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Optoelectronic tweezers was used to manipulate human spermatozoa to determine whether their
response to OET predicts sperm viability among non-motile sperm. We review the electro-physical
basis for how live and dead human spermatozoa respond to OET. The maximal velocity that non-
motile spermatozoa could be induced to move by attraction or repulsion to a moving OET field was
measured. Viable sperm are attracted to OET fields and can be induced to move at an average maximal

velocity of 8.8 £4.2 um s~

, while non-viable sperm are repelled to OET, and are induced to move at an

average maximal velocity of —0.8 & 1.0 um s~!. Manipulation of the sperm using OET does not appear
to result in increased DNA fragmentation, making this a potential method by which to identify viable

non-motile sperm for assisted reproductive technologies.

Introduction

Infertility, commonly defined as the inability to achieve preg-
nancy after 12 months of sexual relations without contracep-
tion," affects around 15% of US couples in reproductive age. The
male partner infertility is responsible for up to 50% of these
cases."? Common causes of male factor infertility are absence of
sperm viability, low sperm count, and poor sperm function
resulting in sperm inability to fertilize the oocyte naturally. A
treatment option available to men with limited numbers of sperm
and/or sperm of limited mobility or viability is intracytoplasmic
sperm injection (ICSI).? In this procedure, fertilization is ach-
ieved by injecting a single sperm directly into the oocyte (egg).
Since the introduction of ICSI in 1992, this procedure has rapidly
gained acceptance, and is used in 63% of US assisted reproduc-
tive procedures.*

A major concern related to ICSI is sperm selection: because
which specific sperm ultimately fertilizes the oocyte is a matter of
operator selection, the quality of the individual sperm selected is
of paramount importance. Selection of non-viable sperm, for
example, will result in the absence of fertilization, or an embryo
that will ultimately be non-viable, thereby wasting a valuable
oocyte. The selection of viable sperm for ICSI is challenging, and
generally relies on the presence of sperm mobility to ensure that
the sperm selected is actually viable. However, for patients who
have limited, or even absent sperm motility (asthenospermia),
selection of viable sperm on the basis of sperm motility can be
virtually impossible. Reduced sperm motility is also often
encountered in sperm samples that have been cryopreserved
(frozen) before use. The freezing process invariably reduces mean
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sperm motility, and can render specimens with poor baseline
motility virtually immotile. Upon thawing of the sample, previ-
ously motile sperm can be rendered non-motile. While for many
patients a sizable fraction of the sample may still be viable, the
challenge is how to distinguish viable from non-viable sperm.

Current sperm viability assays are limited by subjectivity,
sensitivity, and potential toxicity. The Trypan Blue dye exclusion
test is a gold-standard cell viability assay, but its toxicity
precludes subsequently using sperm exposed to Trypan Blue for
ICSI. Another dye-based assay, eosin—nigrosin staining, involves
an air-drying step which renders the tested sperm unavailable for
further use.® Ultimately, the current standard approach to sperm
selection for use in ICSI procedures is based on the presence of
motility, and, in the absence of this, sperm morphology.

We have previously reported that optoelectronic tweezers
(OET) can non-invasively distinguish between live and dead cells
and provide a means of sorting them using optically induced
dielectrophoresis.” Many different types of cells respond to the
optically induced dielectrophoretic force, including red blood
cells,® white blood cells,”® HeLa cells,>'? Jurkat cells,”!? and
oocytes.'* However, depending upon the electrical properties of
the cell, the magnitude of the OET-induced force will vary.
Previously, we demonstrated the separation of live and dead
sperm.’ Here, the difference in OET force between viable and
non-viable sperm is quantified, demonstrating that OET is
capable of selecting viable non-motile sperm for use in ICSI
procedures. In addition, it is shown that OET manipulation does
not increase DNA fragmentation of the sperm under manipu-
lation, which is an important concern if the sperm are to be used
to create an embryo using assisted reproductive technologies.

Optically induced dielectrophoresis

Optoelectronic tweezers work by using optical patterns to
control the electric field within a photosensitive device.” Pro-
jected light, which can be from coherent or incoherent sources,
reduces the impedance of a photosensitive layer, and creates
regions of high electric field. The resulting electric field gradients
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give rise to a dielectrophoretic (DEP) force that can be used to
manipulate micro- and nanoparticles.”*>'* The induced DEP
force on spherical particles is given by:

Fpep = 2mtrenRe(CM)grad(Eims?), 1)

where r is the particle radius, ¢, is the permittivity of the medium
surrounding the particle, and E,,s is the root-mean-square
electric field strength.'” The Clausius—-Mossotti (CM) factor for
a homogeneous spherical particle is given by:

CM = (ep/ - sm/)/(epl + 2en), )

where &,’ and &, are complex functions of the electrical prop-
erties of the cell and the surrounding media, respectively, and the
frequency of the electric field.!” The general form of ¢’ is given by:

& =¢e— jolw, 3

where ¢ and ¢ are the permittivity and conductivity of the cell or
media, and w is the frequency of the applied electric field.

The CM factor for mammalian cells needs to be altered, as
they are not homogeneous throughout their volume. To simplify
calculations, mammalian cells are typically approximated using
a single-shell model that gives an effective permittivity that is an
equivalent expression to eqn (3). The effective permittivity'® is
given by:

Sp/ = (rcmemeim,)/(eint, + rcmem)a (4)

where ¢;,/ is the complex internal conductivity of the cell, and it
is assumed that the thickness of the cell membrane, d, is much less
than the radius of the cell interior, . The membrane capacitance
is given by:

Cmcm = (Emcm - jamcm)/d- (5)

In the case of cells, eqn (4) and (5) are used to solve eqn (3).
The result of eqn (3) can then be used with eqn (1) and (2) to solve
for the magnitude of the DEP force, which is used to predict the
induced force on cells.

Live and dead cells in a low-conductivity isotonic media can
have a large difference in induced DEP force, due to physio-
logical changes in the cells. Live cells in an isotonic low-
conductivity solution are able to maintain a higher ionic
concentration in their interior as compared to the surrounding
media. However, as the cell dies, the ion differential is no longer
maintained, as the cell membrane becomes permeable to ions.
Thus, the interior of a dead cell gains electrical properties that are
more similar to the isotonic media. The simulated DEP force as
a function of frequency for live and dead cells is shown in Fig. 1.
The cell electrical parameters correspond to B cells, since this
simulated behavior has been verified experimentally,” but similar
results can be expected for other cell types. The parameters used
in the simulation are given in Table 1.

The normalized DEP forces for live cells (curve a) and dead
cells (curve b) have different directions at a frequency of
approximately 100 kHz. Live cells have a positive DEP force,
indicating attraction to high electric field gradients, while the
negative DEP force of the dead cells indicates repulsion from the
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Fig. 1 Simulated normalized dielectrophoretic (DEP) force on live and
dead cells. Curves a and b correspond to live and dead cells, respectively,
in a 10 mS m™' low-conductivity isotonic solution. Curves ¢ and
d correspond to live and dead cells, respectively, in a 1.5 S m~" high-
conductivity cell culture medium.

electric field gradients. This difference in polarity only occurs in
low-conductivity solutions; if the media conductivity is increased
to 1.5S m™', typical of cell culture media, then live cells (curve ¢)
and dead cells (curve d) are both repelled by the electric field
gradients. Therefore, in order to maximize the differentiation
between live and dead cells, it is desirable to use low-conductivity
isotonic media at applied electric field frequencies near 100 kHz.

Materials and methods
Fabrication of optoelectronic tweezers device

OET devices were coated with a poly(ethylene glycol) (PEG)
antifouling layer, according to a previous published fabrication
process.? Briefly, the amorphous silicon electrode of a standard
OET device’ is coated with a 10 nm thick layer of silicon dioxide
using plasma-enhanced chemical vapor deposition. Subse-
quently, the silicon-dioxide-coated amorphous silicon electrodes
are rinsed in a series of chemical washes, then a PEG-silane of 2-
[methoxy(polyethyleneoxy)propyl]-trimethoxysilane (M, 5000
obtained from Nektar) is melted onto the electrode surfaces. A
similar process is used to coat the indium-tin-oxide electrode
surfaces, although the silicon dioxide deposition step is omitted.

Sperm samples

Fresh ejaculate specimens from 4 healthy male volunteers were
obtained in accordance with the policies of our institution’s
Committee on Human Research. All specimens were maintained
at room temperature, and tested within six hours of production.
Isotonic solution was prepared by adding 8.5% (w/v) sucrose and
0.3% (w/v) dextrose to deionized (DI) water. Trypan Blue
powder (Sigma Aldrich) was added to DI water at a concentra-
tion of 0.4% (w/v) to create the Trypan solution for viability
verification.
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Table 1 Parameters for DEP force simulation

&m =78-8.85 x 1072 Fm™!
Om,isotonic — 10 mS m™!

Permittivity of media

Conductivity of low-conductivity
isotonic solution

Om.culture = 1.5 S m™’ Conductivity of cell culture media

Live B cell parameters

Eint = 154.4-8.85 x 1072 F m™!

Oint =0.73 Sm™!

r=3.29 um

Cem = 0.0126 F m

Dead B cell parameters

Sing = 78-8.85 x 1072 F m™!

Permittivity of cell interior*®
Conductivity of cell interior'
Cell radius'

Cell membrane capacitance'®

Permittivity of cell interior = media
permittivity

Conductivity of cell interior =
conductivity of isotonic solution

Conductivity of cell interior =
conductivity of culture media

— -1
Oint,isotonic — 10 mS m

— —1
Tint,culture = 1.5Sm

Comet assay

An alkaline comet assay (Trevigen, USA) was used to measure
single and double-stranded DNA fragmentation in an unwashed
diluted semen sample. Each subject’s sample was divided into
aliquots. Aliquots of sperm exposed and not exposed to OET
assay conditions underwent COMET assay. In addition, we
sought to determine whether isolated components of the OET
assay independently caused DNA damage: exposure of sperm to
the minimally conductive OET suspension medium, passage of
sperm through the OET chip (with no exposure to OET energy),
and, possible damage dose-response effect from OET energy
parameters. Aliquots of each subject’s semen sample were
exposed to these various conditions, and then underwent
COMET assay and image capture using fluorescence micros-
copy. Captured images were assessed using Cometsure™ analysis
software to measure three assay criteria: percentage of DNA in
tail, olive moment (product of the percentage of total DNA in the
tail and the distance between the centers of the mass of head and
tail regions, and tail moment (product of the tail length and the
fraction of total DNA in the tail). All assays were performed in
triplicate, and mean values are reported.

Five separate test samples were prepared from the subject’s
sample. The test samples consist of: (1) the fresh ejaculate sample
(pure); (2) sperm suspended in a 1:100 dilution of the pure
sample to isotonic solution, and flushed through the OET device
(isotonic); (3) sperm in isotonic solution that are exposed to an
applied bias of 10 V,, at 100 kHz and an optical pattern at an
intensity of 80 mW c¢cm~2 for 30 s (low dose); (4) a sample similar
to the low dose sample, except the applied bias is increased to 20
Vpp at 100 kHz (high dose); (5) pure sample that has been heated
to 100 °C for 20 minutes in order to induce DNA damage,
providing a positive control (heat).

Experimental setup and protocol

The fabricated PEG-coated OET devices were used to manipu-
late sperm samples. OET actuation was provided by a 10 mW,
635 nm diode laser, focused onto the OET surface using a 10x
objective lens (Fig. 2). The output of the laser is attenuated,
resulting in an intensity of 40 mW cm~? incident upon the OET
device. The laser is incident from the glass substrate underneath
the photosensitive layer of the OET device. Thus, the sperm
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Fig. 2 Setup of the OET device for sperm manipulation.

sample is further screened from the actuation laser by the
absorption of the light in the photosensitive layer.

Fresh ejaculate specimens were evaluated using OET. The
adequacy of each specimen was confirmed by the presence of
motile sperm in the sample. In order to confirm the viability of
non-motile spermatozoa, a gold-standard viability reference
assay was used: samples were mixed in a 1 : 1 volume ratio with
0.4% Trypan Blue dye in DI water, and incubated at room
temperature for 3 minutes. The sperm/Trypan mixture was then
diluted approximately 100 times by adding isotonic solution. The
conductivity of the diluted sperm solution was adjusted to be
6.5 mS m~' for all samples.

A 20 pL aliquot of the Trypan-stained sperm sample was
pipetted into the PEG-coated OET devices. Within 15 minutes of
incubation of the sperm with Trypan Blue, 50 individual sperm
were evaluated from each donor. As a positive control, five
motile sperm were trapped using OET, verifying that a positive
OET response was induced on these viable sperm. The OET-
induced velocity of 25 non-motile sperm that excluded the Try-
pan Blue dye (confirms viability) was also evaluated. In addition,
the OET-induced velocity of 20 dead (Trypan Blue stained)
sperm was measured. All velocity measurements were done using
an applied bias of 9 V,;, at 100 kHz. This voltage was empirically
determined to provide an electric field strong enough for signif-
icant manipulation velocities (attractive velocities greater than
2 um s~') while minimizing the electric field exposure of the
sperm under manipulation.

Results and discussion
Sperm viability assay

A total of 200 individual spermatozoa from the 4 separate
subjects were assayed. All (100%) of the motile sperm visualized
in each specimen were Trypan Blue negative, and all of those
assayed (N = 25) experienced positive OET. All (100%) sperm
experiencing positive OET were Trypan Blue negative (N = 100).
The Trypan-Blue-positive spermatozoa (N = 80) demonstrated
either no response or a weak repulsive response to the OET
manipulation pattern. Maximal OET-induced velocities of live
and dead non-motile spermatozoa are shown in Fig. 3. The
average velocity of live non-motile sperm in the OET device is
8.8 £ 4.2 um s™', averaged over 100 cells from 4 separate donors.
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Fig.3 OET-induced velocities of live non-motile sperm and dead sperm.
The error bars indicate the standard deviation of the measurements.
“All” refers to sperm velocities averaged across all 4 subjects.

The average velocity of dead sperm is —0.8 £ 1.0 um s~ with the
negative value indicating a negative OET force. The dead Try-
pan-Blue-positive sperm exhibited some variability in their OET
response, exhibiting either weak negative OET (60%) or no
response to the OET pattern (40%). However, no Trypan-Blue-
positive sperm exhibited a positive OET response. Thus, these
results confirm that OET can distinguish among, and sort live
non-motile spermatozoa from dead spermatozoa.

Thus, live spermatozoa that are either motile or non-motile
experience a positive DEP force, which agrees with the results
predicted by the DEP theory discussed earlier. Dead sperma-
tozoa, as identified by Trypan Blue staining, experience either
a negative DEP force or are unresponsive to manipulation, which
also agrees with the DEP theory. Although further experiments
are necessary to create an electrical model of live and dead
spermatozoa, the trend of DEP force can be predicted using the
known electrical parameters live and dead B cells. Similarly, this
technique can be extended to the separation of other live and
dead cells. The electrical properties of the live versus dead cells do
not need to be measured in detail, as long as an electric field
frequency that is suitable for the separation can be empirically
determined (e.g. approximately 100 kHz for the cells in Fig. 1).

Characterization of induced DNA fragmentation

If OET sorting is to be used as a screening process for in vitro
fertilization, it must be gentle enough to avoid inducing DNA
damage on sperm. The effects of DEP force on live cells have
been previously studied,*~** and shown to be minimally invasive,
even for cells subjected to DEP manipulation in low-conductivity
isotonic solution.* However, previous studies did not measure
DNA damage in the cells under manipulation, which is of
concern for any assisted reproductive technology. Thus, the
DNA fragmentation of sperm manipulated using OET was
quantified using a standard single-cell gel electrophoresis assay,
the comet assay.*

A PEG-coated OET device with a microfluidic chamber was
used in the comet assay experiments. The microfluidic chamber
measures 1 cm X 1 cm x 100 pum, and allows the introduction
and removal of the test samples using syringe pumps. A fresh

ejaculate specimen from one subject was used for the alkaline
comet assay®® (pH 10, Trevigen, USA), and subdivided into five
separate test samples, as mentioned in the Materials and methods
section.

The pure sample serves as a negative control for the assay, and
the isotonic sample serves as a negative control for the experi-
mental samples, which are all diluted using low-conductivity
isotonic buffer. The low-dose sample represents the energy
exposure during a typical OET sorting experiment, whereas the
high-dose sample is exposed to twice the typical electric field
strength. It was expected that the electric field would be the main
factor in causing damage to the cells, as the intensity of the
optical patterns are orders of magnitude lower than intensities
which can cause photodamage.?”*® Finally, the heat sample
serves as a positive control for the assay.

The results of the comet assay are quantified according to
percentage of DNA in the “tail,” which measures the amount of
DNA fragmentation, and the tail moment. The tail moment is
a measure of the separation between the intensity-weighted
center of the “head” of a cell and the intensity-weighted “tail” of
a cell. Longer tail moments are indicative of more DNA damage.
A minimum of 200 cells per slide per assay were measured. One-
way ANOVA and overall F-tests (two-tail a., significance at 0.05,
95% CI) were performed on the mean percentage of DNA in tail
and the tail moment in each subject’s pure, isotonic, low-dose,
and high-dose samples. The heat-treated samples were excluded
from the regression analysis, as it was a positive control.

The one-way ANOVA (two-tailed a, significance = p < 0.05)
detected no significant increase in percentage of DNA in the tail
(Fig. 4) or tail moments (Fig. 5) between the pure, isotonic, low-
dose, and high-dose samples. In addition, the heat-treated
sample had greater DNA fragmentation as compared to the
other samples. The overall F-test also showed no difference in
DNA fragmentation among the isotonic samples and the samples
exposed to both a low and high dose of OET energy. Thus, OET
manipulation should provide viable cells for in vitro fertilization
after sorting operations are performed.

Bl Pure _
Elisotonic
[Low dose
[]High dose
[IHeat

20

Percentage DNA in Tail

10

Sample

Fig. 4 DNA damage in OET-manipulated sperm as indicated by the
percentage of DNA in the tail, determined using the comet assay. For
each subject, similar amounts of DNA fragmentation are evident in the
pure and isotonic samples, as well as the samples manipulated using OET
(low dose and high dose). More DNA fragmentation is present in sperm
that was heated to 100 °C for 20 minutes (“heat” sample).
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Fig.5 DNA damage in OET-manipulated sperm as indicated by the tail
moment, determined using the comet assay. The cells under test corre-
spond to the same cells as the results in Fig. 4. For each subject, similar
amounts of DNA fragmentation are present in the pure and isotonic
samples, as well as the samples manipulated using OET. More DNA
damage is present in sperm that was heated to 100 °C for 20 minutes
(“heat” sample).

Conclusions

We have demonstrated that OET is capable of non-invasively
identifying, assessing, and sorting viable live non-motile sperm
from non-viable sperm, without introducing DNA damage on
the cells under manipulation. However, the experiments pre-
sented here were performed with fresh unwashed semen. Sperm
washing procedures, which commonly include centrifugation
through a density gradient, may contribute to sperm damage by
removing antioxidant-rich seminal plasma, and, possibly by
induction of oxidative stress and formation of free-radicals/
reactive oxygen species (ROS).?*** The compatibility of the OET
assay with unwashed samples suggest that it is possible to forgo
typical sperm-washing protocols when using fresh samples.

On the other hand, centrifugation removes the antioxidant-
rich seminal plasma and increases ROS production and release,
both in sperm and in leukocytes.? Activation of leukocytes by
centrifugation may increase ROS production up to 100-fold.*®

In addition, an optimized microfluidic setup is currently being
integrated with the PEG-coated OET devices to enable more
efficient sample retrieval of the sorted cells.
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