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A B S T R A C T   

Rapid and efficient processing of sexual assault evidence will accelerate forensic investigation and decrease 
casework backlogs. The standardized protocols currently used in forensic laboratories require the continued 
innovation to handle the increasing number and complexity of samples being submitted to forensic labs. Here, we 
present a new technique leveraging the integration of a bio-inspired oligosaccharide (i.e., Sialyl-LewisX) with 
magnetic beads that provides a rapid, inexpensive, and easy-to-use strategy that can potentially be adapted with 
current differential extraction practice in forensics labs. This platform (i) selectively captures sperm; (ii) is 
sensitive within the forensic cut-off; (iii) provides a cost effective solution that can be automated with existing 
laboratory platforms; and (iv) handles small volumes of sample (~200 μL). This strategy can rapidly isolate 
sperm within 25 minutes of total processing that will prepare the extracted sample for downstream forensic 
analysis and ultimately help accelerate forensic investigation and reduce casework backlogs.   

1. INTRODUCTION 

Cell isolation methods have been widely used in many fields, 
including cancer research [1–3], cell therapy [4], infectious diseases 
[5–8], and forensic science [9,10]. Processing a small number of cells 
from heterogeneous mixtures have some difficulties and present bio
logical and technical challenges. For instance, in forensic science, pro
cessing evidence samples from sexual assault kits requires the separation 
of the perpetrator’s cells (sperm cells) from the victim’s cells (epithelial 
cells). Predominantly, conventional differential extraction methods are 
implemented in forensic labs and require labor-intensive and 
time-consuming procedures, contributing significantly to the backlog 
problem. New strategies including acoustic trapping [11], anti
body-based capture [9], laser microdissection [12–14], and nuclease-
based approaches [15], have been also introduced to isolate sperm from 
forensic samples, however, the yield may be low at the end of the 

process. Among these methods, instruments integrating magnetic 
bead-based strategies (e.g., QIAGEN EZ1 Advanced) are widely used for 
DNA extractions. This strategy is also applied for sperm capture (before 
downstream analyses) in forensic labs [16,17]. Despite their utility, 
magnetic-based methods leveraging the antibody-type detection for 
sperm isolation have challenges when working with aged sperm samples 
due to the alterations in sperm surface receptors over time, decreasing 
the observed yields of sperm DNA [17]. Earlier, we showed that a 
bio-inspired molecule (SLeX: Sialyl-LewisX) integrated with a micro
fluidic chip platform can perform sensitive and specific isolation of 
sperm from heterogeneous mixtures and achieve high yields for the 
samples older than 15 years [18]. However, challenges remain for the 
integration of these highly selective molecules to carriers that can be 
easily integrated to the current forensic lab protocols. Briefly, our earlier 
work was based on the integration of SLeX molecules into a microfluidic 
chip that includes multiple fabrication and surface chemistry steps. To 
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further advance the field, there are three main technological and 
methodological challenges remaining: (i) a new technology needs to 
isolate sperm cells specifically, resulting in a high yield; (ii) the overall 
method needs to be easily adapted to current forensic practices; and (iii) 
sample manipulation steps need to be facile, hence minimizing the 
requirement of skilled personnel and intensive training of current re
searchers at a crime laboratory. This new approach makes the isolation 
method more translatable to a forensics setting. To make our approach 
more applicable and readily available in forensic labs, we demonstrate 
integration into a magnetic bead-based format using a 1.5 mL volume of 
microcentrifuge tube, where sample manipulation steps are relatively 
simple for a forensic laboratory conditions. By uniquely integrating the 
SLeX approach with magnetics beads, we denote a new method that can 
be much easily integratable and scalable with high throughput down
stream forensic lab processes such as a 96-well format. 

Here, we demonstrate a combined strategy, where a bio-inspired 
material is integrated with magnetic beads to isolate sperm cells spe
cifically (Fig. 1). In this approach, we aim to leverage the easy- 
adaptation feature of magnetic bead type strategies that accelerate the 
platform utility into the existing forensic labs’ procedures, and also, 
benefit from the high specificity, durability, and selectivity features of 
SLeX molecule. The integration of bio-inspired SLeX molecules to 
already existing forensic lab protocols (magnetic bead-based isolation 

strategy) would potentially accelerate the access and translation of these 
urgently needed technologies into the crime lab. By combining these two 
strategies, this platform specifically captures sperm cells and provides an 
inexpensive alternative to the current protocols. It also needs a small 
sample volume (~200 μL) to process within 25 minutes of total pro
cessing for further potential downstream forensic analyses and should be 
adoptable to high-throughput automated procedures. 

2. MATERIALS AND METHODS 

2.1. Surface functionalization for magnetic beads 

According to the manufacturer’s directions, we initially transferred a 
homogenous solution of magnetic beads (575 × 106 beads) (supplied at 
10 mg/mL in N,N-dimethylacetamide (DMAC), purchased from Thermo 
Fisher Scientific (Waltham, MA, USA)) to a microcentrifuge tube 
(1.5 mL) and placed the tube on a magnetic stand (the MACS Separator, 
purchased form Miltenyi Biotec (North Rhine-Westphalia, Germany)). 
The magnetic beads were then collected, and the supernatant was dis
carded. The ice-cold Wash Buffer A (300 μL of 1 mM of hydrochloric 
acid, purchased from Sigma-Aldrich (St. Louis, MO, USA)) was applied 
to the tube, and vortexed gently for 15 seconds to mix homogenously. 
Again, the magnetic beads were collected, and the supernatant was 

Fig. 1. Workflow and surface chemistry procedure. A-G) Magnetic beads were chemically modified using 4-ABAH and SLeX reagents, and the process was 
terminated by adding the quenching buffer. H-I) Sperm cells were applied into the microcentrifuge tube, and after an incubation, the cells were collected using 
a magnet. 
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discarded. The aminobenzoic acid hydrazide (4-ABAH, purchased from 
Sigma-Aldrich (St. Louis, MO, USA)) (200 μL) solution was added to 
form hydrazide groups on the bead surface. The stock concentration of 
4-ABAH was prepared as 10 mg/mL in Dimethyl sulfoxide (DMSO) 
(Fisher Scientific (Hampton, NH, USA)), and the experiment concen
tration of 4-ABAH was tested within a range of 100 μg/mL – 500 μg/mL 
prepared with DMSO:phosphate buffered saline (PBS, Thermo Fisher 
Scientific (Waltham, MA, USA)) (1:1 (v:v) ratio). After adding 4-ABAH, 
the tube was incubated for 2 hours on a rotator at 4 ◦C (during the first 
30 minutes, the tube was vortexed for 15 seconds every 5 minutes). At 
the end of the incubation period, the bead solution was placed on a 
magnetic stand and incubated for 30 seconds (same procedure were 
applied to all bead collection steps using a magnetic stand). The beads 
were then collected, and the supernatant was discarded. To remove any 
chemical residues in the tube, the magnetic beads were washed with 
300 μL of PBS and vortexed for 15 seconds. After that, we collected the 
beads on the magnetic stand, and applied washing steps again. 

A 200 μL of SLeX (purchased from EMD Millipore (Hayward, CA, 
USA)) solutions in different concentrations, ranging from 100 μg/mL to 
500 μg/mL in PBS, were added into the tube, and the solution was 
allowed for an overnight incubation (16 to 20 hours) on a rotator at 4 ◦C 
(during the first 30 minutes, the tube was vortexed for 15 seconds at 
every 5 minutes). After the incubation period, we collected the beads 
using a magnetic stand, and discarded the supernatant. We added 
300 μL of PBS to the beads and vortexed the tube for 15 seconds. Again, 
we collected the beads on the magnetic stand, and applied the same 
washing steps. To alter the PBS buffer condition, we applied the same 
washing, vortexing, and bead collection steps with 300 μL of deionized 
(DI) water. After the DI washing step, 300 μL of Quenching Buffer (3 M 
of ethanolamine, pH 9.0, purchased from Sigma-Aldrich (St. Louis, MO, 
USA)) was added to the bead solution, and the tube was vortexed for 30 
seconds. The tube was incubated for 2 hours on a rotator at 4 ◦C. After 
the incubation step, we collected the beads using a magnetic stand, and 
discarded the supernatant. Then, 300 μL of ultrapure water was added to 
the tube, and the tube was mixed by pipetting. Finally, the beads were 
collected with a magnetic stand, and the supernatant was discarded. 

2.2. Dynamic Light Scattering (DLS) Studies 

The size distribution of N-Hydroxysuccinimide (NHS)-terminated 
magnetic beads were analyzed with the DLS system (Malvern Pan
alytical, United Kingdom). The size distribution of beads was performed 
in a standard DLS cuvette. We prepared a mixture containing 25 μL of 
bead solution and 2975 μL Dl water, and measured this mixture in a 
cuvette at 25 ◦C. 

2.3. Fourier Transformed Infrared (FTIR) Spectral Studies 

The chemical structure of the NHS-activated magnetic beads and 
SLeX-modified NHS-activated magnetic beads were characterized using 
an FTIR system (PerkinElmer 283 spectrum). In this method, 4 mg of 
sample was pelleted with potassium bromide (KBr, purchased from 
Sigma-Aldrich (St. Louis, MO, USA)), and the FTIR spectra was recorded 
in the wave number range of 500 − 4000 cm− 1. 

2.4. Sperm and buccal cell samples 

Under an IRB protocol in-place (Stanford University IRB Number: 
6208, and Protocol ID: 30538), we obtained de-identified anonymous 
sperm samples from Stanford Medicine, Fertility and Reproductive 
Health Services (Sunnyvale, CA, USA). Under the same IRB, we also 
obtained buccal epithelial cells from female individuals’ inner cheek and 
collected the consent forms from the subjects. Both sperm and buccal 
cells were not treated with any processes, such as isolation, purification 
or washing, and they were used directly in the experiments. 

2.5. Sperm staining and quantification 

Sperm were stained with DAPI, and counted by using a hemocy
tometer/cell counter. Briefly, we placed 100 μL of sperm cells into a 
1.5 mL microcentrifuge tube, and centrifuged the tube for 5 minutes at 
1,200 rpm. After the centrifugation, we discarded the supernatant, and 
added 1 mL of DAPI stain (Thermo Fisher Scientific (Waltham, MA, 
USA)) solution (diluted in 1:100 in PBS). We incubated the tube for 
10 minutes at room temperature by covering with an aluminum foil. We 
again centrifuged with the same parameters, and discarded the super
natant. To remove any excessive stain moities in the tube, we added 
1 mL of PBS, centrifuged with the tube for 5 minutes at 1,200 rpm, and 
discarded the supernatant. We applied this washing step one more time. 
By adding 1 mL of PBS to the sperm cell in the tube, we completed the 
staining procedure. For quantification, we added 10 μL of a DAPI- 
labeled sperm sample to a hemocytometer/cell counter and counted 
the sperm cells. To reach the corresponding sperm numbers, we serially 
diluted the stock sperm solution in PBS. Moreover, since counting cells 
with hemocytometer has difficulties for low cell numbers (1 × 103 and 
10 × 103 sperm), we designed a microfluidic chip (with 20 μL of channel 
volume), and counted 1 × 103 sperm/200 μL and 10 × 103 sperm/ 
200 μL cells in the channels using a microscope system operated with the 
tiling function. In this step, we used 10 microchannels to ensure apply 
and count the entire sperm numbers in 200 μL of sample. We therefore 
confirmed our dilutions with high sperm number using a hemocytom
eter and low sperm number counting on a microfluidic chip. 

2.6. Sperm experiments 

Before starting the sperm experiments, the sperm number in the 
stock solution was counted using a hemocytometer or a microfluidic 
chip for 1 × 103 and 10 × 103 sperm/200 μL as described above. To 
reach the corresponding sperm numbers, we serially diluted the stock 
sperm solution in PBS. After the counting, 200 μL of sperm were added 
in a tube containing SLeX-integrated magnetic beads, and sperm sam
ples were incubated (from 10 minutes to 2 hours) on a rotator at 4 ◦C. 
The tube was then placed on a magnetic stand to collect the beads, and 
the supernatant and unbound sperm cells were taken into another tube. 
The captured sperm were washed with 300 μL of PBS (2 times) and the 
tube was again placed on a magnetic stand for collecting the beads, and 
the supernatant was taken into another tube. Due to the high number of 
magnetic beads creating difficulties in counting, we quantified the un
bound sperm cells in the supernatant phase using a hemocytometer/cell 
counter. While working with low sperm numbers (1x 103 and 10 × 103 

sperm), we used a microfluidic chip for cell quantification as detailed 
above. The captured sperm were calculated by subtracting the number 
of cells (counted in the supernatant phase and after washing steps) from 
the stock cell number (sperm count before capture process). The 
captured efficiency rate was defined as follows:  

Capture efficiency (%) =
Sperm count after capture process

Sperm count before capture process
x 100  

2.7. Vaginal epitheial cell culture 

Briefly, the cryovial containing primary vaginal epithelial cells 
(ATCC® PCS-480-010™, purchased from ATCC (Manassas, VA, USA)) 
were thawed rapidly in a 37 ◦C water-bath. The cell suspension in the 
cryovial was slowly transferred to a tube containing 9 mL of medium 
(Vaginal Epithelial Cell Basal Medium (ATCC® PCS-480-030™, pur
chased from ATCC (Manassas, VA, USA)), and then, the cell suspension 
was centrifuged at 1,500 rpm for 3 minutes. Afterwards, the supernatant 
was discarded, and 1 mL of medium was applied to the pellet. After 
discarding the supernatant, 100 μL of cell suspension was pipetted in 
cell culture dishes containing 5 mL of growth media, and the dishes were 
placed in a 5% CO2 incubator at 37 ◦C. The dishes were checked daily 
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using an inverted microscope, and the cell confluence was monitored 
regularly. The medium was then removed from primary culture using a 
sterile pasteur pipet and the adhering cells were washed once with PBS. 
The trypsin-EDTA (purchased from Thermo Fisher Scientific (Waltham, 
MA, USA)) solution was added to the culture to remove the adhering cell 
layer. Then the dishes were placed in a 5% CO2 incubator at 37 ◦C for 
3 minutes. We again checked the culture using an inverted microscope 
to ensure the cell detached from the surface. The cell suspension was 
transferred to a tube containing 2 mL of culture medium. The tube was 
then centrifuged at 1500 rpm for 3 minutes, and the supernatant was 
discarded. Finally, 1 mL of medium was applied to the pellet and vaginal 
epithelial cells were counted on a hemocytometer. 

2.8. Statistical Analysis 

All data presented in this study was assessed with statistical analysis 
using GraphPad Prism (San Diego, CA, USA) and OriginPro (North
ampton, MA, USA). Diamond-shaped Box-Whisker plots represent the 
25th and 75th of percentiles; red-line indicates the median; and whiskers 
shows the 95th and 5th percentiles. Dots indicated each data point for the 
concentrations. Non-parametric Kruskal-Wallis analysis followed by 
Dunn’s multiple comparison test was used to assess the data for 4-ABAH 
and SLeX concentrations. The minimum, first quartile, median, third 
quartile, and maximum of each concentration (4-ABAH and SLeX) were 
represented in Tables S1 and S2. In the evaluation of assay procedure 
and specificity experiments, one-way analysis of variance (ANOVA) 
followed by Tukey’s multiple comparison test was performed to evaluate 

the data for each plot. In all the figures, the statistical significance 
threshold was set at 0.05 (p < 0.05), and the data size and statistical 
result were stated in each figure caption. 

3. RESULTS AND DISCUSSIONS 

3.1. Optimizing surface modification parameters 

Magnetic beads were decorated with SLeX molecules via two main 
reaction steps: (i) chemical conversion from NHS esters to hydrazide 
groups and (ii) immobilization of SLeX molecule on the bead surface. We 
initially optimized the first step by evaluating different concentrations of 
4-ABAH molecules from 100 μg/mL to 500 μg/mL over sperm capture 
efficiency while keeping the SLeX concentration (250 μg/mL), sperm 
number applied (1.5 × 106 cells in 200 μL of sample), and incubation 
time (60 minutes) constant (Fig. 2A). In this concentration range, we 
observed sperm capture efficiencies as 74.3 ± 5.4% for 100 μg/mL of 4- 
ABAH coupling reagent, 71.8 ± 2.4% for 250 μg/mL of 4-ABAH, and 
73.7 ± 8.5% for 500 μg/mL of 4-ABAH. According to the statistical as
sessments, there was no statistical difference between all the concen
trations (n = 3-6, p > 0.05) (Fig. 2A and Table S1), and we therefore 
continued to further experiments with 100 μg/mL of 4-ABAH 
concentration. 

At the next step, we assessed the effect of multiple SLeX concentra
tions (100 μg/mL to 500 μg/mL) for sperm capture efficiency, keeping 
the 4-ABAH concentration (100 μg/mL), sperm number (1.5 × 106 cells 
in 200 μL of sample), and incubation time (60 minutes) constant 

Fig. 2. Evaluation of surface chemistry parameters on magnetic beads. A) Varying agent molecule concentrations (i.e.,4-ABAH) were evaluated. B) Different 
SLeX concentrations were assessed. In all plots, the sperm capture efficiency (%) was used as the data. C-D) The brightfield and fluorescence images of captured 
sperm cells were demonstrated. Sperm cells were stained with DAPI, and scale bar represents 10 μm. 
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(Fig. 2B). Sperm capture efficiencies resulted in 81.6 ± 2.4% for 100 μg/ 
mL of SLeX, 74.3 ± 5.4% for 250 μg/mL of SLeX, and 78.2 ± 8.2% for 
500 μg/mL of SLeX. There was no statistical difference observed be
tween all SLeX concentrations (n = 3-8, p > 0.05) (Fig. 2B and 
Table S2). By evaluating these two reaction steps, we optimized the 
experiment with 4-ABAH concentration of 100 μg/mL and a SLeX con
centration of 100 μg/mL after the magnetic bead experiments. 

During the optimization steps, we also stained the captured sperm 
cells with DAPI to visualize under a fluorescence microscope (Fig. 2C 
and D). We mostly observed homogenous distribution of magnetic beads 
while quantifying sperm on a hemocytometer, and in some cases, 
magnetic beads were clumped together capturing multiple sperm cells. 
This is consistent with our previous observation from in-silico experi
ments [18], where we predicted multiple SLeX binding sites on the 
sperm surface. 

3.2. Characterization of magnetic beads and surface chemistry 

Magnetic beads were first characterized with their size parameter 
using DLS measurements (Fig. 3A). The beads had mostly mono
dispersed characteristics of a diameter of 942.9 ± 64.55 nm. We then 
characterized the surface chemistry by comparing the chemical func
tionality of bare magnetic beads (NHS-terminated) and modified beads 
(including SLeX binding) (Fig. 3B). In the FTIR spectrum of bare beads, a 
characteristic peak at 630 cm-1 of Fe-O-Fe was observed. The other peak 
was Fe-O tensile vibration at 440 cm-1. In addition to iron oxide peaks, 
succinimide units on the bare beads were clearly visible. Briefly, the 
asymmetric and symmetric imide stretching vibrations at ~1718- 
1750 cm-1 and C-C stretching vibration at 1250 cm-1 were observed. The 
tensile vibration of 1453 cm-1 C-N was also clearly visible over imide 
groups. In the SLeX-modified beads, the characteristic peaks of the SLeX 
were observed at 2850-2925 cm-1 (C–H stretching frequency) and 
~1610-1650-cm-1 (C = O stretching frequencies). Besides, the C-O-C 
etheric tensile vibration appeared at 1066 cm-1. By comparing the FTIR 
spectra of both beads, it was determined that asymmetric and sym
metrical carbonyl stress vibrations caused by NHS groups were reduced. 
In addition, peaks originating from aliphatic groups were more pro
nounced. These peaks investigated in the FTIR spectra pointed that SLeX 
modification on the NHS-activated magnetic beads was performed 
successfully. 

3.3. Evaluating assay procedure 

After the surface chemistry was optimized, we determined three 

main parameters that could optimize sperm capture: (i) magnetic bead 
count, (ii) assay incubation time, and (iii) sperm cell number. The bead 
number was first adjusted by diluting from the stock solution to set 
counts from 57.5 × 106 to 2,300 × 106 beads. The incubation time was 
60 minutes for this experiment (Fig. 4A). Sperm capture efficiency 
increased proportionally to the bead count, indicating the increased 
binding surfaces for sperm capture. The sperm capture efficiencies were 
calculated as 65.2 ± 1.8% for 57.5 × 106 beads, 73.7 ± 1.4% for 
165 × 106 beads, 76.8 ± 3.3% for 230 × 106 beads, 81.6 ± 2.4% for 
575 × 106 beads, 84.5 ± 3.2 for 1,150 × 106 beads, and 81.8 ± 2.7% 
for 2,300 × 106 beads. Similarly, the data was represented with 
Diamond-shaped Box-Whisker plots and analyzed via one-way analysis 
of variance (ANOVA) followed by Tukey’s multiple comparison test. The 
statistical assessments demonstrated that 57.5 × 106 beads provided the 
lowest sperm capture efficiency compared to all bead counts; 165 × 106 

beads resulted in lower capture efficiency than that of 575 × 106, 
1,150 × 106, and 2,300 × 106 beads; 230 × 106 beads provided lower 
than that of 1,150 × 106 beads (n = 3-8, p < 0.05). Further, there was 
no statistical significance between 575 × 106, 1,150 × 106, and 
2,300 × 106 beads (n = 3-8, p > 0.05). Accordingly, we selected mag
netic bead number as 575 × 106 for further experiments. 

We then examined the effect of sperm incubation time over capture 
efficiency, and hence, altered the time slots spanning from 10 minutes to 
120 minutes (Fig. 4B). Similarly, we observed the increments in capture 
efficiency when increasing the incubation time. For instance, we 
observed the capture efficiencies as 68.2 ± 4.4% for 10 minutes, 
80.3 ± 2.9% for 20 minutes, 80.7 ± 2.8% for 30 minutes, 81.6 ± 2.4% 
for 60 minutes, and 85.2 ± 3.4% for 120 minutes. The data was repre
sented with Diamond-shaped Box-Whisker plots and then analyzed 
through one-way ANOVA with Tukey’s multiple comparison test. As a 
result, we observed that 10 minutes of incubation time resulted in sta
tistically lower sperm capture efficiency than all other incubation time 
slots (n = 3-8, p < 0.05), indicating the minimum incubation period for 
efficient capture. Overall, we defined the incubation period as more than 
10 minutes. Accordingly, we performed 30 minutes of incubation for the 
sperm number evaluation. According to the incubation time results, we 
further evaluated this parameter with the specificity experiments in the 
following section. 

Lastly, we evaluated the sperm capture performance of magnetic 
bead platform by applying sperm cells within a range from 1 × 103 to 
2,000 × 103 cells for a 30-minute incubation period (Figs. 4C and S1). 
We observed that the sperm capture efficiency was dependent on sperm 
number since we applied a fixed number of magnetic beads. Accord
ingly, we observed sperm capture efficiencies at highest levels when we 

Fig. 3. Characterization of magnetic beads. A) Dimension of magnetic beads was measured using DLS. B) The surface chemistry was evaluated with the FTIR 
measurements to demonstrate the construction of chemical groups during the functionalization. 
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applied sperm cells between 1 × 103 and 10 × 103. The efficiency 
decreased starting from 100 × 103 of sperm cells, and then saturated at 
the levels from 1,500 × 103 to 2,000 × 103 cells. The data was repre
sented with diamond-shaped Box-Whisker plots, and further analyzed 
via one-way ANOVA followed by Tukey’s multiple comparison test. The 
lower sperm numbers (1 × 103 to 100 × 103 cells) provided greater 
efficiency compared to the higher sperm numbers (1,000 × 103 to 
2,000 × 103 cells) applied to the tube (n = 3-6, p < 0.05). There was no 
statistical significance between the lower sperm numbers (n = 3, 
p > 0.05), and similarly there was no difference between the higher 
sperm numbers (n = 3-6, p > 0.05). Further, the data derived from 
sperm numbers of 100 × 103 and 1,000 x 103 was statistically similar 
(n = 3-6, p > 0.05), indicating that we could reached the highest sperm 
capture performance up to 1,000 × 103 cells applied to the tube, which 
might be the highest limit of sperm number observed in the forensic 
applications. 

3.4. Specificity study 

After optimizing surface chemistry and assay procedure, we evalu
ated the specificity performance of the modified beads (all surface 
chemistry including the SLeX modification). We used two types of 
epithelial cells: (i) culture vaginal epithelial cells and (ii) buccal 
epithelial cells. Briefly, we applied a mixture of culture vaginal epithe
lial cells (6.5 × 103 in 100 μL) and sperm (1.6 × 104 in 100 μL) into the 
modified bead solution (575 × 106 beads) and incubated for 
30 minutes. We observed some non-specific interactions during the 
procedure (Fig. S2). We considered two possible reasons: (i) the number 
of beads was too high, and this led to a vortex effect that also dragged 
vaginal epithelial cells into the collection, and (ii) incubation time was 
long enough for vaginal epithelial cells to precipitate due to their mass. 
Therefore, we altered the bead number and the incubation time. As 
observed in the incubation time experiments (Fig. 4b), the minimum 
incubation time needed for efficient sperm capture was 10 minutes, and 
also, the incubation time from 20 minutes to 120 minutes resulted in 
statistically comparable results. To minimize any non-specific in
teractions, we performed specificity experiments within an incubation 
time slot between 10 minutes and 30 minutes. Considering all these 
parameters to reduce non-specific binding of epithelial cells, we carried 
out the experiments using a lower number of magnetic beads (287 × 106 

beads) and a shorter incubation time (15 minutes), and tested these new 
parameters with buccal epithelial cells (5 × 103 in 100 μL) and sperm 
cells (1.6 × 104 in 100 μL) (Fig. 5). Non-modified beads (all chemistry 
steps were applied, except without SLeX modification) were used as 
controls, and one-way ANOVA followed by Tukey’s multiple comparison 
test was applied to the data. In both experimental conditions (modified 
and non-modified beads), a small portion (8.33% to 16.67%) of buccal 
epithelial cells remained in the tube, and high number of cells were 

removed from the solution. This constant ratio of buccal epithelial cells 
remained in both situations and this indicated the non-specific in
teractions during the assay. When non-modified beads were applied, a 
small portion (24.58%) of sperm cells remained in the tube whereas the 
modified beads increased the efficiency to 53.3% (n = 2-3, p < 0.05), 
indicating that surface chemistry was critical for sperm capture with 
high efficiency. On the other hand, the specificity parameter was 
improved with decreasing the bead number and incubation time, yet 
reduced the sperm capture efficiency compared to the optimized results. 
Considering the non-specific interactions, different incubation times and 
various magnetic bead numbers could be evaluated. The other param
eters could be optimized accordingly to increase the sperm capture ef
ficiency and specificity at the same time. For example, the addition of 
detergents, ionic reagents, and/or anti-fouling reagents such as proteins 
(e.g., bovine serum albumin, casein, glycine, and gelatin), chemical 
linkers (e.g., thiol-linkers), could be applied as we and others demon
strated earlier [19–25]. In the experiments, we minimized any potential 
non-specific bindings by altering bead number and reducing the incu
bation time. Moreover, integrating one of these parameters or reagents 
could potentially improve the specificity and sensitivity performance. 

Fig. 4. Evaluating assay procedure. A) Magnetic bead number was assessed within a range from 57.5 × 106 to 2,300 × 106 beads. B) Sperm incubation time 
spanning from 10 minutes to 120 minutes was evaluated. C) We also assessed the number of sperm cells applied to the tube, spanning from 1 × 103 to 
1,000 × 103 cells. 

Fig. 5. Specificity experiments. Buccal epithelial cells were used to evaluate 
specificity features of the modified magnetic beads. In the experiments, non- 
modified beads were used as controls. Horizontal brackets demonstrate statis
tically significant differences between groups. Data is represented with average 
value ± standard deviation. 
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4. CONCLUSION 

The process of separating sperm and epithelial cells has been a 
problem since the early 1990s, and therefore, any major improvements 
will have valuable impact on the forensic practice. The earlier efforts 
present multiple strategies to differentially extract sperm from hetero
geneous cell populations. For example, centrifugation was earlier inte
grated to this process, and it requires multiple centrifugal steps and 
lengthy processes taking hours of sample manipulations. Fluorescence- 
activated cell sorting on-chip has provided high specificity due to 
labelling [26]. However, in addition to the labor-intensive and expen
sive fluorescence labeling steps (27 minutes for sorting without the 
labelling procedure), this platform also requires lengthy fabrication 
steps to develop a complex, multilayer microchip structure that signif
icantly increases the assay cost and efforts for sample preparation. In 
addition, fluorescence-activated cell sorting on-chip has narrow and 
shallow channels, which are potentially prone to clogging when a bio
logical sample is applied. As another example to microfluidic ap
proaches, epithelial cells and sperm have been separated under low flow 
parameters due to their different cellular features, i.e., size [27]. Despite 
the label-free nature of this method, the processing time (2-3 hours) and 
fabrication procedure (>10 hours) limit its applicability to the actual 
workflow in the forensic practice. Di-electrophoresis strategies have 
been applied to address the sensitivity and specificity challenges, yet this 
strategy requires considerably more time and processing steps 
(2–24 hours) than most strategies [28]. On the other hand, researchers 
have developed an acoustic trapping method performing the differential 
extraction procedure less than an hour, but the implementation of this 
method requires many specific optimizations during the measurements 
with fluorescent beads for frequency scanning that requires specialized 
training, hence limiting its deployment to the current workflow. In 
addition to the aforementioned platforms, magnetic bead-based strate
gies have been used for cell separation and isolation procedures, and 
forensic labs have benefitted from this strategy [16,17]. Basically, 
magnetic beads are decorated with antibodies to capture and separate 
sperm. Despite their utility and easy adaptation to the current workflow, 
antibody-based strategies have considerable challenges to analyze aged 
samples (even after a short period of time) due to the structural alter
ations on membrane receptor proteins of sperm over time. As reported 
[17], sperm capture efficiency significantly decreases down to ~17% 
after 10 days. This is a significant impediment and why forensic samples 
cannot be processed using antibodies to isolate sperm successfully. This 
also limits their utility and applicability to forensic samples that sit on 
shelves over multiple years. To circumvent this challenge, we have 
earlier integrated a specific oligosaccharide sequence (SLeX) with a 
microfluidic chip, and achieved to differentially extract sperm cells from 
15 year old forensic mock samples [18]. 

In this paper, we (i) integrated the SLeX molecules with a magnetic 
bead strategy that is a widely used and scalable for cell separation and 
DNA isolation; (ii) presented that compatibility with a magnetic bead 
approach is easily integratable with existing downstream commercial 
forensic lab tools; and (iii) performed less number of sample manipu
lation steps compared to our earlier work [18]. This hybrid strategy 
presents specific binding and extraction of sperm cells from epithelial 
cells in the simulated sexual assault evidence. This process of differential 
extraction is required for the processing of sexual assault samples 
entering the standard forensic workflow for further analysis. This 
method described here provides rapid (25 minutes), accurate, poten
tially automatable, and easily-integratable option to the current forensic 
procedures compared to lengthy, expensive, and highly specialized 
platforms mentioned above. The processing time includes 15 minutes 
for incubation of a raw, unprocessed sample and another 10 minutes for 
handling of the sample. Further, the current platform has some manual 
steps such as adding the sample with cells to the bead solution and 
removing the supernatant after selective capture of sperm cells. 
Although these steps are facile and widely performed in a standard 

forensic workflow, the current platform could be automated with the 
integrated platforms such as robotic-arm or cassette-type systems that 
have only one step of sampling and the other steps are automatically 
carried out in the device such as RapidHIT ID System (Thermo Fisher). 
The microfluidic-magnetic bead systems could also have such auto
matable features using a computer-assisted platform that moves the 
beads from one step to another for the separation of cells from hetero
geneous mixtures [29,30]. These strategies are easy to adapt to our 
current platform. 

We present the core technology with surface functionalization on 
magnetic beads, and differential extraction of sperm efficiently from 
bulk solutions. In this study, we modified the beads in bulk solution, and 
used these beads in the experiments later. The production takes for 20- 
24 hours of experiential process, including all modification steps and 
incubation, in which SLeX immobilization takes the most time in the 
incubation period (~16 to 20 hours). Once the beads are modified, they 
could be used any time being kept +4 ◦C. The storage conditions for the 
prepared beads are in a refrigerator as the commercial magnetic beads 
are kept until they are used. For the commercially production steps, we 
envision that the beads would be freeze-dried or incubated with some 
preservatives such as glycerol to keep their shelf-life for longer periods 
as applied for the preservation of the other biological materials [31]. 
Integrating the aforementioned strategies would potentially decrease 
the assay time and the number of steps, as well as standardize the pro
tocol for all lab settings. Further, we evaluated a broad range of sperm 
numbers from 103 to 106 and achieved >81% of capture efficiencies in 
this study. In our earlier work [18], we presented SLeX reagent was able 
to capture lower levels of sperm and larger amounts of female vaginal 
cells in both spiked and mock samples. Based on our earlier experience, 
this magnetic bead platform with similar chemical structure and same 
recognition element (i.e., SLeX) would achieve to capture lower levels of 
sperm in a typical forensic casework. Although we used microcentrifuge 
tubes (1.5 mL) for processing, the current format can be adapted to a 
96-well plate format for multiplexing and a high-throughput operation. 
In addition, we observed that the capture and isolation of sperm via SLeX 
molecules did not cause any adverse effects on male DNA collection for 
downstream analysis [18]. While we apply a similar SLeX-based surface 
chemistry approach and change a platform strategy from microfluidics 
to magnetic beads, we expect potential challenges to be addressable 
with the downstream processing. This bead platform addresses critical 
technical challenges in forensic labs through easy integration of mag
netic bead-type platforms with downstream genomic techniques. 
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