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Abstract Sperm cell activation plays a critical role in a range
of biological and engineering processes, from fertilization to
cryopreservation protocol evaluation. Across a range of spe-
cies, ionic and osmotic effects have been discovered that lead
to activation. Sperm cells of zebrafish (Danio rerio) initiate
motility in a hypoosmotic environment. In this study, we em-
ploy a microfluidic mixer for the purpose of rapidly diluting
the extracellular medium to initiate the onset of cell motility.
The use of a microchannel offers a rapid and reproducible
mixing profile throughout the device. This greatly reduces
variability from trial to trial relative to the current methods
of analysis. Coupling these experiments with numerical sim-
ulations, we were able to investigate the dynamics of intracel-
lular osmolality as each cell moves along its path through the
micromixer. Our results suggest that intracellular osmolality,
and hence intracellular ion concentration, only slightly
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decreases, contrary to the common thought that larger changes
in these parameters are required for activation. Utilizing this
framework, microfluidics for controlled extracellular environ-
ments and associated numerical modeling, has practical appli-
cability in standardizing high-throughput aquatic sperm acti-
vation, and more fundamentally, investigations of the intracel-
lular environment leading to motility.

Keywords Microfluidic - Sperm analysis - Numerical
modeling - Transport modeling - Zebrafish sperm cell
activation

1 Introduction

The sperm cells of externally reproducing fish lead a unique
and short life. Depending on the species of fish, these cells are
released into a hypo- or hyperosmotic environment. The ini-
tially dormant sperm cells become motile in this environment,
and a number of potential mechanisms of this sudden activa-
tion have been studied in detail (Cosson 2004; Wilson-Leedy
and Ingermann 2007; Wilson-Leedy et al. 2009; Takai and
Morisawa 1995; Morisawa and Suzuki 1980; Morisawa
et al. 1983; Oda and Morisawa 1993). Once motile, sperma-
tozoa use internal reserves of ATP as an energy source to swim
towards an egg cell. When the intracellular reserves of ATP
are depleted, the cells return to a quiescent state (Cosson 2004;
Wilson-Leedy and Ingermann 2007; Wilson-Leedy et al.
2009). Duration of sperm motility varies from species to spe-
cies, ranging from 60 to 90 s in zebrafish spermatozoa
(Wilson-Leedy et al. 2009; Dreanno et al. 1999) to 800 s for
turbot (Psetta maxima) sperm cells.

Proposed mechanisms for sperm cell activation are species
dependent; typically the sperm of marine fishes activate in a
hypertonic medium while those of freshwater fishes activate
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in a hypotonic medium (Cosson 2004). In the instance of the
freshwater zebrafish, a widely used model for biomedical re-
search (Lieschke and Currie 2007), a hypoosmotic environ-
ment is necessary for activation (Wilson-Leedy et al. 2009;
Park et al. 2012). A postulated cascade of events has been
published for turbot, a marine fish, spermatozoa activation
upon encountering hyperosmotic conditions: the extracellular
osmolality increases, water leaves the cell, internal osmolality
increases along with internal ion concentrations, dynein motor
proteins initiate flagellar movement, and eventually ATP
stores become too low to maintain motility (Cosson 2004).
An analogous cascade could be postulated for freshwater
sperm placed in a hypotonic envrionment, but little is known
about how much of a decrease in intracellular osmolality and
the concentration of intracellular ions are requisite for
activation.

The study of sperm cell activation and motility has tradi-
tionally been a time-consuming process; manual dilution
followed by microscopic observation and motile cell counting
is slow and results show wide variability (Park et al. 2011).
Computer-assisted semen analysis (CASA) has recently
remedied human error in motile cell counting (Wilson-Leedy
and Ingermann 2007; Park et al. 2011), but manual dilution of
water and sperm samples still makes the process inefficient
and difficult to reproduce. This bottleneck affects related re-
search in other fields such as cryopreservation of aquatic spe-
cies, where evaluation of motility is used to evaluate freezing
and thawing protocols, as well as cryoprotective agent dos-
ages (Park et al. 2011).

Microfluidic sample manipulation and analysis has become
a useful tool in bioengineering research, notable for the
enablement of short processing times and small sample vol-
umes (Squires and Quake 2005; Stone et al. 2004). The small
scale, on the order of microns, allows unique analysis and
processing conditions over a wide range of cellular phenome-
na, including: cell motility and migration (Ricart et al. 2011),
cryopreservation (Song et al. 2009; Scherr et al. 2013; Fleming
et al. 2007), as well as cell detection and filtration (Henslee
et al. 2011). A potential remedy to the problems with sperm
activation studies, microfluidic devices offer these activation
studies both high throughput and high reproducibility. The
Reynolds number (Eq. 1) inside of a microchannel depends
on the fluid density (p), the fluid viscosity (u), a characteristic
velocity (U), and a characteristic length scale (L). Very often
Reynolds numbers in microchannels are near one, indicating a
lack of turbulence. This lends itself to a predictable and repro-
ducible laminar flow, but also makes mixing at the microscale
difficult. However, passive micromixers have been developed
that mix fluidic streams using only a pressure gradient as a
fluid driving force and no other external force fields.

Re = "— (1)
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Recently, microfluidics have been utilized for the study of
sperm cells. Several studies have been performed on isolating
competent sperm from immotile sperm for fertilization (Cho
etal. 2003; Seo et al. 2007; Tasoglu et al. 2013). A micromixer
was used to rapidly dilute the osmotic environment of
zebrafish sperm, and analyze their motility using CASA
(Park et al. 2012). This represents a significant step in exper-
imental protocols for studies of sperm cell activation; analysis
times are significantly reduced, sample volumes are small, and
cells can be exposed to highly reproducible and controlled
conditions.

Despite the supporting evidence it could provide, especial-
ly in the context of overlapping import of several different
variables for sperm cell activation, modeling of the intracellu-
lar dynamics of sperm cell activation has been previously non-
existent. Previous modeling efforts in related fields have
yielded great insight: calcium dynamics during hyperactiva-
tion have been studied (Olson et al. 2010), along with chemo-
taxis (Bray 1993; Friedrich and Julicher 2007), and cryopro-
tective agent loading (Song et al. 2009; Scherr et al. 2013).
Despite the potential applicability of these models to the onset
of motility in aquatic sperm, they have yet to be adapted for
such purpose.

In this work, we present an investigation of the activation
of zebrafish sperm cells within a microchannel. Through the
use of a microfluidic mixer, cells can be systematically diluted
and rapidly delivered to an analysis chamber. This provides
the ability to probe activation mechanisms in a more sophis-
ticated manner; herein, we also show the utility of a model of
passive water transport and that the resulting intracellular in-
formation would be a significant advancement in sperm cell
activation research.

2 Materials and methods
2.1 Ethics statement

Guidelines from the Institutional Animal Care and Use
Committees of Louisiana State University were followed for
animal care in this study.

2.2 Microdevice fabrication and operation

A sequential logarithmic mixing apparatus (SeLMA) was fab-
ricated, with dimensions illustrated in Supplemental Material
and detailed in (Scherr et al. 2012), by standard photolitho-
graphic methods; the 50 um deep device was cast in polydi-
methylsiloxane (PDMS), Sylgard 184 (Dow Corning,
Midland, MI), and plasma oxidized with a Harrick Plasma
Cleaner (Harrick Plasma, Ithaca, NY) to a standard 1 in. by
3 in. glass microscope slide (VWR, Radnor, PA). The mixer
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occupied a 3 mm by 5 mm chip footprint, and had a center
pathlength of 12 mm. There were three inlets to the device: a
sample inlet that introduced cells and isosmotic Hanks’ bal-
anced salt solution (HBSS), and two sheath inlets that intro-
duced deionized water. Downstream of the mixer, there was a
600 um wide by 2 cm viewing chamber where the microscope
was positioned during CASA. SeLMA was chosen as a
micromixer for this application because there are no obstacles,
grooves, or obstructions that could potentially harm or trap the
sperm cells. The fabricated device and experimental setup is
shown in Fig. 1. A more detailed schematic of the micromixer
and viewing chamber layout is provided as supplemental data.
To achieve pressure-driven flow, 0.03-inch ID Tygon tubing
(Cole-Parmer, Vernon Hills, IL) was connected to 3-mL sy-
ringes loaded into a syringe pump (KD Scientific, Holliston,
MA). The outlet had 0.03-inch ID Tygon tubing leading to a
collection dish.

2.3 Solenoid valve characterization

To achieve stopped flow results for CASA, 15-psi solenoid
pinch valves (Cole-Parmer, Vernon Hills, IL) were placed
over the tubing at each inlet and outlet. The valves were con-
nected in parallel and controlled by a single 24-V power sup-
ply and switch. Polystrene beads (Bangs Laboratories Inc.,
Fishers, IN), 10 um in diameter, were used as tracer particles
during valve characterization. After steady flow was achieved
with a mixture of water and beads, sequential images were
captured in the viewing chamber of the device at a frame rate
of 20 frames per second. A custom MATLAB image

Power Supply

- Dilution (H,O) Inlets
Solenoid Valves _ :

Sperm cell Inlet

CASA Cell
Viewing Chamber

500 um

Fig. 1 The experimental setup consisting of a micromixer, solenoid
valves, a power supply, and a viewing chamber for CASA.
Experimental CASA measurements were made at the entrance to the
viewing chamber, immediately following the micromixer

processing script was used to track individual beads and cal-
culate their velocity.

2.4 Zebrafish maintenance and sperm cell collection

Zebrafish obtained from Louisiana State University
Aquaculture Research Station (Baton Rouge, LA) were main-
tained in 10-L tanks (2 fish/L) in an aquarium system (Aquatic
Habitats, Apopka, FL) with water flow recirculated through
an upwelling bead filter at 28 °C. Fish were fed twice daily
with a scientifically formulated adult diet from the Zebrafish
International Resource Center (University of Oregon, Eugene,
OR, USA) and supplemented once daily with live Artemia
larvae grown from cysts (Bio-Marine, Hawthorne, CA). The
filter system was back flushed weekly. The photoperiod was
set at 14 h light: 10 h dark.

Sperm samples were collected from male zebrafish after
anesthetization in a 0.01 % (v/v) tricaine methanesulfonate
(MS-222 Western Chemical Inc., Ferndale, WA) solution.
The fish was placed ventral side up in a foam rubber holder
and blotted dry. Gentle pressure was applied to the sides of the
abdomen in an anterior to posterior direction under a dissect-
ing microscope (10-x magnification). Sperm were collected
using a micropipette and suspended in a microcentrifuge tube
containing 20 L of HBSS at an osmolality of 300 mOsm/kg
(Yang et al. 2007). The fish was returned to aquarium water
for recovery. Fish were allowed at least a two-week period
between sperm collections to ensure sufficient sperm produc-
tion. Sperm from several zebrafish were pooled into a single
sample to yield an adequate volume for analysis. Sperm con-
centration was determined in a microspectrophotometer
(NanoDrop 1000, Thermo Scientific, Wilmington, DE) by
measuring the absorbance of a 1.5-pL sample at 400 nm
(Tan et al. 2010). The sperm concentration was adjusted using
HBSS to~1.0x10® cells/mL as it was reported being reliable
for CASA measurements of zebrafish sperm (Verstegen et al.
2002).

2.5 Zebrafish sperm cell activation and analysis

Manual activation tests (n=6) were performed by a trained
technician with ~25 h of cell activation experience, which in
our laboratories has been sufficient to attain competency in the
technique. Manual activation was achieved by pipetting 2 uLL
of sperm sample onto a glass slide, followed by addition of
4 uL of de-ionized (DI) water. The two solutions were gently
stirred for approximately 5 s with a pipette tip. The mixture
was pipetted underneath a coverslip on top of a 20-pum well
slide (Hamilton Thorne, Beverly, MA) where motility was
measured via CASA.

For on-chip activation (n=3), sperm cells in HBSS and DI
water were loaded into separate syringes. Flow was driven by
a syringe pump with a maintained flow rate at each inlet of
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1 puL/min, corresponding to a Reynolds number of 1 at the
200 wm wide outlet of the mixer. With the two sheath inlets
containing DI water and the sample inlet containing cells and
300 mOsm/kg HBSS. The same dilution ratio (2:1) was main-
tained for both manual activation and on-chip activation ex-
periments, allowing a meaningful direct comparison. After a
steady flow was achieved, the solenoid valves were actuated
and the syringe pump was switched off simultaneously;
CASA was started 5 s later. For CASA, the microscope was
positioned at the entrance to the viewing chamber, immediate-
ly adjacent to the end of the micromixer.

Motility was analyzed with an open CASA system
(CEROS model, Hamilton Thorne, Beverly, MA) under tung-
sten filament illumination using 10-x magnification. A CCD
camera captured negative phase-contrast images from a light
microscope (CX-41 Olympus American Corp, Center Valley,
CA) that were saved in the CEROS motility program (Animal
Motility, Version 12.3 K Build 003). The image acquisition
rate was 60Hz. The minimum cell count was set at 50 and the
minimum cell size was set at 2 pixels. The smoothed path
velocity (VAP) cutoff for progressively motile sperm was set
at 50 um/sec, and for static cells was set at 20 wm/sec, based
on reported parameters for similar species (Park et al. 2011;
Yang and Tiersch 2011).

2.6 Numerical methods

The three-dimensional continuity equation, conservation of
momentum, and species conservation equation (Egs. (2-6))
were solved using the finite volume method in the commercial
software ANSYS Fluent v. 13.0 (ANSYS Inc., Canonsburg,
PA).

V-(pu) =0 (2)
V-(puu) = =Vp + V(1) + pg (3)
T=np|(Vu+ VuT)—gv-uI (4)
V-(Ciu) = —V-J; (5)
J: = -DupVC; (6)

In Egs. (2-6): p is the fluid density, u is the fluid velocity, p is
the fluid pressure, g is the acceleration due to gravity, p is the
fluid viscosity, C; is the concentration of species 7, and D,;, is
the species diffusivity.

Lagrangian particle tracking (Eqgs. (7-9)) was performed for
a collection of passive spherical particles (representing ideal-
ized sperm cells) released from each finite volume face on the
sample inlet. At each particle time step, the local osmolality
(that of the finite volume element that the particle is inside)
was saved. Inside a micromixer operating under steady-state
conditions, the extracellular concentration of a salt is a func-
tion of spatial position throughout the mixer. However, by
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tracking sperm cells traveling through the channel in a
Lagrangian framework, the extracellular salt concentration
can be re-parameterized as a function of time. During the
Lagrangian particle iterations, the particle time-step was main-
tained at 0.001 s for stability of the numerical method.

du, (pf_pp)

—~=F — e 7
dt D(uf u.”) + g pp ( )

1841 CpRe,

Fp=—— 8

Pl 24 ®)
d,\u,—u
Rep — pf p‘ P f‘ (9)
1

In Egs. (7-9): Fp is the drag force on the particle, u,is the
fluid velocity, u, is the particle velocity, g is the acceleration due
to gravity, p,, is the particle density, pis the fluid density, Cp is
the drag coefficient for spherical particles, Re, is the Reynolds
number of the particle, and d,, is the particle diameter.

A mathematical description of solute and solvent transport
across a cellular membrane exists in the widely used Kedem-
Katchaslsky model (Kedem and Katchalsky 1961; Kleinhans
1998; Gilmore et al. 1995). The model describes passive,
coupled solvent and solute flux through the membrane with
three phenomological parameters: the hydraulic conductivity
(L), the solute permeability (Py), and the reflection coefficient
(o). The two ordinary differential equations are coupled and
non-linear, but are solved readily with any number of compu-
tational mathematics packages. In the absence of a membrane
penetrating solute, the model simplifies to Eq. (10).

dVw(t)
dt

= _LPAC(I)RT{Csalt(t)_C;alt(t)} (10)
In Eq. (10): V), is intracellular water volume, L, is hydraulic
conductivity of the membrane, 4.. is the cell’s surface area, R is
the universal gas constant, T is absolute temperature, C*,, is
the extracellular salt concentration, and C',, is the intracellu-
lar salt concentration.

The transient extracellular osmolality from the Lagrangian
particle tracking was input into Eq. (10). This equation was
solved for each simulated sperm cell traveling through the
mixer, each with a different transient extracellular osmolality.
The water flux equation was solved using a 4th order Runge—
Kutta method in MATLAB (MathWorks, Natick, MA).

For model closure, several corollary equations (Egs. (11-13))
were necessary to complete the model.

) = oS0 (1)
A1) = (36m) P (Vear)™”? (12)
Vear(t) =V (t) + Vs (13)
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In Egs. (11-13): V, is the osmotically inactive cell volume,
and V., is the total cell volume. A solution of these equations
can provide insight into the intracellular dynamics during
sperm cell activation. Assuming purely passive transport and
given a set of known intracellular ion concentrations, each ion
concentration can be monitored as a function of time and
extracellular environment. With a set of known initial intra-
cellular ion concentrations, passive dilution of the intracellular
environment results in the following dynamics for any intra-
cellular ion:

Cunlt) = O] 552} (14)

The primary assumptions of this model are: transport
across the membrane is purely passive; the sperm cell vol-
ume fraction is sufficiently small to ignore hydrodynamic
particle-particle interactions; and, once sperm cells are acti-
vated inside the micromixer, their swimming does not have
any appreciable effect on the spatial HBSS field inside the
mixer. While this model only accounts for passive osmotic
water transport, active transport of ions through membrane
pumps is possible; however, active transport is thought to
have little effect on volume regulation of sperm cells (Takai
and Morisawa 1995).

3 Results and discussion

3.1 Numerical model validation of passive cellular water
transport

The simulations have previously been validated with respect
to mixing in the micromixer, showing good agreement over a
wide range of Reynolds numbers (Scherr et al. 2012). This
gives confidence that the osmolality distribution inside the
microdevice, which is used as an input to the membrane trans-
port model, is accurately captured.

Here, we validate passive water transport across the cel-
lular membrane for three different sets of parameters. It
should be noted that the hydraulic conductivity of zebrafish
spermatozoa is an order of magnitude lower than the egg
cells used in this validation (shown in Table 1). Figure 2
shows the osmotic response of Arbacia, Chaetopterus, and
Cumingia cells. The cells are moved from seawater to 60 %
seawater at time t=0 s and as a result of the hypoosmotic
environment, water enters the cell. Although the model con-
sistently underestimates the experimental results, there is
never greater than 6.71 % error for any of the three cell
types. The maximum deviation for each dataset is: 4.60 %
(Chaetopterus), 5.05 % (Cumingia), and 6.71 % (Arbacia).
This validates the implementation and accuracy of the water
flux equation.

Table 1  Table of water transport model parameters

Model Parameter Cell Value (units)

Hydraulic Conductivity Arbacia egg 2x107% (pm / Pa*s)

(Luck et al. 1939)

Chaetopterus egg 7.22x1072
(Luck et al. 1939)

Cumingia egg 6.33x1072
(Luck et al. 1939)

Zebrafish spermatazoa  3.454x 107

(Hagedorn et al. 2009)
Isoosmotic Cell Arbacia egg

Volume

2.1635x10° (um*)
6.0439x10°
1.4208x10°
Zebrafish spermatazoa 12.1

2.72x10* (um®)

Chaetopterus egg
Cumingia egg

Osmotically Inactive  Arbacia egg

Volume Chaetopterus egg 2.53%10°
Cumingia egg 5.2x10"
Zebrafish spermatazoa  4.477

3.2 Solenoid valve characterization and particle residence
time

Experimental mixing within this device has previously been
studied (Scherr et al. 2012); given the time-sensitive nature of
our analysis of zebrafish sperm motility in the microdevice
following cell activation, the solenoid valves added for flow
cessation were characterized. Figure 3a shows the velocity of
10-um polystyrene tracer beads in the viewing chamber fol-
lowing valve closure. As a result of the compliance in the
PDMS and tubing, actuation of the valves causes an initial
acceleration of the tracer beads. With the pressure inside the

® Arbacia (exp.)

Arbacia (sim.)

®  Chaetopterus (exp.)

Chaetopterus (sim.)
A Cumingia (exp.)

—— Cumingia (sim.)

Cell Volume (um3)
[

0 2 4 6 8 10 12
Time (minutes)

Fig. 2 Water transport validation plots for Arbacia, Chaetopterus, and
Cumingia cells. Experimental data taken from (Luck et al. 1939)
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Fig. 3 a Tracer bead velocity after actuation of the solenoid valves (mean +/— std. dev, n=10). b Simulated particle residence time distribution for a

population of 625 discrete particles released from the center inlet

device equalized, the particle velocities decayed to near zero
after approximately 8 s. Based on these results, and given the
typical operating parameters of CASA for zebrafish sperm, we
chose to initiate CASA after 5 s. At this time, the velocity of
tracer beads was on average less than 20 um per second which
is below the cutoff velocity for static cells analyzed with
CASA.

Along with the time for velocity to become small enough to
start imaging, it was also necessary to analyze the residence
time of the particles in the mixer portion of the device.
Figure 3b shows the simulated residence time of discrete par-
ticles released from each finite volume face at the center inlet.
As in our experiments, all inlet flow rates were specified as
1 puL/min. No particles traversed the mixer faster than 1.5 s.
Nearly 70 % of the particles had reached the outlet by 2 s,
while all particles reached the outlet by 3.5 s. Together with
the results from the valve characterization, the cells could have
initiated motility between 6.5 and 8.5 s prior to analysis with
CASA (1.5-3.5 s residence time, 5 s for flow cessation due to
the solenoid valves).

This is likely an over-estimation of the time for the cells to
be activated and for analysis to begin. When the solenoid
valves were actuated they accelerated particles; the time cells
or particles spent in the channel (the residence time) and the
time for flow cessation did not necessarily occur sequentially
— these coincided with one another. It is possible that after
actuation of the valves, particles near the inlets of the device
were accelerated through the device and came to rest in the
viewing chamber. Therefore the reported time period of mo-
tility that is initially missed, between 6.5 and 8.5 s, should be
treated as a maximum. Even still, this is faster than hand
activation via manual mixing, which is discussed below.
This is also faster than previously reported microfluidic sperm
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cell activation without the use of valving (Park et al. 2012). In
that study, a 10 s delay was required between turning off the
syringe pump and initiating CASA so as to minimize bulk
fluid drift.

3.3 Manual and microfluidic zebrafish sperm activation

The traditional method of activating zebrafish sperm cells by
manual dilution was compared to on-chip activation using the
SeLMA micromixer. Care was taken to monitor the manual
activation protocol from a trained technician to determine the
sequence and timing of events such as manual addition of
water to the sperm sample, pipet tip mixing, and sample in-
sertion under the coverslip. As such on-chip experimental
protocols in this study were designed to initiate CASA at the
same time post-activation as manual mixing (timeline shown
in Fig. 4a). However, there is still potential for a time discrep-
ancy, which in our estimation is approximately 1-2 s, between
when cells become active using manual mixing and
microfluidic mixing. This small discrepancy is expected to
have minimal effect on the comparison of the two activation
methods.

Manual (hand-mixing) activation, (Fig. 4b), shows an ini-
tial motility of ~40 % and there was only a slight decrease in
motility over time. This initial motility was lower than in other
studies of zebrafish sperm cell activation and the decay in
motility over time is not as pronounced (Wilson-Leedy et al.
2009). The lower initial motility is likely due to the difference
in dilution ratios and imperfect hand-mixing; the referenced
study used a 20:1 dilution whereas we used a 2:1 dilution.
This ratio for manual mixing was chosen to agree with condi-
tions inside of the microfluidic channel, where equal flow
rates from all inlets provide a 2:1 dilution. However, this level
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of activation is consistent with other work that tested a range
of osmolalities of the activating solution, and found similar
values at 150 mOsm/kg (Takai and Morisawa 1995).
Figure 4b shows standard deviations over 50 % for much of
the motility period. The less pronounced decrease in motility
over time and the high variability among trials is likely a result
of the poorly reproducible hand-mixing. In a poorly mixed
solution, significant diffusion would still occur throughout
the duration of the experiment. This would result in a delay
in the onset of motility as cells encounter the necessary
hypoosmotic environment at different times.

The on-chip activation (Fig. 4c) shows an initially higher
percentage of progressively motile cells. While it is likely that
hand-mixed samples also display higher percentages of cell
motility initially (Fig. 4b), assessment of these initial periods
are difficult without the microfluidic chip approach.
Progressive motility of on-chip activated sperm also

X 80—
w = an-ChIip
2 | = Manua
8 60
9
£ 40t
S ~
>
o 20} ﬁ
2
: ]
o b " (n
o
S ool ‘ ‘ ‘
a

0 15 30 45 60

Time After Activation (seconds)

Fig. 5 Statistical analysis of on-chip and manual activation

Time (seconds)

decreases, reaching near zero at 100 s. Deviations between
trials were initially high (16 % variation initially), but it de-
creased to less than 2 % after 60 s. This indicates that the
mixer was more effectively mixing the fluid and most cells
that would ultimately activate more rapidly encountered con-
ditions that would allow them to become motile.

The on-chip activation data was compared to the manual
hand mixing data for statistical significance using the
Student’s 7-Test (aw=0.05). There is no statistically significant
difference between the on-chip and manual activation at any
of the times shown in Fig. 5. This is reasonably expected,
given the large deviations with the manual activation data.
To this point, there was no statistically significant difference
between the initial progressively motile cell count (manually
activated, t=0) and the progressively motile cell count (man-
ually activated) at any of the times tested in Fig. 5.

3.4 Simulations of zebrafish sperm cell activation
in a constant hypoosmotic environment

We simulated the water flux across a zebrafish sperm cell
membrane during manual activation. The cells start at
300 mOsm/kg and were placed in a constant 20 mOsm/kg
environment and consequently water enters the cell.
Figure 6a shows an increase in cell volume that does not reach
equilibrium after 600 s, a result of the low hydraulic conduc-
tivity of zebrafish sperm cells. The low hydraulic conductivity
is necessary for a cell whose purpose it to fertilize an egg in a
hypoosmotic environment. The time that it would take for
critically damaging water intake must be greater than the du-
ration of motility for external fertilization to be successful.

@ Springer
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Figure 6b shows the decrease in intracellular osmolality;
after 10 s (Fig. 6b inset), the intracellular osmolality has de-
creased only to 278.6 mOsm/kg. This response is for cells
placed in 20 mOsm/kg for 10 s — a reasonable time to com-
plete hand mixing and begin inspection of cells using CASA.

3.5 Simulated zebrafish sperm cell activation
in a micromixer

In batch investigations, it can be assumed that the extracellular
environment is held at a constant osmolality. This does not
hold true in a micromixer where spatial variations occur
(Fig. 7). To account for this, in our simulations we release
cells (inert spherical particles) from each finite volume face
at the center inlet (Fig. 7 Inset). Each cell traveled through the
device with its own spatial path, and encounters a unique
extracellular osmotic environment along its way (particle
numbers shown in Fig. 7 correspond to the same numbers
shown in Fig. 8). The extracellular osmolality fluctuated as
cells moved through the mixer, entering regions of high and
low osmolality, and eventually reaching a constant extracellu-
lar environment at the outlet.

Despite these cells encountering zones of extracellular os-
molality that are half of their initial intracellular osmolality
(Fig. 8a), water flux across the membrane is slow and their
residence time in these low osmolality zones is brief until they
reach the completely mixed environment at the outlet.
Intracellular osmolality begins at iso-osmotic conditions
(300 mOsm/kg), and for the select cells shown in Fig. 8b, only
reduced by 2—4 mOsm/kg. Particularly of note, the different
extracellular osmotic histories (Fig. 8a) all lead to similar tran-
sient intracellular osmolality profiles (Fig. 8b).

While individual cell trajectories and transient profiles
were useful, it was helpful to visualize the results for the entire
population of cells. The minimum osmolality that the cells
come in contact with as they move through the mixer is shown
in Fig. 9a. All cells travel through a zone with osmolality less
than 150 mOsm/kg, and nearly 10 % pass through a region of
less than 100 mOsm/kg. Despite the extracellular osmolality

Fig. 6 Simulations of a zebrafish
sperm cell placed in 20 mOsm/kg

(@)

Particle # 50
Particle #150
Particle #250
Particle #350
Particle #450
Particle #550

300 mOsm HBSS

Fig. 7 Simulated particle trajectories and mixing in the first half of the
SeLMA geometry. Inset shows the introduction point for select particles

being hypoosmotic for the duration of each cell’s residence
time, simulated intracellular osmolalities at the outlet ranged
from 299 to 296.5 mOsm/kg (down from 300 mOsm/kg at the
inlet), as shown in Fig. 9b. This highlights the low hydraulic
permeability and slow water transport across the membrane.
Despite these small changes in intracellular osmolality, our
experimental evidence shows that under these same condi-
tions, greater than 60 % of the cells that passed through the
mixer were activated. This challenges the belief that large
changes in osmolality or ion concentration are necessary for
activation (Takai and Morisawa 1995).

4 Conclusions

In this work, we have shown two methods for analysis of
the activation process of zebrafish sperm cells. The
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Fig. 8 a Simulated extracellular
osmolalities for select cells as a

C))

(b)

305

300

function of time spent in the
mixer. b Simulated intracellular
osmolalities as a function of time
in the mixer
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microfluidic mixer allows for a highly reproducible mixing
of the fluid streams, and hence a highly reproducible dilu-
tion of the cells’ intracellular osmolality. This is a significant
advancement over the field-standard hand-mixing where var-
iability was large and analysis suffered from a lack of repro-
ducibility. This approach is also an improvement over the
only other reported microfluidic device for aquatic sperm
cell activation (Park et al. 2012): the off-chip valves enable
a more rapid cessation of flow prior to initiation of CASA;
the SeLMA micromixer geometry used herein has no pro-
trusions or obstacles that could capture cells as in the previ-
ous micromixer utilized for this purpose; and the specialized
glass slides that contained the cells in a confined area for
visualization are no longer needed due to the on-chip view-
ing chamber in the integrated device presented in this study.
Finally, the numerical analysis sheds insight on the intracel-
lular environment, which is a function of the extracellular
osmotic conditions and the path travelled through the
microfluidic device. Experimental methods for assessing
sperm cell volume would not be feasible in this case: micro-
scopic observation of cell diameter is limited to a static field
of view, and at the magnifications necessary for accurate
sizing, cannot track individual cells throughout the entire
microchannel; cell volume analysis via flow cytometry

290
0

25 3 0.5 1 15 2

Time (seconds)

25 3

would be a post-hoc approximation of the conditions inside
the micromixer. Through the use of validated simulations,
we access instantaneous cell information during this dynam-
ic process. While the numerical parameters and experimental
conditions used in this study are specific to zebrafish sperm
cells, they could easily be modified to study any similarly
functioning cell.

Our experimental results show that over 60 % of cells
were activated initially, and under those same conditions,
the numerical model shows that only a small amount of
water has entered the cell. As a result of this osmotic trans-
port, intracellular osmolality, and hence any intracellular
ion, only decreases slightly. While experimental protocols
seek to immerse the cells in as dilute an environment as
possible, our results are the first to demonstrate that even
brief exposure to a hypoosmotic environment is sufficient
for activation. Further work is necessary to identify an
exact threshold of intracellular osmolality for zebrafish
sperm activation, which will allow for a better unders-
tanding of the intracellular cascade that initiates and main-
tains motility.

We envision microfluidic devices for the activation of
aquatic sperm cells overcoming several hurdles in sperm cell
activation studies. These have the potential to improve
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cryopreservation protocols significantly by allowing high-
throughput testing of different cryopreserved samples under
highly controlled conditions, including activation with differ-
ent extracellular osmolalities which can easily be manipulated
by tuning the sample to sheath flow rate ratio. This work also
serves as a potential for much-needed standardization; both
the microfluidics and numerical methods used herein are ro-
bust and can be used to reduce the variability within and
across aquatic sperm research laboratories.
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