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Abstract

Sperm viability in aquatic species is increasingly being evaluated by motility analysis via computer-assisted sperm analysis
(CASA) following activation of sperm with manual dilution and mixing by hand. User variation can limit the speed and control
over the activation process, preventing consistent motility analysis. This is further complicated by the short interval (i.e., less than
15 s) of burst motility in these species. The objectives of this study were to develop a staggered herringbone microfluidic mixer
to: 1) activate small volumes of Danio pearl zebrafish (Danio albolineatus) sperm by rapid mixing with diluent, and 2) position
sperm in a viewing chamber for motility evaluation using a standard CASA system. A herringbone micromixer was fabricated in
polydimethylsiloxane (PDMS) to yield high quality smooth surfaces. Based on fluorescence microscopy, mixing efficiency
exceeding 90% was achieved within 5 s for a range of flow rates (from 50 to 250 �L/h), with a correlation of mixing distances
and mixing efficiency. For example, at the nominal flow rate of 100 �L/h, there was a significant difference in mixing efficiency
between 3.5 mm (75 � 4%; mean � SD) and 7 mm (92 � 2%; P � 0.002). The PDMS micromixer, integrated with standard
volumetric slides, demonstrated activation of fresh zebrafish sperm with reduced user variation, greater control, and without
morphologic damage to sperm. Analysis of zebrafish sperm viability by CASA revealed a statistically higher motility rate for
activation by micromixing (56 � 4%) than manual activation (45 � 7%; n � 5, P � 0.011). This micromixer represented a first
step in streamlining methods for consistent, rapid assessment of sperm quality for zebrafish and other aquatic species. The
capability to rapidly activate sperm and consistently measure motility with CASA using the PDMS micromixer described herein
will improve studies of germplasm physiology and cryopreservation.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Zebrafish (Danio species) have become one of the
most important vertebrate model organisms for devel-

opmental and genetic research [1–4] because of exter-
nal fertilization, high fecundity, ease of rearing in cap-
tivity, and short generation interval. This extensive use
of zebrafish has generated several thousand specific
strains. The strains are maintained live in stock centers
[5,6], resulting in considerable logistic and economic
challenges. Cryopreservation of gametes from zebrafish
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lines is the most cost-effective option for maintaining
genetic material [7]. Cryopreservation of sperm re-
quires evaluation of sperm quality from fresh and fro-
zen-thawed samples. Such evaluation involves a scal-
ing up process to high-throughput platforms [8].
However, analysis of zebrafish sperm is challenging
because of the small volume of semen per fish, small
sperm cell size, short motility duration (�15 s peak
burst motility) [9,10], and inconsistent technical proce-
dures for analysis and motility activation [6,11].

For analysis of most aquatic species, sperm motility
is initiated through alteration of the osmolality of the
aqueous medium, typically accomplished through man-
ual dilution and mixing by hand and estimated subjec-
tively by visual observation, or objectively in volumet-
ric viewing chambers by the use of computer-assisted
sperm analysis (CASA) systems [10,12–14]. Manual
methods, especially for zebrafish sperm, limit control
over the activation process and, therefore, quality anal-
ysis. Inconsistent activation methods can result in error-
prone evaluation of male reproductive potential. The
CASA systems were designed for use with mammalian
sperm [12,13] which have longer motility duration (i.e.,
days) than that of zebrafish. The combined time (from
5 to 15 s) required to activate, load, and measure the
sample is a limitation in assessing peak motility of fish
sperm in general, which was not a design consideration
when developing mammalian CASA systems. There-
fore, a need exists to enable rapid mixing and activation
of small volumes of zebrafish sperm cells for reliable
and accurate sperm assessment with CASA.

Microfluidic platforms with microfabrication tech-
nologies have been used to shorten analysis times,
reduce volumes of reagents, and enable new discover-
ies in cell biology [15–17]. These devices have been
utilized in studies of gamete and embryo physiology
where microchannels have been used for reliable de-
livery of sperm to oocytes [18], gamete and embryo
isolation and culture [19,20], sperm sorting and sepa-
ration [21–27], and manipulation of oocytes and sperm
[28–30]. However, to date there have been no reports
regarding the use of microfluidics to activate and ana-
lyze aquatic species sperm cells.

Several micromixers have been developed to enhance
mixing in passive and active configurations [31,32]. Ac-
tive micromixers involve recruitment of an external field
or force to increase perturbation of fluids [33–37]. How-
ever, because of more complex fabrication processes, the
requirement for external perturbation sources, and the
difficulty of integrating active micromixers into microflu-
idic platforms, passive micromixers have been preferred

in biological and chemical applications [31]. Passive mi-
cromixers utilize unique microchannel geometries to
achieve mixing. Among passive micromixers the stag-
gered herringbone micromixer with in-floor depressions
[38] has been widely used, because of relatively simple
fabrication, operation, and high mixing efficiency at low
Reynolds numbers [31,39]. This type of micromixer could
be a useful means to rapidly introduce aquatic species
sperm into diluent to evaluate motility.

The objectives of this study were to develop a stag-
gered herringbone microfluidic mixer to: 1) activate small
volumes of Danio pearl zebrafish (Danio albolineatus)
sperm by rapid mixing with diluent, and 2) position sperm
in a viewing chamber for motility evaluation using a
standard CASA system. The micromixer was fabricated in
polydimethylsiloxane (PDMS) using a casting method.
The mixing efficiency of the device was characterized
using fluorescence microscopy in terms of distance and
time of sample flow along the device channel. The micro-
mixer was integrated with standard volumetric slides to
rapidly and consistently activate zebrafish sperm and al-
low evaluation using CASA.

2. Materials and methods

2.1. Design and microfabrication of a herringbone
micromixer

As a demonstration of a microfluidic platform for
zebrafish sperm activation and motility analysis, a
mixer based on passive herringbone geometry [38] was
designed and microfabricated to mix sperm with diluent
solution (Fig. 1). A T-type microchannel was used with
two inlet reservoirs (diameter of 0.9 mm) to introduce
diluent solution and sperm sample through inlet micro-

Fig. 1. A schematic diagram of a micromixer with one cycle of
herringbone depressions for zebrafish activation and motility analysis
(dimensions not to scale, additional herringbones and outlet reservoir
not shown).
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channels (5 mm long, 100 �m wide, and 75 �m deep)
into a main mixing microchannel (15 mm long, 200 �m
wide, and 75 �m deep) with herringbone features lead-
ing to a single outlet. The dimensions of herringbone
individual features were width of 60 �m, depth of 25
�m, and spacing of 60 �m. The asymmetry of the
herringbone elements was set at a ratio of 3:7 for
the length of the short: long arms, and the angle of the
herringbones was set at 55° with respect to the center-
line of the main microchannel. The direction of asym-
metry of the herringbones was alternated at each half
cycle, which comprised five herringbone depressions
(Fig. 1), and each full cycle of herringbone features was
repeated every 1.4 mm, yielding a total of 10 sets in the
main microchannel. These geometrical parameters
were selected from the reported range of parameters
[38,40] and also by taking into account the require-
ments of micromilling the brass master insert used in
fabrication of the device.

The herringbone micromixers were fabricated in poly-
dimethylsiloxane (PDMS) using a casting method. The
choice of PDMS for the micromixers was made because
of its optical clarity, bio compatibility, and easy micro-
fabrication via casting at low cost. Instead of using stan-
dard photoresist master molds for casting, polymethyl-
methacrylate (PMMA) master molds were manufactured
using a two-step process. First, computer-aided design
(CAD) of the herringbone micromixer from Autocad
(2004 version, San Rafael, CA, USA) was precisely mi-
cromilled into a brass master with a computer-controlled
micromilling machine (KERN MMP-2522, KERN Micro
Feinwerktechnik GmbH, Eschenlohe, Germany) to create
a negative mold with microchannels and herringbone de-
pressions (Fig. 2A). The brass mold was used for micro-
molding of 2.6-mm thick PMMA sheets using a hot em-
bossing machine (HEX02, Jenoptik Mikrotechnik, Jena,
Germany). A molding pressure of 15 000 N was applied
to the PMMA sheets for 3 min at a mold temperature of
154 °C, with a demolding temperature of 110 °C. The
hot-embossed PMMA served as the master mold with
positive relief microstructures for PDMS casting (Fig.
2B). Liquid prepolymer PDMS and curing agent (Sylgard
184 silicone elastomer base and curing agent, Dow Corn-
ing Corp., Midland Township, MI, USA) were mixed
thoroughly at a 10:1 volume ratio and poured into the
PMMA molds to fabricate the PDMS micromixers. A
degassing step was carried out down to 600 mm Hg
vacuum three to four times to remove air bubbles before
and after PDMS casting in a Nalgene transparent polycar-
bonate desiccator (5311–0250, Thermo Scientific, Wal-
tham, MA, USA) using a vacuum pump (DOA-P104-AA,

Gast Manufacturing Inc., Benton Harbor, MI, USA). The
poured PDMS was held at room temperature for at least
24 h until fully cured.

After curing, the PDMS was peeled from the PMMA
master mold (Fig. 2C) and cut to size, depending on the
application. For characterization of mixing efficiency, a
PDMS block 2.5 cm by 2.8 cm allowed visualization of
the entire 15-mm length of the herringbone channel. Once
the minimum number of herringbones sufficient for mix-
ing was determined (Section 3.2.), a block with a shorter
channel (10 mm) was used for sperm activation and anal-
ysis. The PDMS microfluidic device and the PMMA mas-
ter mold were inspected using scanning electron micros-
copy (SEM) and a surface profilometer (Alpha step 500,
KLA-Tencor, Milipitas, CA, USA). Before sealing, flu-
idic through-holes were punched in the PDMS devices
(Fig. 2D) using a commercial puncher (Harris Uni-Core,
P/N 15 099, Redding, CA, USA).

Two types of glass slides were used for sealing of
PDMS devices: microscope slides (P/N 4430, Richard-
Allan Scientific, Kalamazoo, MI, USA) for characteriza-
tion of mixing efficiency and Hamilton Thorne 2X-CEL
CASA slides (20-�m slides, P/N 720 299, Hamilton
Thorne Biosciences, Beverly, MA, USA) for zebrafish
sperm activation and motility analysis. The glass slides
were cleaned with isopropyl alcohol and dried with nitro-

Fig. 2. Microfabrication sequences for a PDMS herringbone micro-
mixer. (A) micromilled brass mold, (B) micromolded PMMA master
mold, (C) PDMS micromixer, (D) generation of fluidic through-
holes, (E) bonding of PMDS micromixer to glass, and (F) incorpo-
ration of macro-to-micro interfaces.
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gen gas before surface modification by plasma. For seal-
ing the microchannel in the PDMS device, the glass slide
and the PDMS device were surface-modified in a plasma
cleaner (PDC-32G, Harrick Plasma, Ithaca, NY, USA) for
60 s using the radio frequency (RF) power set at high and
a process pressure of 500 mTorr, based on the manufac-
turer’s recommendation. Following plasma oxidation, the
PDMS device was brought into contact with the glass
slide, pressed gently together, and baked at 65 °C for 2 h
to form an irreversible bond (Fig. 2E). Syringe needles (21
ga, stainless steel, blunt, lure-lock, polypropylene hub,
25.4-mm length, ID: 0.51 mm, OD: 0.82 mm; http://
Smallparts.com, Lexington, KY, USA) and Tygon tubing
(R-06148-03; ID, 0.76 mm; OD, 2.29 mm; Cole Parmer,
Vernon Hills, IL, USA) were used to incorporate the
macro-to-micro interface for the sealed PDMS devices.
First, the needles were modified by removing the hubs
using a Dremel rotary tool. The modified needles were
inserted into the fluidic through-holes in the PDMS device
with the opposite end connected to the Tygon tubing,
which was connected to syringes used for characterization
of mixing efficiency or zebrafish sperm activation and
motility analysis (Figs. 2F and 3).

2.2. Characterization of mixing efficiency

For characterization of mixing efficiency, fluores-
cence was quantified in the microchannel as deionized
water and fluorescein dye were mixed. Two 5-mL glass
syringes (1005TLL, Hamilton, Reno, NV, USA) were
filled with deionized water or fluorescein dye (fluores-
cein sodium salt in deionized water, 3.75 � 10�2 g/L,
F6377-100G, Sigma-Aldrich, St. Louis, MO, USA) and
simultaneously injected at 100 �L/h into the inlets of
the PDMS microdevice using a syringe pump (KDS220
multi-syringe pump, Kd Scientific Inc., MA, USA).
The microchannel was imaged from the inlet down its
length using an inverted fluorescent microscope
(Eclipse, Nikon Instruments Inc. Melville, NY, USA)
with a 10-x objective lens and digital camera (Cool-
SnapFX Photometrics, Tucson, AZ, USA), and ana-
lyzed in Metamorph Software (Universal Imaging,
Corp., West Chester, PA, USA). Mixing efficiency was
determined using the following equation [41]:

Mixing ef ficiency

� �1 �

�1

N�i�1
N (Ii � Iperf .mix)2

�1

N�i�1
N (I0 � Iperf .mix)2�� 100%

where N is the total number of pixels, Ii is the intensity
recorded at pixel i at a specific location, Io is the
intensity without mixing or diffusion, and Iperf.mix is the
intensity of a perfectly mixed solution. Fluorescence
intensity values for Ii were obtained every 0.7 mm
along the channel using line scans across the entire
width of the main microchannel and repeated three
times at each location. Fluorescence intensity values for
Iperf.mix were obtained using line scans across the main

Fig. 3. Images of (A) the PDMS microfluidic mixing devices, and (B)
the experimental set-up for microscopic observation of mixing and
motility analysis. The PDMS devices were bonded to standard micro-
scope slides for characterization of mixing efficiency (left), and bonded
to standard Hamilton Thorne CASA slides (right) for zebrafish sperm
activation and motility analysis, with inset showing a close-up view of
the bonding interface of the PDMS device with channel outlet emptying
into the volumetric chamber; the black arrow (inset) shows the direction
of flow for the mixed sperm sample from the PDMS device to the
viewing chamber of the Hamilton Thorne CASA slide. The experimental
setup in (B) shows the mixing device on the stage of the CEROS CASA
system microscope, with sample flow driven by a syringe pump, where
one syringe introduces non-activated sperm and the other syringe intro-
duces deionized water as a diluent for activation.
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microchannel at multiple locations after injecting half
concentration (1.88 � 10�2 g/L) of fluorescent dye in
both inlets, repeated three times at each location, and
averaged. Fluorescence intensity values for Io were
obtained using line scans across the two inlet micro-
channels and repeated three times. Background fluores-
cence intensity values were measured three times using
line scans across the deionized inlet microchannel and
subtracted from all measured fluorescence intensity val-
ues. All fluorescence intensity values were normalized
with respect to maximum fluorescence intensity at the
fluorescent inlet microchannel.

The fluorescence measurements were repeated as
described above at flow rates of 50, 150, 200, and 250
�L/h to determine the effect of flow rate on mixing
efficiency and to determine the variation of mixing
efficiency among different PDMS microdevices. Mix-
ing efficiency was evaluated as a function of distance
and time traveled from the T-junction at the inlet.

2.3. Zebrafish and sperm collection

Danio pearl zebrafish obtained from Segrest Farms
(Gibsonton, FL, USA) were maintained in 3-L tanks (5
fish/L) at 26 °C in an aquarium system (Aquatic Hab-
itats, Apopka, FL, USA), and fed twice daily with
scientific hatcheries diet for zebrafish (Aquaneering
Inc., San Diego, CA, USA) and live artemia grown
from cyst (INVE Group, Salk Lake City, UT, USA).
Guidelines from the Institutional Animal Care and Use
Committees of Louisiana State University were fol-
lowed for animal care in this study.

Fresh sperm samples were collected from male
Danio pearl zebrafish following anesthetization in a
solution of 0.01% (v/v) tricaine methanesulfonate (MS-
222 Western Chemical Inc., Ferndale, WA, USA). The
fish was placed in a foam rubber holder with a belly
facing up, blotted dry, and gently squeezed under a
microscope (10-x magnification), and sperm was col-
lected using a micropipette. The collected sperm was
suspended in a microcentrifuge tube with 20 �L
(�10–20 times of the sperm volume) of Hanks’ bal-
anced salt solution (HBSS) at an osmolality of 300
mosmol/kg [42] and used immediately or stored at 4 °C
for later use. The fish were returned to aquarium water
for recovery, where they were allowed to recover for at
least 2 wk before subsequent sperm collection. Sperm
concentration was determined in a microspectropho-
tometer (NanoDrop 1000, Thermo Scientific, Wilming-
ton, DE, USA) by measuring absorbance of a 2-�L
sample at 400 nm [43]. The sperm sample was diluted
with HBSS so the sperm concentration was �1 � 108

cells/mL as reported for reliable CASA measurements
of zebrafish sperm [12].

2.4. Zebrafish sperm activation and motility analysis

Sperm from several Danio pearl zebrafish were
pooled into a single sample to yield sufficient volume
for comparison of manual mixing and micromixing
for sperm activation. To evaluate manual mixing, 2
�L of sperm sample were pipetted onto a 2X-CEL
viewing chamber slide (20-�m depth, 4-�L volume)
followed by addition of 2 �L of deionized water. The
sample was mixed with the pipette tip briefly (2–3 s)
to reduce the osmolality from 300 mosmol/kg to
�150 mosmol/kg for sperm activation. The slide
chamber was sealed with a coverslip and motility
was evaluated with an open CASA system (CEROS
model, Hamilton Thorne, Beverly, MA, USA) under
tungsten filament illumination using 10-x magnifica-
tion at room temperature (26 °C). A CCD camera
was utilized to capture negative phase-contrast im-
ages from a light microscope (CX41 Olympus Amer-
ica Corp Center Valley CA USA) which were saved
in the CEROS motility program (Animal Motility,
Version 12.3). The image acquisition rate was 60 Hz
for 30 frames. The minimum cell count was set at 40
pixels and the minimum cell size was set at four
pixels. The smoothed path velocity (VAP average
velocity of the smoothed cell path in �m/sec) cutoff
for progressive sperm was set at 50 �m/sec, and for
motile sperm was set at 20 �m/sec, based on reported
parameters for similar species [13] and our own
empiric data. Measurements were performed five
times within 20 s of activation to count the total
number, motile number, and progressive number of
sperm.

For sperm activation in the micromixer, 100-�L
glass syringes (1710TLLX, Hamilton, Reno, NV,
USA) were filled with either 50 �L of sperm sample or
deionized water, with care taken to ensure that no air
was introduced into the syringes when connecting to
the device inlet tubing. The contents of the two syringes
were simultaneously injected into the inlet microchan-
nels of the PDMS micromixer (Fig. 3B). The viewing
chamber with a coverslip was monitored under a mi-
croscope until the mixed sample entered, at which time
the syringe pump was stopped and CASA initiated.
Measurements were performed five times within 20 s of
sperm entering the viewing chamber to count the total
number, motile number, and progressive number of
sperm.
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2.5. Data analysis

Data were analyzed using built-in statistical pack-
ages in Microsoft Excel (Microsoft, Corp., version
2007, Redmond, WA, USA). One-way ANOVA was used
to test the effect of distances on the mixing efficiency
and to test the coefficient of variation (CV, standard
deviation/mean) for the mixing efficiency with the low-
est variance. A Student’s t test was used to determine if
there was a statistical difference in zebrafish sperm
motility rate. Several CASA parameters, including
VAP, curvilinear velocity (VCL), straight line velocity
(VSL), straightness (STR, VSL/VAP in percentage),
and linearity (LIN, VSL/VCL in percentage) were ex-
amined using one-way ANOVA. The data were presented
as arithmetic mean � standard deviation (SD) and the
significance level was set at P � 0.05.

3. Results and discussion

3.1. Microfabrication of a herringbone micromixer

Microfluidic devices in PDMS are traditionally mi-
crofabricated using photoresist master molds [17]
which provide smooth surfaces, but require clean room
or semi-clean room facilities. This method also requires
additional active alignment processes during photoli-
thography for multilayered microstructures, and the sil-
icon substrate used as a master mold base can break
easily because of brittleness. Owing to these limitations
PMMA master molds were used for PDMS microflu-
idic devices using a two-step process, including micro-
milling of a brass mold and hot embossing of PMMA
master molds. Instead of direct PDMS casting in the
brass mold, PMMA master molds were used because of
the difficulty of removing the PDMS from the brass
[44]. This method allowed for convenient multilayer
fabrication of three-dimensional microstructures by mi-
cromilling [45], provided robust PMMA master molds
with little stress and shrinkage [46], and enabled mi-
crofabrication of the PDMS microfluidic devices in a
non-clean room environment. Inspection by SEM and a
surface profilometer revealed that there was no PDMS
left in the PMMA master mold after peeling it from the
PMMA mold (data not shown), and the microstruc-
tures, including microchannels and herringbone depres-
sions were replicated in high quality with a smooth
surface roughness of 45.6 � 4.9 nm (n � 3).

The reliability of bonding between the PDMS de-
vices and glass slides, and the stability of the macro-
to-micro interface are critical elements in producing a
leakage-free microfluidic device. To form irreversible

bonds between the PDMS device and the glass slide,
the two interfaces require clean surfaces without con-
taminating particulates. This facilitates surface modifi-
cation by either air or oxygen plasma to generate hy-
drophilic silanol (SiOH) groups on the surface, and to
form covalent siloxane (Si–O–Si bond) bonds by a
condensation reaction at the two bonding interfaces
[47]. The macro-to-micro interface fluidic through-
holes were reproducibly punched with a diameter of
758.3 � 14.4 �m with minimal tears at the reservoirs of
the PDMS devices. These through-holes enabled a tight
pressure-fit [48] with modified 21-gauge needles (OD:
820 �m). The macro-to-micro interface had no leakage,
either at the bonding interface or at the macro-to-micro
interfaces at flow rates as high as 2000 �L/h, which
was far above the highest flow rate used for this study.
The modified needles with Tygon tubing were removed
and reinserted to other PDMS devices without causing
leakage, confirming the reuse potential and robustness
of the macro-to-micro interface. To facilitate the reus-
ability of each device, any residues in the microchan-
nels from each influent streams were eliminated by
flushing of the microchannels with deionized water or
ethanol.

In current CASA applications, the sperm and acti-
vation solution are mixed by hand in a contained view-
ing area of the standardized volumetric slide before the
CASA motility analysis [12]. This ensures confinement
of sample in a closed space, limiting fluidic drift, and
provides a known volume for determination of the
sample concentration. The PDMS micromixers sealed
with the Hamilton Thorne standardized volumetric
CASA slides provided compatibility with existing
sperm analysis technologies. As an alternative for fu-
ture studies, the sperm analysis viewing chambers
could be designed and microfabricated together with
microfluidic mixers for a fully integrated, microfluidic
sperm analysis system.

3.2. Characterization of mixing efficiency

Rapid and consistent activation of sperm with dilu-
ent within the PDMS-based herringbone micromixer is
essential for reliable and accurate analysis of motility
by CASA. Our goal was to achieve micromixing of two
different fluids with at least 90% mixing efficiency in �
5 s. Fluorescent images at three different locations at 0,
3.5, and 7 mm from the T-junction showed the mixing
progression of the two solutions, deionized water and
fluorescein, qualitatively at a flow rate of 100 �L/h
(Fig. 4). The first inset image shows the clear boundary
of the two fluids at the inlet intersection without mix-

339D.S. Park et al. / Theriogenology 78 (2012) 334–344



Author's personal copy

ing. The second image shows the two fluids stretched
and folded with mixing progression because of chaotic
advection (with mixing efficiency of 75%). The third
image shows the almost complete mixing of the two
fluids (with mixing efficiency of 92%). The quantitative
result of micromixing at a flow rate of 100 �L/h was
obtained by correlating the measured fluorescence in-
tensity values to mixing efficiency as a function of
distance from the T-junction. The exponential trend in
mixing of two solutions was observed as distance from
the T-junction increased, showing a correspondence of
distance and mixing efficiency, with a significant dif-
ference in mixing efficiency between 75 � 4% at 3.5
mm and 92 � 2% at 7.0 mm (ANOVA; P � 0.002, F �
49.860, df �1). The target mixing efficiency of more
than 90% at a distance of 7.0 mm from the T-junction
corresponded to a calculated fluid transit time of 1.89 s.

Evaluation of the efficiency of the herringbone mi-
cromixer at different flow rates was performed to in-
vestigate the effects of flow rate and the variation
across three identical PDMS micromixers. A mixing
efficiency of more than 90% was obtained for 100 �L/h
rate and for other flow rates (Fig. 4 and Fig. 5A). For
example, 92% mixing was obtained at a distance of 5.4
mm from the T-junction at a flow rate of 50 �L/h, and
90% mixing was obtained at a distance of 8.4 mm from
the T-junction at a flow rate of 250 �L/h. The distance
required to achieve a given mixing efficiency typically
became longer as the flow rate increased, similar to
observations in other reports with this style of micro-
mixer [39]. The results confirmed that mixing of �90%
required a shorter-distance at slower flow rates, and
required a longer-distance at higher flow rates.

Study of consistency in mixing efficiency among the
three replicated devices showed that the standard devi-
ation of mixing efficiency was larger when the effi-
ciency was below 90% (Fig. 5A). In contrast, the stan-
dard deviation of mixing efficiency became smaller as
the efficiency increased beyond 90%. For example, the
standard deviation was �5% at a distance of 2.8 mm
and �1% at a distance of 8.4 mm for the flow rate of
100 �L/h. This indicates that the mixing efficiency
across replicate devices was consistent and reproduc-
ible when mixing efficiency was over 90%. Further-
more, there was a significant reduction of CV values
from 3 at 6.3 mm to �1 at 7.0 mm, with the lowest CV
of 0.06 at 10.5 mm along the channel. Based on the
lowest variance observed, the minimum number of her-
ringbone cycles sufficient for mixing of more than 90%
was determined to be between 7 cycles (9.8 mm) and
7.5 cycles (10.5 mm), and thus the block of the PDMS

Fig. 4. Mixing efficiency of a PDMS herringbone micromixer at a
flow rate of 100 �L/h (insets show progress of water and fluorescein
micromixing).

Fig. 5. Mixing efficiencies of PDMS herringbone micromixers at
various flow rates (A) as a function of distance (inset showing mixing
distance required for 90% mixing, and error bars for SD) and (B) as
a function of time required for 90% mixing.
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micromixing devices was cut at 10 mm from the T-
junction for reliable sperm activation and analysis. This
eliminated an unnecessarily long channel that would
increase residence time and delay CASA measure-
ments. The time required to achieve mixing of at least
90% was calculated using the flow rate and dimensions
of the microchannels, and was inversely proportional to
the flow rate (Fig. 5B). A non-linear regression of these
data points fitted well to an exponential decay function.
For instance, mixing of more than 90% occurred within
3.03 s for a flow rate of 50 �L/h, and within 0.91 s for
a rate of 250 �L/h. Although the higher rate enabled
faster mixing, flow rates should be carefully selected,
because the increased rate would, as mentioned above,
require a longer microchannel for mixing, and also
increase the back-pressure of the microchannel [39];
thus challenging the material bonding and macro-to-
micro interfaces.

3.3. Zebrafish sperm activation and motility analysis

Motility analysis of sperm activated in the micro-
mixer was investigated at flow rates of from 50 to 250
�L/h to determine the threshold for a maximal rate that
yielded accurate motility data. To ensure the most ac-
curate measurement of sperm motility, it is necessary to
produce minimal bulk fluid drift in the CASA viewing
chamber. To stop the bulk fluid for accurate motility
measurements, the syringe pump was turned off after
the cells entered the viewing chamber. With a flow rate
of 100 �L/h, a period of 10 s after syringe pump
cessation was sufficient to achieve minimal bulk fluid
drift before initiating CASA. Figure 6A shows the
sperm movement at a flow rate of 100 �L/h after
waiting 10 s to reduce the bulk fluid drift.

When the flow rate was increased above 100 �L/h,
the residence time of sperm in the main microchannel
was shorter, resulting in quicker activation. A few

sperm cells had faster movement than bulk fluid drift,
confirming that increased flow rate enabled faster acti-
vation at the peak of sperm motility (Fig. 6B). How-
ever, at flow rates of 150 �L/h, there was significant
bulk fluid drift, as noted by the multiple unidirectional
traces of sperm movement (indicated by cyan and green
colors in Fig. 6B) interfering with reliable motility
measurement with CASA. After waiting an additional
10 s (for a total of 20 s), this bulk fluid drift stopped but
there was a significant reduction in the percentage mo-
tility observed (below 40%) because of the delay. The
drop in motility at the time of measurement became
more significant as flow rate increased above 150 �L/h
because of the longer delay period required for bulk
flow cessation. This delay period constrained the deter-
mination of peak motility, because it is desirable to
make measurements within 15 s of activation [9,10].

Therefore, based on the bulk flow results described
above with this microfluidic design, 100 �L/h was
chosen as the flow rate to achieve rapid mixing with
minimal interference of bulk flow in the viewing cham-
ber. Thus, sperm motility observed at this flow rate was
compared to motility obtained by manual mixing. The
average sperm motility from manual mixing by hand
was 45 � 7% (mean � SD; n � 5). The total number
of sperm cells was between 316 and 409 per viewing
field, which is within the range reported for reliable
sperm analysis [12]. Sperm activation and motility rates
from the micromixer (56 � 4%; total number of sperm
cells: 206 � 303) were statistically higher than for hand
mixing (n � 5, P � 0.011, F � 2.923, df �8, T �
�3.284). The higher percentage of motility resulting
from the micromixer could be due to rapid mixing
that allowed more of the cells to be analyzed in their
peak motile state, or some other factor that the mixer
imparts on activation of these cells. There were no
significant differences in VAP, VCL, and VSL for

Fig. 6. Images of CASA measurements showing traces of sperm movement (A) at a flow rate of 100 �L/h (315 total/167 motile/68 progressive)
and (B) at a flow rate of 150 �L/h (242 total/202 motile/142 progressive).
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sperm motility from hand mixing and micromixing
(Table 1). There were differences in STR (P �
0.0003, F � 38.4, df �1) and LIN (P � 0.0003, F �
36, df �1). In the case of LIN, it should be noted that
while there was a difference between hand-mixing
(80%) and micromixing (88%), neither of these treat-
ments would be statistically different from the ze-
brafish LIN found by Wilson-Leedy and Ingermann
with their custom CASA software system (84 �
10%) [10]. The micromixer in PDMS had a smaller
standard deviation in percent motility than hand mix-
ing, indicating reliable activation with reduced user
variation and greater control, although an F test
revealed no significant difference between the stan-
dard deviations of the two methods (P � 0.162 F �
2.923, df �4) based on our studies done with expe-
rienced personnel. Overall these data support the
feasibility of the micromixer device in being compa-
rable to manual mixing of zebrafish sperm with dil-
uent for activation.

The observation of higher percent motility from
microfluidic-mixed samples indicated that the poten-
tial shear stresses that sperm could encounter within
the microchannels and herringbone depressions did
not cause damage that precluded swimming behav-
ior. While direct assays of cell damage such as via-
bility stains or functional assessment such as fertil-
ization tests were not performed, it can be concluded
that because these sperm were motile at higher rates
than those observed for mixing by hand, the mixer
did not shear off sperm tails or induce other gross
damage. It is important to note that shear forces
could also be significant at the orifice of the micropi-
pette tips used to manually mix sperm by hand,
where flow profiles into and out of the pipette can
vary based on user technique. At all the flow rates
tested in the micromixer, no gross damage to sperm
cells was observed, although at the lower flow rate of
50 �L/h, some sperm cells were trapped within the
herringbone depressions.

There was a tradeoff in increasing flow through
the mixer (which achieved rapid activation and tran-

sit of sperm to the viewing chamber) because longer
delay times for cessation of bulk flow in the chamber
were necessary for accurate CASA measurements.
Further characterization of sperm cell velocities in
the transition from mixing to viewing chamber re-
gions would be useful for optimization of this device,
and future design revisions could be used to address
this problem. For example, this could be overcome
by integrating a custom viewing chamber with the
micromixer, and completely stopping the bulk fluid
using valves or by regulating the microchannel flow
rate [49] such that bulk fluid velocity is smaller than
the cutoff VAP setting in the CASA software. In this
study, standard zebrafish CASA parameters and
viewing chamber slides were used so that direct
comparison could be made to previous reports of
hand-mixed sperm [12]. Stopping bulk flow within
the Hamilton Thorne 2X-CEL CASA slides would be
difficult without altering their structure. Future ef-
forts are underway to stop the bulk fluid in an inte-
grated device to reduce the delay period for flow
cessation, which should improve the capability of the
micromixer to measure immediate activation per-
centages and motility duration curves, yielding more
reliable sperm motility analysis.

The current micromixer cast in PDMS and used for
zebrafish sperm activation and motility analysis is prac-
tical to individually analyze samples and the device was
reusable with subsequent samples after cleaning as de-
scribed above. However, in the current prototype con-
figuration, the rate of sample analysis by the micro-
mixer was approximately one to two min longer
compared to hand mixing analysis because of the set-up
time for micromixing, and transition time of the influ-
ent streams from the syringes to the viewing chamber
of the CASA slide. This hurdle will be addressed in
future work by design with integrated viewing cham-
bers, control of fluids within the device, and microfab-
rication of the micromixer in an array format to enable
sample multiplexing to produce a high throughput eval-
uation platform for aquatic species sperm quality anal-
ysis.

4. Conclusions

The feasibility of using microfluidic mixing ele-
ments was demonstrated to decrease and standardize
time to analysis, and to homogenize influent streams of
zebrafish sperm with diluent for reliable estimation of
motility analysis across users and laboratories. As such,
this microfluidic mixing represents a step in streamlin-

Table 1
Summary of CASA parameters for zebrafish sperm motility
measurement activated by hand mixing and micromixing.

Hand mixing Micromixing P

VAP (�m/sec) 77 � 11 69 � 14 0.303
VSL(�m/sec) 71 � 11 65 � 13 0.449
VCL(�m/sec) 86 � 11 74 � 13 0.132
STR (%) 89 � 1 94 � 1 0.0003
LIN (%) 80 � 2 88 � 2 0.0003
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ing methods of rapid, high-throughput aquatic species
sperm quality evaluation with standardized, robust
CASA techniques. This effort is in line with current
work in development of high-throughput platforms for
aquatic species sperm cryopreservation [50,51]. The
micromixer fabricated in PDMS demonstrated rapid
and consistent activation of zebrafish sperm with re-
duced user variation, greater control, and accurate anal-
ysis with standard CASA instrumentation and parame-
ters. Using the micromixer resulted in statistically
higher motility with a smaller standard deviation than
for manual activation. Additionally, the high sperm
motility suggests shear stress from herringbone depres-
sions in microchannels did not appreciably affect via-
bility.

The capability to rapidly homogenize a sperm sam-
ple with diluent in the PDMS-based herringbone mi-
cromixer is applicable not only to freshwater aquatic
species, but also to saltwater species, where sperm
activation is achieved by increasing the osmolality of
the sperm medium. This reduces the need for multiple
methods to activate sperm from diverse aquatic species,
regardless of activation mechanism, and could improve
germplasm studies for additional factors that affect
sperm motility, such as media salinity. The compatibil-
ity of the PDMS micromixer with existing CASA sys-
tems makes practical laboratory use of the mixer easier
to implement. As a result, the mixer is an initial step
towards a high-throughput platform for accurate and
consistent evaluation of sperm motility. Further studies
with PDMS micromixers for activation and motility
analysis of fresh and thawed zebrafish sperm could
provide significant benefits for cryopreservation evalu-
ation for aquatic species sperm, including the effects of
cryoprotectants and other relevant factors (such as han-
dling or refrigerated storage at 4 °C) on sperm viability.
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