) We also
evaluated the detection capability of microchannels modified with surface chemistry. Most sperm (748 + 9 cells)
were captured when we applied 798 £ 9 cells into the microchannels (n=3, p>0.05). In low cell count experiments,
we observed that 116 + 17 sperm were captured on-chip when we introduced 134 + 19 cells to the microchannels
(n=3, p>0.05). As demonstrated in the plot, the microchannels modified with surface chemistry efficiently
captured sperm in both high and low cell numbers with ~94% and ~86% efficiency, respectively. (c-d) We
evaluated the limit of detection parameter for the microchannels by applying multiple cell concentrations varying
from ~20 to ~8,000 cells per channel. The microchannels captured down to ~20 sperm cells per channel with a
capture efficiency of 75.4 + 1.5% (n=3, p<0.05), and the capture efficiency increased up to 93.6 + 3% at higher
cell counts (up to ~8,000 cells/channel), indicating that the microchannels were able to handle a broad range of
cell numbers and the capture capability of chips was independent of high cell numbers introduced into the
microchannels. (e) Limit of detection parameter was further analyzed through a non-linear fitting function. The
curve had a linearity of 0.94 and 0.87 for R? (Coefficient of determination: COD) and adjusted R?, respectively.
For statistical analysis, we used one-way ANOVA with Tukey’s post hoc test for multiple comparisons with the
statistical significance threshold set at 0.05 (p<0.05). Horizontal brackets and asterics demonstrate statistically

significant differences between groups. Data is represented with average value + standard deviation (n=3-4).
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Figure 5. Specificity experiments and validation of microfluidic chips with forensic mock samples. (a)
Specificity of SLeX was tested with a heterogenous cell population consisting of a male’s sperm and buccal
epithelial cells collected from a female’s inner cheeks. Two sets of microfluidic chips were prepared: (i) all surface
chemistry steps including SLeX and (ii) all surface maodifications without SLeX. (b) SLeX-modified surfaces
provided 91.1 = 3.1% of capture efficiency, whereas sperm cells drastically washed away from the surfaces
without SLeX (n=5, p<0.05). In addition, SLeX provided high specificity to capture sperm (~91%) compared to
epithelial cells (~7% and ~1%) in both experimental sets (n=5, p<0.05). There was no significant binding of
epithelial cells observed in the microchannels with SLeX and without SLeX (n=5, p>0.05). (¢) Microphotography
was performed before and after the washing steps on microchannels with SLeX. The sperm and epithelial cells
were counted on the tiled images. Black arrows represent epithelial cells (EC) in the microchannels. Scale bars
represent 50 um. (d) Simulated forensic samples (non-casework samples) were obtained from the Broward
Sheriff's Office Forensic Laboratory. Five different mock samples were introduced into the microchannels
modified with SLeX, and the number of sperm were then counted before and after the wash steps. Here, we
observed various numbers of sperm, ranging from ~300 to ~745 cells in the microchannels, and most of the
sperm cells were captured in the microchannels. (e) Mock samples provided high capture efficiencies, spanning
from ~70% to ~92%. (f) The mock samples were collected, using either cotton swab or cotton gauze, on different
dates. These samples consisted of different cell content and concentrations. The details of captured sperm,
capture efficiency, and number of retained epithelial cells are presented in the table. Data is represented with
average value + standard deviation (n=3). For statistical analysis, we used one-way ANOVA with Tukey’s post
hoc test for multiple comparisons with the statistical significance threshold set at 0.05 (p<0.05). Horizontal
brackets demonstrate statistically significant differences between groups. Data is represented with average value

+ standard deviation (n=5).
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V- CONCLUSIONS
a- Discussion of findings: The differential extraction of sexual assault samples from sexual assault kits requires
up to eight hours of skilled personnel to complete. Even while performing lengthy sample process steps, a
significant amount (60-90%) of male DNA may be lost during existing procedures as reported in the literature 1°-
13 Here, we present a next-generation differential extraction technology that is, to the best of our knowledge, the
most rapid, reliable, accurate, user-friendly method available. Although there are previously antibody-based
capture approaches proposed for forensic samples, they suffer from loss of efficiency and specificity over time
since proteins on the sperm membrane aged over a long-term storage, as well as during the drying process
152021 As we have shown in this study, SLeX has multiple binding sites on the sperm surface, making it a unique
element for aged forensic sperm samples, allowing our methods to achieve ~5-fold higher sperm capture
efficiency. Our technology solves a significant problem that has failed to find a solution in the past for efficient

differential extraction of sperm.

Here, we integrated microfluidics with a unique oligosaccharide unit (i.e., SLeX), a major binding ligand for
egg and sperm interaction (Aim 1). By introducing biomimetic materials into a microfluidics realm, we have
developed a powerful platform to selectively isolate sperm in heterogeneous matrices by performing only few
steps (four sampling/washing and two incubation steps) to provide on-chip sperm DNA lysate within 80 min (Aim
2). All sampling and extraction steps can be performed by existing forensic DNA laboratory equipment and
techniques such as sample loading with a pipette and a single-flow rate wash for controlling selective removal
of unbound cells from microchannels. We validated this procedure with forensic mock samples shelved for over
a decade, and we successfully differentially captured sperm cells in channels with high capture efficiency (70-

92%).

Overall, the presented microfluidic technology with a bio-inspired oligosaccharide sequence addresses
critical technical challenges in forensic rape cases, facilitating downstream genomic analyses, accelerating
identification of suspects, and advancing public safety. In addition, the ability of our technology (i) to differentially
extract sperm from heterogeneous cell population, (ii) lyse sperm on-chip, and (iii) extract sperm DNA within a

short assay-time can open up new avenues for forensic downstream analyses (Aim 3).
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b- Implications for policy and practice: The failure to test and analyze evidence connected to sexual assaults
constitutes a growing problem for victims, public safety and the criminal justice system. This project developed
an innovative approach to help reduce DNA forensic backlogs in cases involving sexual assault biological
evidence. Basically, a rapid and efficient processing of sexual assault evidence will help accelerate forensic
investigation and reduce casework backlogs. In practice, processing of DNA evidence in sexual assault
casework, which requires separation of the victim’s cells (epithelial) from the perpetrators cells (sperm), remains
a serious bottleneck in laboratories due to time consuming steps of selective cell lysis, centrifugation and
separation into female and male DNA fractions. Here, we developed a microfluidic device integrated with a
unique oligosaccharide sequence for selective isolation, differential extraction and quantitation of sperm from
forensic evidence of heterogeneous cellular content in rape kits. This Next Generation Differential Extraction
(NGDE) process considerably reduced assay-time by over six hours, providing an inexpensive alternative to
multi-step, labor-intensive differential extraction, thus potentially accelerating identification of suspects;

contributing to the safety of society.

c- Implications for further research: We summarized further research that can be applied to the current
experimental design: (i) the current design of chips has up to 4 microchannels and process 5 L to 15 pL of
sample volume per channel, which is typical in a case sample. By integrating various designs of channel lateral
dimensions and numbers, the platform can potentially handle larger sample volumes for high-throughput DNA
extraction. (ii) As the incubation time for sperm capture takes 75% of total processing time, this assay time would
potentially be further reduced by decreasing channel height and increasing capture agent concentration on
device surfaces. (iii) Although the current system uses a simple hand-pipette and a syringe pump in the sampling
and washing steps, the entire platform can potentially be automated by integrating an automatic pipetting system,
as well as creating a closed-box system that minimizes personnel integration and person-to-person variability.
Also, automated preparation techniques using a robotic arm could considerably minimize potential batch-to-
batch variations. (iv) Although the present platform utilizes affordable components such as plastic layers,
polymers and glass slides, the cost of goods used for the fabrication and surface chemistry can potentially be

reduced further with mass production.

27

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



10.

11.

V-

REFERENCES

The Rape Abuse & Incest National Network (RAINN). Victims of Sexual Violence: Statistics. Available

at: https://www.rainn.org/statistics/victims-sexual-violence. (Accessed: 21st August 2017)

Department of Justice. Office of Justice Programs, Bureau of Justice Statistics, Sex Offenses and

Offenders. (1997).

Department of Justice. Office of Justice Programs, Bureau of Justice Statistics, Crimes Against the

Elderly (2003-2013). (2014).

Steve Reilly. No action on rape kits despite new laws, federal money. USA Today (2015). Available at:
http://www.usatoday.com/story/news/2015/07/17/1b--rape-kit-funding-not-being-spent--fix-

problem/29902283/. (Accessed: 21st August 2017)

Mark Nelson. Making Sense of DNA Backlogs 2010 — Myths vs. Reality. (2011). Available at:

https://www.ncjrs.gov/pdffiles1/nij/232197.pdf. (Accessed: 21st August 2017)

Mark Nelson, Ruby Chase & Lindsay DePalma. Making Sense of DNA Backlogs 2012 — Myths vs.
Reality. (2013). Available at: https://www.ncjrs.gov/pdffiles1/nij/243347.pdf. (Accessed: 21st August

2017)

Asghar, W. et al. Toxicology Study of Single-walled Carbon Nanotubes and Reduced Graphene Oxide

in Human Sperm. Sci. Rep. 6, 30270 (2016).

Inci, F. et al. Multitarget, quantitative nanoplasmonic electrical field-enhanced resonating device

(NE2RD) for diagnostics. Proc. Natl. Acad. Sci. U. S. A. 112, E4354-63 (2015).

Wang, S. et al. Portable microfluidic chip for detection of Escherichia coli in produce and blood. Int. J.

Nanomedicine 7, 2591-600 (2012).

Norris, J. V., Manning, K., Linke, S. J., Ferrance, J. P. & Landers, J. P. Expedited, chemically enhanced

sperm cell recovery from cotton swabs for rape kit analysis. J. Forensic Sci. 52, 800-805 (2007).

Lounsbury, J. A. et al. Enhanced recovery of spermatozoa and comprehensive lysis of epithelial cells

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.


https://www.ncjrs.gov/pdffiles1/nij/243347.pdf
https://www.ncjrs.gov/pdffiles1/nij/232197.pdf
http://www.usatoday.com/story/news/2015/07/17/1b--rape-kit-funding-not-being-spent--fix
https://www.rainn.org/statistics/victims-sexual-violence

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

from sexual assault samples having a low cell counts or aged up to one year. Forensic Sci. Int. Genet.

8, 84-89 (2014).

Gill, P., Jeffreys, A. & Werrett, D. Forensic application of DNA ‘fingerprints’. Nature 318, 577-579

(1985).

Vuichard, S. et al. Differential DNA extraction of challenging simulated sexual assault samples: a Swiss

collaborative study. Investig. Genet. 2, 11 (2011).

Norris, J. V. et al. Acoustic differential extraction for forensic analysis of sexual assault evidence. Anal.

Chem. 81, 6089-6095 (2009).

Zhao, X.-C. et al. Isolating Sperm from Cell Mixtures Using Magnetic Beads Coupled with an Anti-PH-20

Antibody for Forensic DNA Analysis. PLoS One 11, e0159401 (2016).

Sanders, C. T., Sanchez, N., Ballantyne, J. & Peterson, D. A. Laser microdissection separation of pure

spermatozoa from epithelial cells for short tandem repeat analysis. J. Forensic Sci. 51, 748-757 (2006).

Elliott, K., Hill, D. S., Lambert, C., Burroughes, T. R. & Gill, P. Use of laser microdissection greatly

improves the recovery of DNA from sperm on microscope slides. Forensic Sci. Int. 137, 28—-36 (2003).

Di Martino, D. et al. Single sperm cell isolation by laser microdissection. Forensic Sci. Int. 146, (2004).

Garvin, A. M. et al. Isolating DNA from sexual assault cases: a comparison of standard methods with a

nuclease-based approach. Investig. Genet. 3, 25 (2012).

Herr, J. SpermPaint Optimization and Validation. The U.S. Department of Justice-Cumulative Technical
Progress Report for Grant#: 2000-1J-CX-K013 (2007). Available at:

https://www.ncjrs.gov/pdffiles1/nij/grants/220289.pdf. (Accessed: 21st August 2017)

Li, X. B. et al. Magnetic bead-based separation of sperm from buccal epithelial cells using a monoclonal

antibody against MOSPD3. Int. J. Legal Med. 128, 905-911 (2014).

Chen, Y. et al. Crystallography of a Lewis-Binding Norovirus, Elucidation of Strain-Specificity to the
Polymorphic Human Histo-Blood Group Antigens. PLoS Pathog. 7, 1002152 (2011).

29

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.


https://www.ncjrs.gov/pdffiles1/nij/grants/220289.pdf

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ramakrishnan, B., Boeggeman, E. & Qasba, P. K. Binding of N-acetylglucosamine (GIcNAc) 31-6-
branched oligosaccharide acceptors to f4-galactosyltransferase | reveals a new ligand binding mode. J.

Biol. Chem. 287, 28666—74 (2012).

Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 14, 33-38

(1996).

Morris, G. M. et al. Software news and updates AutoDock4 and AutoDockTools4: Automated docking

with selective receptor flexibility. J. Comput. Chem. 30, 2785-2791 (2009).

Trott, O. & Olson, A. J. AutoDock Vina. J. Comput. Chem. 31, 445-461 (2010).

Oppitts E. Eine neue Farbemethode zum Nachweis der Spermien bei Sittlichkeitsdelikten. Ark. Kriminol

144, 145-148 (1969).

Pang, P.-C. et al. Human Sperm Binding Is Mediated by the Sialyl-Lewisx Oligosaccharide on the Zona

Pellucida. Science (80-.). 333, 1761-1764 (2011).

Wassarman, P. M. The Sperm’s Sweet Tooth. Science (80-. ). 333, (2011).

Sutton-Smith, M. et al. Analysis of protein-linked glycosylation in a sperm-somatic cell adhesion system.

Glycobiology 17, 553-567 (2007).

Clark, G. F. The role of carbohydrate recognition during human sperm-egg binding. Hum. Reprod. 28,

566-577 (2013).

Qingxian Lu & Shur, B. D. Sperm from beta 1,4-galactosyltransferase-null mice are refractory to ZP3-

induced acrosome reactions and penetrate the zona pellucida poorly. Development 124, (1997).

Fard Jahromi, S. S. & Shamsir, M. S. Construction and Analysis of the Cell Surface’s Protein Network

for Human Sperm-Egg Interaction. ISRN Bioinforma. 2013, 1-8 (2013).

Miller, D. J., Macek, M. B. & Shur, B. D. Complementarity between sperm surface 3-1,4-galactosyl-

transferase and egg-coat ZP3 mediates sperm—egg binding. Nature 357, 589-593 (1992).

A., K., John, R. & Nixo, B. in Binding Protein (InTech, 2012). doi:10.5772/50499
30

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



36.

37.

38.

Xu, H., Jian R. Lu, A. & Williams, D. E. Effect of Surface Packing Density of Interfacially Adsorbed
Monoclonal Antibody on the Binding of Hormonal Antigen Human Chorionic Gonadotrophin. J. Phys.

Chem. B 110, 1907-1914 (2006).

Herron, J. N. et al. Biopolymers at Interfaces, Second Edition. (Marcel Dekker, 2003).

Vareiro, M. M. L. M. et al. Surface plasmon fluorescence measurements of human chorionic
gonadotrophin: Role of antibody orientation in obtaining enhanced sensitivity and limit of detection. Anal.

Chem. 77, 2426-2431 (2005).

31

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



VI- DISSEMINATION OF RESEARCH FINDINGS

Publications, conference papers, and presentations
Journal Publications

Inci, F., Ozen, M.O., Saylan, Y., Miansari, M., Cimen, D., Dhara, R., Chinnasamy, T., Yuksekkaya, M.,
Filippini, C., Kumar, D.K., Calamak, S., Yesil, Y., Durmus, N.G., Duncan, G., Klevan, L.#, and Demirci, U.#,
“A novel on-chip method for differential extraction of sperm in forensic cases.” Advanced Science, 2017

(Under review).
Other publications, conference papers, and presentations.

Inci, F., Inan, H., Klevan, L., and Demirci, U., “Isolation and Quantitation of Sperm on a Microfluidic-Integrated
Shadow Imaging System” The 25" International Symposium on Human Identification — Your International

Forensics Hub, Phoenix, AZ, USA, 2014.

Inci, F., Saylan, Y., Ozen, M.O., Duncan, G., Klevan, L., and Demirci, U., “A new generation-differential
extraction method for sperm isolation on-chip” The 25th International Symposium on Human Identification —

Your International Forensics Hub, Minneapolis, MN, USA, 2016.

Inci, F., Ozen, M.O., Miansari, M., Saylan, Y., Cimen, D., Durmus, N.G., Duncan, G.T., Klevan, L., and
Demirci, U., “A Next Generation Differential Extraction Device for Sperm Isolation and DNA Processing On-

Chip” Stanford Bio-X IIP Symposium, Stanford, CA, USA, 2017.

Inci, F., Ozen, M.O., Miansari, M., Saylan, Y., Cimen, D., Durmus, N.G., Duncan, G.T., Klevan, L., and
Demirci, U., “Automation of Differential Extraction with Sperm Quantitation using Microfluidic Platform for

Forensic Applications” The Pittcon Conference & Expo, Orlando, FL, USA, 2018.

32

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



	III- RESULTS
	A-Statement of Results
	Evaluating surface characteristics and sperm capture efficiency in microchannels: We designed microchannels that consist of three layers: (i) Poly(methyl methacrylate) (PMMA) for formation of inlets and outlets, (ii) double-sided adhesive for formatio...
	Evaluating distribution of sperm capture in microchannels: We assessed the spatial distribution of sperm on-chip by counting sperm before and after PBS washing steps. In this experiment, we applied high and low sperm counts into the channels. During t...
	Benchmarking non-specific cell binding (control): In control experiments, we did not decorate the channels with surface chemistry, and the glass surface was only cleaned with EtOH before being assembled (Figure 4). We also introduced high sperm count ...
	Evaluating limit of detection (LOD): We assessed this parameter by applying multiple cell counts (~20 to ~8,000 sperm per channel) into the channels and calculating capture efficiency at each cell concentration (Figure 4c-e). As a result, the channels...
	Evaluating specificity of sperm capture in microchannels: Vaginal samples contained in sexual assault kits typically contain vaginal epithelial cells from the victim and sperm cells from the perpetrator. To evaluate specificity performance of microflu...
	Validating microfluidic chip performance with forensic mock samples: Forensic mock samples were collected from the Broward Sheriff's Office Forensic Laboratory. In validation studies, samples were sent to Stanford University under the approved IRB pro...
	Sperm lysis on-chip and DNA quantification: Captured sperm in microchannels were first treated with TCEP in Triton X-100 to lyse cells on-chip. The collected lysate solution was then processed through Proteinase K and spin column protocols, as describ...
	B- TABLES




Accessibility Report





		Filename: 

		252290.pdf









		Report created by: 

		



		Organization: 

		







[Enter personal and organization information through the Preferences > Identity dialog.]



Summary



The checker found no problems in this document.





		Needs manual check: 0



		Passed manually: 2



		Failed manually: 0



		Skipped: 0



		Passed: 30



		Failed: 0







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Passed manually		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Passed manually		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Passed		All page content is tagged



		Tagged annotations		Passed		All annotations are tagged



		Tab order		Passed		Tab order is consistent with structure order



		Character encoding		Passed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Passed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Passed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Passed		Tables should have headers



		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Passed		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top



