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C E L L  B I O L O G Y

Making immotile sperm motile using 
high-frequency ultrasound
Ali Vafaie, Mohammad Reza Raveshi, Citsabehsan Devendran, Reza Nosrati*, Adrian Neild*

Sperm motility is a natural selection with a crucial role in both natural and assisted reproduction. Common methods for 
increasing sperm motility are by using chemicals that cause embryotoxicity, and the multistep washing requirements of 
these methods lead to sperm DNA damage. We propose a rapid and noninvasive mechanotherapy approach for increas-
ing the motility of human sperm cells by using ultrasound operating at 800 mW and 40 MHz. Single-cell analysis of sperm 
cells, facilitated by droplet microfluidics, shows that exposure to ultrasound leads to up to 266% boost to motility param-
eters of relatively immotile sperm, and as a result, 72% of these immotile sperm are graded as progressive after exposure, 
with a swimming velocity greater than 5 micrometer per second. These promising results offer a rapid and noninvasive 
clinical method for improving the motility of sperm cells in the most challenging assisted reproduction cases to replace 
intracytoplasmic sperm injection (ICSI) with less invasive treatments and to improve assisted reproduction outcomes.

INTRODUCTION
Sperm motility is central to natural fertilization (1), considerably 
influencing both the likelihood of successful fertilization (2) and 
offspring health (3). Every 10% increase in sperm motility leads to 
an increase of 8% in pregnancy rate (4). With respect to assisted 
reproduction, high sperm motility allows for treatment options that 
are less invasive (5), have higher fertilization, implantation, and 
pregnancy rates (6, 7); pose lower risks to offspring health (3); and 
are cost-effective (8–10). For example, in intracytoplasmic sperm 
injection (ICSI), sperm motility is correlated with embryo quality 
(11), and the success rate of fertilization cycles increases from 20 to 
48% with the injection of motile sperm rather than immotile cells, 
improving the pregnancy rate by ~25% (12). Low sperm motility 
also precludes the use of less invasive treatment options, which seek 
to mimic the natural motility-based sperm selection process. 
Chemical drugs such as pentoxifylline, theophylline, and other 
phosphodiesterase inhibitors have been used to enhance sperm 
motility (13, 14). These drugs increase the intercellular level of cyclic 
adenosine monophosphate to induce flagellum protein phosphory-
lation and stimulate motility (13, 15). However, the embryotoxicity 
of drugs such as pentoxifylline, their potentially harmful effects on 
sperm longevity, and the need for multistep washing that introduces 
reactive oxygen species and DNA damage (16–18) have been major 
concerns that considerably limited their applications in fertility 
clinics (13, 19).

Sperm acquires motility after undergoing the process known 
as spermiogenesis in the epididymis (20). The sperm cell uses two 
main metabolic pathways to generate adenosine triphosphate (ATP) 
energy units for motility. The first pathway is oxidative phosphory-
lation (OXPHOS), which comprises a series of oxidation-reduction 
reactions occurring in sperm mitochondria accompanied by elec-
tron transfer through the electron transport chain that results in 
ATP synthesis (21). The second is glycolysis in the principal piece 
(a section of the tail) (22), which refers to glucose breakdown 
into three-carbon compounds called pyruvate that results in energy 

production in the form of ATP (23). Depending on the transition 
stage and species (24, 25), sperm activate either of these two path-
ways during its journey toward the egg to regulate its motility and 
metabolic activity levels. Mitochondrial OXPHOS as the main path-
way for sperm functionality and motility (26) is regulated through 
mechanisms in which mitochondrial calcium (Ca2+) transmission 
has a key role to maintain the required energy level for motility (27, 
28). Abnormal sperm mitochondria condition including low count 
of mitochondrial gyres (29) and its disorganization (30) leads to 
sperm dysfunction and, in some cases, results in severe asthenozoo-
spermia (poor sperm motility) (26, 31). Accordingly, the enhance-
ment of mitochondrial metabolism and subsequent improvement in 
sperm motility could offer new treatment opportunities.

Acoustofluidic systems that use surface acoustic waves (SAWs) 
provide powerful biocompatible tools for cell manipulation (32) 
with applications in single-cell analysis (33) and tissue engineering 
(34). In SAW systems, the acoustic waves propagate from a piezo-
electric substrate into a fluid volume, generating nonlinear acoustic 
radiation forces that cause the displacement of the particles or cells 
allowing patterning and sorting (35). A second nonllinear effect is 
acoustic streaming, which causes a steady bulk flow of fluid (36), 
causing microfluidic mixing (37). Aside from these physical effects, 
SAWs have also been used to alter the behavior of adherent cells 
to inhibit surface attachment and decrease cell spreading while 
increasing the rate of metabolic activity (38). This acoustic-based 
mechanotherapy approach has been shown to increase human and 
bull sperm motility at a population level (39). However, the acoustic 
radiation force and streaming-induced effects displace the sperm 
considerably (40) and render the tracking of individual sperm 
before and after exposure highly problematic. Droplet microfluidics 
facilitates high-throughput evaluation of individual cells in an iso-
lated microenvironment (41). In droplet microfluidics, immiscible 
fluids are merged to create a compartmentalized two-phase flow. 
Channel geometries and flow speeds can be used to vary the size and 
rate of production of the droplets (42). This size control has been 
used to create curved soft interfaces to indicate how the increasing 
curvature of the soft epithelial tissue in  vivo promotes sperm 
capacitation and fertilization competence (43). However, it is the 
compartmentalized nature of each droplet that has been exploited 
most widely to enable single-cell level biology (44), most notably in 
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single-cell RNA sequencing, whereby individual cells are lysed in 
each droplet (45). By isolating sperm within droplets, although 
acoustic streaming causes some movement of the droplets and there 
is flow within the droplet, individual cells can easily be identified 
before and after exposure.

In this work, we present a droplet acoustofluidic platform for 
retrieving and improving human sperm motility at the single-cell 
level. Our single-cell analysis results show that sperm with low initial 
motility are those which see the largest change in motility after 
ultrasonic exposure (at 800 mW and 40 MHz). The percentage of 
nonprogressive sperm in a sample reduces from 36% to just 10% 
after 20 s of ultrasonic treatment, promising new treatment oppor-
tunities for asthenozoospermia samples with poor motility. This 
increase in motility is even more profound when treating immotile 
sperm, rendering 34% of live immotile sperm motile after exposure. 
Of these, 24% of the treated cells exhibit progressive motility and a 
significant increase (P < 0.0001) in swimming velocity after expo-
sure, while the other 10% show twitching behavior. This latter 
outcome offers a tremendous potential for improving clinical out-
comes by treating complete asthenozoospermia or testicular sam-
ples. Identifying live cells (without the need for staining or chemical 
treatment) in testicular sperm samples by inducing motility is 
beneficial for ICSI. This noninvasive method for enhancing sperm 
motility can be used in the most challenging ART cases that cur-
rently suffer from low success rates (46).

RESULTS
To enable tracking and analyzing sperm motility over time at the 
single-cell level, individual sperm was encapsulated in microdrop-
lets (Fig. 1A) and imaged for 20 s before and after exposure to ultra-
sound at 40 MHz and 800 mW. During exposure, SAWs couple from 
the lithium niobite (LN) substrate into the fluid; hence, ultrasound 
impinges on the sperm isolated in the droplets as schematically 
shown in Fig. 1B. The sperm cells were categorized into three motil-
ity grades based on their straight-line swimming velocity (VSL; see 
Materials and Methods) in accordance with the World Health Orga-
nization (WHO) (47) guidelines. These motility grades are defined 
as rapid progressive (grade A) with VSL ≥ 25 μm s−1, slow progres-
sive (grade B) with 5 ≤ VSL <  25 μm s−1, and nonprogressive or 
immotile (grade C) with VSL < 5 μm s−1. Figure 1C shows the 
pre- and post-exposure VSL values of individual sperm cells included 
in this analysis. For more than 86% of live sperm cells (n = 50; 
fig. S1), the curvilinear swimming velocity (VCL; sperm instanta-
neous swimming velocity along its trajectory) was improved upon 
exposure to ultrasound (see movie S1). Figure 1D shows a sequence 
of images for an immotile sperm (grade C) with just a twitching 
motility pre-exposure that was rendered fully motile (grade A, 
VSL = 31.4 μm s−1) after exposure to ultrasound. The VCL of this 
initially immotile sperm was increased to 31.1 μm s−1 after exposure 
to swim a 35-fold longer distance in 4.5 s (an increase from 4 to 
140 μm), with an accompanying 399 and 310% increases in average 
path velocity (VAP) and linearity (LIN), respectively.

Exposure to ultrasound not only increased the swimming velocity 
of sperm but also 59% of grade C and B cells moved to a higher 
motility grade after exposure to ultrasound (Fig. 1, C to H), with 
2 of 18 grade C cells becoming grade A after exposure. Figure 1H 
indicates the distribution of cells in each grade before and after 
exposure (color coded based on their pre-exposure motility grades). 

Initially, 36% of sperm were nonprogressive, 38% were slow pro-
gressive, and 26% were rapid progressive. After exposure, the cells 
were redistributed into a population with only 10% nonprogressive, 
42% slow progressive, and 48% rapid progressive sperm. Notably, 61 
and 11% of grade C sperm moved to grade B and A, respectively, 
and 47% of grade B cells moved to grade A. We also evaluated the 
DNA integrity and viability of sperm cells after exposure to ultra-
sound as compared with the initial sample (fig. S2 and table S1). The 
results indicated no significant changes in DNA integrity or viability 
after exposure, indicating the biocompatibility and noninvasiveness 
of our method.

To quantify which motility grade benefits the most from the 
boost caused by ultrasound, we evaluated the change in motility 
parameters for cells grouped based on their pre-exposure VSL values 
(Fig. 2). Within-group comparisons (Fig. 2, A to E) reveal that grade 
C sperm is the only grade that experienced a statistically significant 
boost to all of the motility parameters (table S2). Grade C sperm 
experienced an increase of 109% in VCL (from 15 to 32 μm s−1), 
159% in VAP (from 5 to 12 μm s−1), 112% in amplitude of lateral 
head (ALH) (from 1.1 to 2.3 μm), 44% in beat cross frequency 
(BCF) (from 3.7 to 5.3 Hz), and 153% in LIN (from 13 to 34%) after 
exposure as compared with pre-exposure values (table  S3). The 
results suggest that grade C sperm improve their progressive motility 
after exposure, potentially by increasing their flagellar wave ampli-
tude and beating frequency while reducing the yaw in their swimming 
trajectory to swim straighter. Grade B sperm showed a statistically 
significant boost to VCL (by 27%, from 38 to 49 μm s−1), VAP (by 
48%, from 14 to 21 μm s−1), and BCF (by 16%, from 6.6 to 7.7 Hz) 
after exposure; however, the increase in ALH and LIN was not 
statistically significant. Grade A sperm cells showed a statistically 
significant increase only in VCL (an increase of 20% from 51 to 61 μm 
s−1) and VAP (an increase of 29% from 31 to 40 μm s−1). This change 
in motility parameters suggests that the increase in swimming 
velocity of grade B sperm is potentially attributed to a faster move-
ment along the average path (higher beating frequency after expo-
sure), while for grade A sperm, the beating amplitude and frequency 
may not change, but the flagellar wavelength may increase to facili-
tate an increase in sperm progressive velocity (48). Between group 
comparison of the boost caused by ultrasound (Fig. 2, F to J) clearly 
indicates that poorly motile or even immotile grade C sperm benefit 
the most from ultrasound exposure. Specifically, grade C cells, on 
average, exhibited up to 11- and 38-fold higher improvement in 
motility parameters as compared with grade B and grade A sperm 
cells, respectively. Collectively, a significant boost was observed, on 
average, when comparing pre- and post-exposure motility parame-
ters (fig. S3). In addition, to account for the spontaneous sperm motility 
changes, we analyzed the variations in the motility of individual sperm 
over 20 min before exposure, with intervals of 5 min. At the end of 
this pre-exposure period, sperm cells were exposed to ultrasound, 
and the post-exposure motility was subsequently analyzed (fig. S4). 
The results indicate that, despite the spontaneous motility variations 
over the 20-min pre-exposure period, the average pre-exposure 
sperm motility remained stable. However, after exposure to ultra-
sound, a significant boost in VCL was observed.

Figure 3 shows the boost caused by ultrasound at the single-cell 
level. The results indicate a saturating behavior for the high motility 
ranges (pre-exposure VCL ≥ 50 μm s−1) with a limited percentage of 
increase (<65.5%; table S6), which suggests that there is a nonlinear 
trend with respect to the initial motility of sperm governing the 
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effect of ultrasound. Despite exhibiting the strongest boost, the data 
points are more scattered for grade C cells than grade B and grade A 
cells, potentially due to the existence of highly immotile cells with 
severe motility defects and structural abnormality among grade C 
cells (49). Comparing our nonlinear (Fig. 3) to the linear regression 
analysis results (fig. S5), nonlinear trend curves provide higher R2 

(coefficient of determination) values and hence better fit to the data 
points. Linear fits indicate statistically significant negative slope 
regression lines (fig. S5), confirming that poorly motile or immotile 
sperm experience a higher increase in the motility parameters com-
pared to progressively motile sperm. Although the R2 values suggest 
moderate precisions for the models, it is important to note that 

Fig. 1. Rendering immotile sperm motile at the single-cell level using ultrasound exposure at 40 MHz and 800 mW. (A) Schematic of the developed droplet acoustofluidic 
platform for analyzing the effect of ultrasound on an individual sperm cell. (B) SAWs generated by the interdigital transducers (IDTs) couple from the LN surface into the droplet to 
enhance sperm motility by increasing the intercellular level of metabolic activity. (C) VSL values of 50 sperm cells before and after exposure to ultrasound indicating a jump from 
grade C (nonprogressive, VSL < 5 μm s−1) motility level before exposure to grade B (slow progressive, 5 ≤ VSL < 25 μm s−1) and grade A (rapid progressive, 25 μm s−1 ≤ VSL) motility 
levels after exposure. The background highlight shows the VSL range, which belongs to each motility grade. (D) Representative overlaid image sequence of an immotile sperm 
rendered motile upon exposure to ultrasound. Scale bar, 20 μm. Representative swimming trajectories of sperm cells with pre-exposure motility of (E) grade A, (F) grade B, and 
(G) grade C before (top) and after (bottom) exposure to ultrasound. The color corresponds to time in seconds. (H) Comparison of the number of sperm in each motility grade before 
and after exposure to ultrasound. Color indicates the initial motility grade before exposure. In (C) and (H), a total of 50 cells from three independent experiments with three biologi-
cally independent human samples were used.
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models with relatively low R2 values can still have clinical utility and 
relevance (50).

To demonstrate the capability of the ultrasound approach for 
detecting live sperm in a challenging sample, we evaluated how live 
but completely immotile sperm react to ultrasound. To that aim, a 
sample of immotile sperm was prepared and stained, with live 
sperm exhibiting green fluorescence, using the sperm viability kit 
(see Materials and Methods). These stained immotile sperm were 
isolated in droplets and exposed to ultrasound (at a power of 800 mW 
and frequency of 40 MHz). After exposure, 34% of the live immotile 
sperm exhibited some form of motility (Fig. 4), with no significant 
difference in responses between samples from different donors 
(fig. S6). For the remaining 66% of live immotile sperm, while no 
noticeable flagellar deformation was observed for the majority of 
cells (similar to dead cells), 25% of them showed flagellar deforma-
tion during exposure, but they did not become motile or show 
twitching after exposure (see movie S2). This indicates the unique 
capability of our noninvasive approach for dealing with challenging 
samples with complete asthenozoospermia or testicular samples 
from azoospermia patients (with no sperm in the ejaculate). As 
shown in Fig. 4 (A to D), among the 111 analyzed live immotile 

cells, more than 25% were rendered as progressive after exposure 
with a significant increase in both VCL (P  <  0.0001) and VSL 
(P <  0.0001), and 9% remained nonprogressive but with induced 
twitching motility. The exposed sperm cells showed a VSL between 
0.5 and 29.5 μm s−1 and a VCL in the range of 12.9 to 87.2 μm s−1 
after exposure (Fig.  4, B to D). The sperm rendered twitching 
(Fig.  4E) showed oscillatory movements rather than progressive 
motion, while the sperm rendered progressive (Fig.  4F) started 
moving forward after exposure. In both cases, these sperm were 
identified as live before exposure through the use of a fluorescent 
dye; however, after exposure, the movement of the cells means that 
visual assessment without the need for dye is sufficient to identify 
these cells as live—a promising noninvasive tool to potentially select 
viable sperm from testicular samples for use in ICSI.

The 25% of live immotile sperm rendered progressive were split 
into 5% grade A and 20% grade B cells after exposure (Fig. 4, A and 
D), with their post-exposure VSL ranging from 5.5 to 29.5 μm s−1 
and their VCL ranging from 14.9 to 87.2 μm s−1 (Fig. 4, D and H). 
Sperm cells with induced twitching motility had VSL in the range of 
0.5 and 3.8 μm s−1 and VCL between 12.9 and 52.9 μm s−1 (Fig. 4, C 
and G). Despite a statistically nonsignificant boost to VSL (P = 0.94; 

Fig. 2. Comparison of the change in motility parameters after exposure to ultrasound as a function of initial pre-exposure motility grades. Within-group com-
parisons of (A) VCL, (B) VAP, (C) ALH displacement, (D) BCF, and (E) LIN before and after exposure. In-between group comparisons of the percentages of change in (F) VCL, 
(G) VAP, (H) ALH, (I) BCF, and (J) LIN. Values are reported as means ± SD (tables S4 and S5). For each motility grade, n ≥ 13 sperm from three independent experiments with 
three biologically independent human samples were used. Statistical significance for within-group comparisons was determined using two-way analysis of variance 
(ANOVA)–matched values with Bonferroni’s multiple-comparison test, and for in-between group comparisons, it was determined using ordinary one-way ANOVA with 
Tukey’s multiple-comparison test (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001; ns denotes not significant).
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Fig. 3. Single-cell level boost caused by ultrasound. Percentage of change in (A) VCL, (B) VAP, (C) ALH, (D) BCF, and (E) LIN of each cell after exposure versus 
the initial values before exposure. Each data point is an individual sperm (n = 50, from three independent experiments using three biologically independent 
human samples), and the symbol indicates their initial pre-exposure motility grade. The continuous line indicates the corresponding one phase decay least 
square fit (nonlinear regression), and the highlighted area for each graph represents the 95% confidence band.

Fig. 4. Effect of ultrasound on live immotile grade C sperm. (A) Percentage of sperm rendered twitching or progressive with respect to the total number of live 
immotile sperm (n =111, from six independent experiments using three biologically independent human samples). The color corresponds to post-exposure 
motility grades as shown in the legend. Post-exposure VSL versus VCL distributions for immotile cells (B) rendered motile (n = 38), (C) ended up as twitching (n = 11), 
and (D) ended up as progressive (n = 27) after exposure. Overlay images of representative initially immotile sperm rendered (E) twitching and (F) progressive after 
exposure composed of three frames of 200-ms intervals as shown in the inset. Scale bars, 10 μm. Comparison between before and after exposure values of VSL and 
VCL of (G) twitching and (H) progressive cells (table S2). Statistical significance was determined using two-way ANOVA-matched values with Bonferroni’s multiple-
comparison test (****P ≤ 0.0001).
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Fig. 4G), the twitching category experienced a statistically signifi-
cant boost to VCL (P < 0.0001) by 268%. On the other hand, sperm 
rendered progressive showed a statistically significant boost to both 
VSL and VCL by 2348 and 435%, respectively (Fig. 4H).

To resolve the underlying biomechanism behind the motility 
boost caused by ultrasound, we evaluated the regulation of mito-
chondrial function by monitoring the mitochondrial membrane 
potential (MMP) levels (see Materials and Methods). MMP is the 
electrical gradient across the inner mitochondrial membrane (51) 
that energizes the synthesis of ATP by driving protons back into the 
matrix through mitochondrial ATP synthase (52). In addition to 
protons, MMP drives the transport of other charged compounds 
across the inner membrane, which is necessary for mitochondrial 
function (53). A change in MMP level indicates an alteration in the 
energy supply within the cell that can affect ATP production and cell 
motility. Figure 5 shows the ratiometric analysis of red (high MMP) 
to green (low MMP) fluorescence intensities. The results reveal that 
after exposure to ultrasound at 40 MHz and 800 mW, the increase in 
sperm motility is accompanied by a statistically significant reduc-
tion in the MMP level, indicating that exposure to ultrasound regu-
lates mitochondrial function.

DISCUSSION
We used droplet microfluidics to study the effect of ultrasound on 
retrieving human sperm motility at the single-cell level. Our results 
reveal that exposure to ultrasound leads to an increase in sperm mo-
tility parameters with low motility sperm benefit the most from this 
effect (up to 266% improvement in motility). Exposure to the ultra-
sound causes slow and rapid progressive sperm (grades B and A, 
respectively) to swim more than 32% faster along the average path 
and become more progressive, potentially by increasing their beat-
ing frequency and/or flagellar wavelength while maintaining the 

same beating amplitude. For nonprogressive sperm (grade C), a 
significant increase in all motility parameters occurs mainly due to 
a higher flagellar wavelength, amplitude, and beating frequency, 
after exposure. Note that ultrasound exposure increased the tem-
perature in the sperm chamber by approximately 1.5°C. However, 
the boosting effect was comparable to that in cells exposed to ultra-
sound over a Peltier cooling platform, where the temperature 
remained relatively stable (39). Moreover, the motility boost due to 
ultrasound exposure occurs at the onset of exposure (see movie S3), 
while the temperature change happens 20 s after the exposure 
initiation.

When it comes to comparing the boost gained by different 
grades, results reveal that nonprogressive sperm experience a 
significantly higher boost to all motility parameters compared to 
progressive sperm, with saturation in the ultrasonic boost for ini-
tially high motility sperm. This saturation in the boost for high 
motility sperm can be attributed to a maximum limit for the 
mitochondrial ATP synthesis rate, which confines further motili-
ty boost by ultrasound (54). Post-exposure grading of sperm indi-
cates that the majority of sperm were classified as grade A after 
exposure, increasing from 26% before exposure to 48% after 
exposure, while 72% of the grade C sperm moved to higher grades 
and became progressive after exposure. We also examined the ef-
fect of ultrasound on immotile sperm and observed that more 
than 34% of live immotile sperm are rendered motile after expo-
sure, which can be subdivided into 25% progressive and 9% 
twitching cells. Our ultrasound platform provides a noninvasive 
approach to boost sperm motility, with no significant changes in 
sperm DNA integrity or viability after exposure (fig. S2). It is well 
known that sperm undergo fluctuations in their motile activities. 
The activation using ultrasound prompts an increase in motile 
activity, and these allows the identification of those cells capable 
of transitioning from an immotile to a motile state.

Fig. 5. Sperm MMP change upon ultrasound exposure. (A) Representative images of an example individual sperm labeled by JC-1 dye to evaluate the fluorescence 
intensity of red J-aggregates and green monomers before and after exposure using CY3 and fluorescein isothiocyanate (FITC) filters, respectively. The images were 
contrast-adjusted for clarity. Scale bars, 20 μm. (B) Comparison between the ratiometric fluorescence intensity of red J-aggregate to green monomers before and after 
exposure to ultrasound (n = 58, from three independent experiments using three biologically independent human samples). Values are reported as means ± SD (table S7). 
Statistical significance was determined using paired t test (****P ≤ 0.0001). DIC, differential interference contrast; a.u., arbitrary units.
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We also show that there is a reduction in the MMP level of 
sperm cells upon exposure to ultrasound (Fig.  5). Mitochondria 
use regulatory processes to balance between ATP demand and ATP 
production in accordance with cell function and environmental 
stresses (55, 56). Several potential mechanisms can contribute to 
the reduction in MMP upon exposure to ultrasound. Ultrasound 
could enhance mitochondrial Ca2+ uptake through the activation 
of mechanosensitive ion channels (57) to adapt OXPHOS substrate 
supply for ATP needs (27, 58) and contribute to maintaining motil-
ity (59–62). Depolarization of the MMP could also be explained by 
the reverse operation of the mitochondrial shuttle systems as a 
result of the increased rate of glycolysis in the principal piece upon 
exposure, which subsequently leads to the depolarization of the 
reduced form of nicotinamide adenine dinucleotide (NAD+):NAD+ 
redox potential (63, 64) Another plausible explanation for the drop 
in MMP is the increase in the rate of ATP hydrolysis in the flagellum in 
response to ultrasound, which leads to a less negative ATP hydrolysis 
free energy and dissipation of the proton motive force (65, 66).

Our motility boost results are promising for the application of 
this mechanotherapy method in assisted reproduction. The motility 
of the sperm in a patient’s sample determines the selection of the 
most appropriate therapy and considerably influences the success 
rate of the selected treatment cycle (67). Hence, being able to alter 
motility can potentially alter the selection of therapy type and the 
resulting outcomes toward the application of less invasive, more 
affordable options.

In in vitro fertilization (IVF), in which sperm and oocyte are 
co-incubated to establish fertilization, the concentration of motile 
sperm and type of sperm motility play decisive roles in fertiliza-
tion outcomes. If motile sperm constitute less than 40% of total 
sperm, then a significantly higher rate of fertilization failure in 
IVF occurs (68), and when the concentration of progressively motile 
sperm exceeds 40%, it leads to a significant 15% increase in the 
fertilization rate (69). As the utilization of ultrasound not only 
increases the number of motile sperm by improving the motility 
of nonprogressive sperm but also drives motile sperm to swim 
more progressively, without detrimental effects on sperm DNA 
integrity and viability (39, 40), this noninvasive technology can be 
integrated with IVF equipment to enhance the fertilization rate 
and increase successful outcomes. The increase in motility of non-
progressive sperm and rendering immotile sperm motile can also 
assist in crossing the threshold of at least 30% motile sperm, 
15% of which have progressive motility (70) required for IVF, and 
hence allow more patients to be offered this less invasive approach 
to assisted reproduction.

With respect to treating immotile sperm by ultrasound, our 
results offer opportunities for the use of this mechanotherapy 
method for the treatment of clinical sperm samples from patients 
suffering from severe asthenozoospermia or testicular samples from 
azoospermia patients. In cases in which ICSI is required, twitching 
motility is a crucial indicator of sperm viability and the capability 
of establishing fertility (12). In this regard, selecting live sperm from 
testicular samples of azoospermia patients for use in ICSI is very 
challenging, and a significant failure of ICSI cycles was observed 
when only immotile sperm were recovered and injected (71). 
Accordingly, a variety of methods were developed to induce twitch-
ing motility to live immotile sperm for use in ICSI (72). However, 
these methods suffer from the lack of accuracy and reliability, 
invasiveness, use of chemicals, DNA damage, and high cost and 

time consumption (72). We showed that utilization of ultrasound at 
40 MHz and 800 mW provides the capability to induce motility to 
more than one-third of live immotile sperm, which potentially 
enables a fast and noninvasive method for the selection of viable 
sperm from testicular samples.

Together, our findings show that ultrasound improves the motility 
of sperm cells by up to 266%. We reveal that by utilization of ultra-
sound operating at 800 mW and 40 MHz, 72% of nonprogressive 
sperm become progressive and more than 34% of live immotile 
sperm are rendered motile. Our method provides possible opportu-
nities for using this technology in assisted reproduction for infertil-
ity cases caused by severe male factors such as asthenozoospermia. 
Ultrasound improves the motility of nonprogressive sperm more 
effectively, which can provide higher fertilization rates and success-
ful outcomes in IVF. This method has the capability to noninvasively 
identify viable sperm by application of ultrasound only for a few 
seconds with potential use in ICSI to improve the most challenging 
assisted reproduction cases that currently suffer from low success 
rates. Future relevant studies include further exploration of motility 
boost at the mechanistic level, assessment of the integration capabil-
ity of our mechanotherapy method with assisted reproduction plat-
forms, and the evaluation of the effect of ultrasound on embryo.

MATERIALS AND METHODS
Sperm preparation
Fresh human semen samples were collected from healthy donors 
after 2 days of sexual abstinence with prior informed consent, and 
the study was approved by the Monash University Human Research 
Ethics Committee. A total of 16 biological replicates from three 
human donors, aged between 20 and 40 years old, with sperm 
concentrations ranging from 20 to 60 million sperm/ml, were used 
in this study. The fertility condition of the donors was not explicitly 
determined; however, donors had relatively stable semen parame-
ters, and no exclusion criteria were applied. No significant difference 
between donors was observed (fig.  S6). Fresh samples were incu-
bated at 37°C for 30 min to liquefy. The swim-up method (73) was 
then used to isolate motile sperm from immotile cells and debris. 
Hepes-buffered salt solution (117 mM NaCl, 5.3 mM KCl, 2.3 mM 
CaCl2, 0.8 mM MgSO4, 1 mM NaH2PO4, 5.5 mM d-glucose, 0.03 mM 
phenol red, 4 mM NaHCO3, 21 mM Hepes, 0.33 mM Na-pyruvate, 
and 21.4 mM Na-lactate) supplemented with polyvinyl alcohol 
(1 mg ml−1) was used to run the swim-up assay. To achieve the 
optimal concentration for single-cell encapsulation in the micro-
droplets (74), the final sperm concentration in the sample was set to 
1.4 million cells/ml. To collect poorly motile sperm as well, cells 
from the middle of the swim-up tube were collected. The deliberate 
inclusion of poorly motile and immotile sperm in the studied cells 
may have impacted the viability of the control sperm (refer to fig. S2).

LIVE/DEAD assay
The LIVE/DEAD Sperm Viability Kit (Invitrogen, USA) was used to 
evaluate sperm viability (75) by staining live sperm with green fluo-
rescence using SYBR-14 and dead sperm with red fluorescence us-
ing propidium iodide. To stain the cells, 5  μl of 20 μM SYBR-14 
solution and 5 μl of the 2.4 mM propidium iodide solution were 
added to 1 ml of the prepared sperm sample and incubated at 37°C 
for 10 min in the dark. After the incubation, live and dead sperm 
were distinguished using fluorescent microscopy (Olympus IX83, 
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Japan). Live sperm cells were identified by their green fluorescence 
(~516 nm) and imaged using a fluorescein isothiocyanate filter, 
while dead sperm emitted red fluorescence (~617 nm) and imaged 
using a CY3 filter.

MMP assay
To analyze MMP, JC-1 (Invitrogen, USA), a carbocyanine cationic dye, 
was used to selectively stain the sperm mitochondria that shows 
potential-dependent accumulation across the electronegative interior 
of the inner mitochondrial membrane regardless of mitochondrial size, 
shape, and density (76, 77). To stain the cells, 1.3 μl of 1.53 mM JC-1 
solution was added to 1 ml of the sperm sample (final JC-1 concentra-
tion of 2 μM) at the concentration of 10 million cells/ml and incubated 
at 37°C for 20 min in the dark. Stained cells were imaged in red and 
green fluorescence using an inverted fluorescent microscope (Olympus 
IX83, Japan) at ×40 magnifications to evaluate MMP. In mitochondria 
with low MMP, JC-1 is in the monomeric form and emits green fluores-
cence (~525 nm), while a high MMP level leads to a reversible dye 
agglomeration and formation of J-aggregate that emits red fluo-
rescence (~590 nm) (78). Accordingly, the recorded images were 
analyzed in ImageJ and the ratio of red to green fluorescence per 
cell was used to evaluate the MMP level (76, 77). Carbonyl cyanide 
chlorophenylhydrazone at the concentration of 5 mM was used as 
the MMP-negative control to validate the JC-1 staining by disrupting 
the membrane potential of sperm cells stained by JC-1. When re-
cording videos, before exposure, the fluorescence intensity of sperm 
mitochondria was also measured and the rate at which photobleach-
ing was occurring was calculated and compensated for in the MMP 
intensity analyses.

Device fabrication
The droplet acoustofluidic platform comprised a droplet genera-
tion device in polydimethylsiloxane (PDMS) bonded to an LN 
piezoelectric substrate on which interdigital transducers (IDTs) 
were patterned. To fabricate the PDMS device and IDTs, two photo-
lithography masks were designed using LayoutEditor software. A 
flow-focusing junction was used in the PDMS device to generate 
microdroplets, which were collected in a 2800 μm by 2800 μm by 
60 μm expansion chamber (Fig. 1A). IDTs were made of 10-nm Cr, 
200-nm Au, and 1-nm Cr layers deposited on a 128° Y-cut LN sub-
strate using the lift-off procedure. After the fabrication of IDTs, 
300 nm of SiO2 was deposited on the LN substrate to protect the 
IDTs and enhance bonding to PDMS. Four IDTs were aligned at 45° 
with respect to the x-propagation direction of the LN substrate to 
ensure the same electromechanical coupling, and each IDT was ar-
ranged parallel with one side of the droplet expansion chamber. At 
each time, only two of the IDTs (opposite to each other) were 
activated. Soft lithography was used to fabricate the PDMS part. 
Hexamethyldisilazaneand AZ nLOF 2035 negative photoresist was 
spin-coated on a silicon wafer and then patterned to fabricate a mas-
ter. The silicone elastomer base (SYLGARD 184, Dow Corning, MI, 
USA) was mixed with the curing agent (SYLGARD 184 silicone 
elastomer curing agent, Dow Corning, MI, USA) with a 10:1 ratio to 
fabricate the device using the master mold. Last, the PDMS part was 
aligned and bonded to the piezoelectric substrate using plasma.

Experimental procedure
To generate droplets, the MFCS-EZ Fluigent system operating by 
MAESFLO software was used to control the inlet and outlet pressures. 

The prepared sperm sample was used as the main (middle) stream, and 
a biocompatible oil [Engineered oil (3M Novec) supplemented with 
surfactant (Pico-Surf 1, Sphere Fluidics, UK) to prevent merging] was 
used as the side stream at the flow-focusing junction to generate drop-
lets. After generating sufficient droplets to fill the expansion chamber, 
atmospheric pressure was applied at the inlet and outlet ports to stop 
the flow and fix the droplets in the expansion chamber. Encapsulated 
sperm in droplets were imaged at 20 frames/s for 20 s in differential in-
terference contrast imaging mode before, during, and after exposure to 
ultrasound for motility analysis. An inverted fluorescent microscope 
(Olympus IX83, Japan) equipped with an ORCA-Flash4.0 Digital com-
plementary metal-oxide semiconductor camera (Hamamatsu Photon-
ics, Japan) and a ×20 magnifications objective was used to capture the 
image sequences. SAWs were generated by applying a sinusoid electric 
signal using F20 powerSAW (Belektronig, Germany) to the IDTs at the 
frequency of 40 MHz and a power of 800 mW for 20 s. To monitor the 
device temperature, a forward-looking infrared (FLIR) thermal camera 
was used. The post-exposure videos were recorded for 5 s after turning 
off the acoustic field and when the acoustic streaming ceases.

Motility analysis
To analyze sperm motility (fig. S1), the manual tracking plugin in 
ImageJ was used to track the position of sperm head and a custom 
MATLAB code (48) was used to calculate VCL, VAP, VSL, the ALH 
displacement, BCF, and LIN as defined by WHO (79). To measure 
VSL, sperm was tracked over a relatively short time period (t = 1 s) 
to minimize the influence of curved droplet boundaries (see fig. S7).

Statistical analysis
Prism software (version 9) was used for statistical analysis to com-
pare sperm motility parameters before and after exposure and also 
between different motility grades. Two-way analysis of variance 
(ANOVA) matched values with Bonferroni’s multiple-comparison 
test was used for within-grade group comparison to evaluate varia-
tions before and after exposure for each motility grade and for com-
paring immotile sperm stimulation results in Fig.  4. One-way 
ANOVA with Tukey’s multiple-comparison test was used for in-
between group comparisons to evaluative statistical significance for 
changes between two motility groups. One phase decay least square 
fit nonlinear regression (at 95% confidence band) was used for the 
nonlinear trend analysis in Fig. 3. Linear regression (with 95% con-
fidence) was used for linear trend analysis. Statistical significance 
for the MMP analysis (Fig. 5B) was determined using paired t test. 
P < 0.05 was considered significant (*P  ≤  0.05, **P  ≤  0.01, 
***P ≤ 0.001, and ****P ≤ 0.0001).

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Tables S1 to S7
Legends for movies S1 to S3

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S3

REFERENCES AND NOTES
	 1.	E . A. Gaffney, H. Gadêlha, D. J. Smith, J. R. Blake, J. C. Kirkman-Brown, Mammalian sperm 

motility: Observation and theory. Annu. Rev. Fluid Mech. 43, 501–528 (2011).
	 2.	 R. J. Blandau, R. E. Rumery, The relationship of swimming movements of epididymal 

spermatozoa to their fertilizing capacity. Fertil. Steril. 15, 571–580 (1964).



Vafaie et al., Sci. Adv. 10, eadk2864 (2024)     14 February 2024

S c i e n c e  A d va  n c e s  |  R e s e ar  c h  A r t i c l e

9 of 10

	 3.	 M. J. Davies, V. M. Moore, K. J. Willson, P. Van Essen, K. Priest, H. Scott, E. A. Haan, A. Chan, 
Reproductive technologies and the risk of birth defects. N. Engl. J. Med. 366, 1803–1813 
(2012).

	 4.	C . C. Hunault, J. D. F. Habbema, M. J. C. Eijkemans, J. A. Collins, J. L. H. Evers, E. R. te Velde, 
Two new prediction rules for spontaneous pregnancy leading to live birth among 
subfertile couples, based on the synthesis of three previous models. Hum. Reprod. 19, 
2019–2026 (2004).

	 5.	 V. Q. Dang, L. N. Vuong, T. M. Ho, A. N. Ha, Q. N. Nguyen, B. T. Truong, Q. T. Pham, R. Wang, 
R. J. Norman, B. W. Mol, The effectiveness of ICSI versus conventional IVF in couples with 
non-male factor infertility: Study protocol for a randomised controlled trial. Hum. Reprod. 
Open 2019, 1–6 (2019).

	 6.	 M. Eftekhar, F. Mohammadian, F. Yousefnejad, B. Molaei, A. Aflatoonian, Comparison of 
conventional IVF versus ICSI in non-male factor, normoresponder patients. Int. J. Reprod. 
Biomed. 10, 131–136 (2012).

	 7.	 G. Bahadur, R. Homburg, J. E. Bosmans, J. A. F. Huirne, P. Hinstridge, K. Jayaprakasan,  
P. Racich, R. Alam, I. Karapanos, A. Illahibuccus, A. Al-Habib, E. Jauniaux, Observational 
retrospective study of UK national success, risks and costs for 319,105 IVF/ICSI and 30,669 
IUI treatment cycles. BMJ Open 10, e034566 (2020).

	 8.	 P. Vogiatzi, A. Pouliakis, M. Sakellariou, A. Athanasiou, A. Athanasiou, A. Colaghis, R. Finelli, 
D. Loutradis, R. Henkel, A. Agarwal, Male age and progressive sperm motility are critical 
factors affecting embryological and clinical outcomes in oocyte donor icsi cycles. Reprod. 
Sci. 29, 883–895 (2022).

	 9.	L . Lemmens, S. Kos, C. Beijer, J. W. Brinkman, F. A. L. van der Horst, L. van den Hoven,  
D. C. Kieslinger, N. J. van Trooyen-van Vrouwerff, A. Wolthuis, J. C. M. Hendriks,  
A. M. M. Wetzels, S. Kos, C. Beijer, J. W. Brinkman, F. A. L. van der Horst, L. van den Hoven, 
D. C. Kieslinger, N. J. van Trooyen-van Vrouwerff, A. Wolthuis, A. M. M. Wetzels, Predictive 
value of sperm morphology and progressively motile sperm count for pregnancy 
outcomes in intrauterine insemination. Fertil. Steril. 105, 1462–1468 (2016).

	 10.	C . A. M. Bouwmans, B. M. E. Lintsen, M. J. C. Eijkemans, J. D. F. Habbema, D. D. M. Braat,  
L. Hakkaart, A detailed cost analysis of in vitro fertilization and intracytoplasmic sperm 
injection treatment. Fertil. Steril. 89, 331–341 (2008).

	 11.	 J. Zheng, Y. Lu, X. Qu, P. Wang, L. Zhao, M. Gao, H. Shi, X. Jin, Decreased sperm motility 
retarded ICSI fertilization rate in severe oligozoospermia but good-quality embryo 
transfer had achieved the prospective clinical outcomes. PLOS One 11, 1–12 (2016).

	 12.	 A. Aboukhshaba, N. Punjani, S. Doukakis, N. Zaninovic, G. Palermo, P. N. Schlegel, 
Testicular sperm characteristics in men with nonobstructive azoospermia and their 
impact on intracytoplasmic sperm injection outcome. Fertil. Steril. 117, 522–527 (2022).

	 13.	C . Ortega, G. Verheyen, D. Raick, M. Camus, P. Devroey, H. Tournaye, Absolute 
asthenozoospermia and ICSI: What are the options? Hum. Reprod. Update 17, 684–692 
(2011).

	 14.	D . Mortimer, C. L. R. Barratt, L. Bjorndahl, C. de Jager, A. M. Jequier, C. H. Muller, What 
should it take to describe a substance or product as 'sperm-safe'. Hum. Reprod. Update 19, 
i1–i45 (2013).

	 15.	 P. Rubino, P. Viganò, A. Luddi, P. Piomboni, The ICSI procedure from past to future: A 
systematic review of the more controversial aspects. Hum. Reprod. Update 22, 194–227 
(2016).

	 16.	 R. E. Jackson, C. L. Bormann, P. A. Hassun, A. M. Rocha, E. L. A. Motta, P. C. Serafini,  
G. D. Smith, Effects of semen storage and separation techniques on sperm DNA 
fragmentation. Fertil. Steril. 94, 2626–2630 (2010).

	 17.	 S. Kumari, S. Kotyan, S. Sugunan, G. K. Rajanikant, K. S. S. Kumar, S. K. Adiga, J. P. Dasappa, 
G. Kalthur, The synthesis of a novel pentoxifylline derivative with superior human sperm 
motility enhancement properties. New J. Chem. 45, 1072–1081 (2021).

	 18.	 J. Gosálvez, S. Johnston, C. López-Fernández, A. Gosálbez, F. Arroyo, J. L. Fernández,  
J. G. Álvarez, Sperm fractions obtained following density gradient centrifugation in 
human ejaculates show differences in sperm DNA longevity. Asian Pac. J. Reprod. 3, 
116–120 (2014).

	 19.	 R. Nosrati, D. Sinton, How to select ICSI-viable sperm from the most challenging samples. 
Nat. Rev. Urol. 19, 135–136 (2022).

	 20.	 M. Yoshida, N. Kawano, K. Yoshida, Control of sperm motility and fertility: Diverse factors 
and common mechanisms. Cell. Mol. Life Sci. 65, 3446–3457 (2008).

	 21.	 M. Saraste, Oxidative phosphorylation at thefin de siècle. Science 283, 1488–1493 (1999).
	 22.	 A. Amaral, Energy metabolism in mammalian sperm motility. WIREs Mechanisms of 

Disease 14, 1–20 (2022).
	 23.	 A. Kumari, “Glycolysis” in Sweet biochemistry: Remembering structures, cycles, and pathways 

by mnemonics (Academic Press, 2018), pp. 1–5.
	 24.	E . Ruiz-Pesini, C. Díez-Sánchez, M. J. López-Pérez, J. A. Enríquez, The role of the 

mitochondrion in sperm function: Is there a place for oxidative phosphorylation or is this 
a purely glycolytic process? Curr. Top. Dev. Biol. 77, 3–19 (2007).

	 25.	 A. Ferramosca, V. Zara, Bioenergetics of mammalian sperm capacitation. Biomed. Res. Int. 
2014, 902953 (2014).

	 26.	 M. Boguenet, P. E. Bouet, A. Spiers, P. Reynier, P. May-Panloup, Mitochondria: Their role in 
spermatozoa and in male infertility. Hum. Reprod. Update 27, 697–719 (2021).

	 27.	 M. Szibor, Z. Gizatullina, T. Gainutdinov, T. Endres, G. Debska-Vielhaber, M. Kunz,  
N. Karavasili, K. Hallmann, F. Schreiber, A. Bamberger, M. Schwarzer, T. Doenst,  
H. J. Heinze, V. Lessmann, S. Vielhaber, W. S. Kunz, F. N. Gellerich, Cytosolic, but not matrix, 
calcium is essential for adjustment of mitochondrial pyruvate supply. J. Biol. Chem. 295, 
4383–4397 (2020).

	 28.	 S. Meyers, E. Bulkeley, A. Foutouhi, Sperm mitochondrial regulation in motility and 
fertility in horses. Reprod. Domest. Anim. 54, 22–28 (2019).

	 29.	 A. J. Mundy, T. A. Ryder, D. K. Edmonds, Asthenozoospermia and the human sperm 
mid-piece. Hum. Reprod. 10, 116–119 (1995).

	 30.	 F. Pelliccione, A. Micillo, G. Cordeschi, A. DAngeli, S. Necozione, L. Gandini, A. Lenzi,  
F. Francavilla, S. Francavilla, Altered ultrastructure of mitochondrial membranes is strongly 
associated with unexplained asthenozoospermia. Fertil. Steril. 95, 641–646 (2011).

	 31.	D . Durairajanayagam, D. Singh, A. Agarwal, R. Henkel, Causes and consequences of sperm 
mitochondrial dysfunction. Andrologia 53, 1–15 (2021).

	 32.	C . Devendran, A. Neild, “Manipulation and Patterning of Micro-objects Using Acoustic 
Waves” in Field-Driven Micro and Nanorobots for Biology and Medicine (Springer, 2022),  
pp. 61–90.

	 33.	D . J. Collins, B. Morahan, J. Garcia-Bustos, C. Doerig, M. Plebanski, A. Neild, Two-
dimensional single-cell patterning with one cell per well driven by surface acoustic 
waves. Nat. Commun. 6, 1–11 (2015).

	 34.	 Z. Tian, Z. Wang, P. Zhang, T. D. Naquin, J. Mai, Y. Wu, S. Yang, Y. Gu, H. Bachman, Y. Liang,  
Z. Yu, T. J. Huang, Generating multifunctional acoustic tweezers in Petri dishes for 
contactless, precise manipulation of bioparticles. Sci. Adv. 6, 1–12 (2020).

	 35.	D . J. Collins, A. Neild, Y. Ai, Highly focused high-frequency travelling surface acoustic 
waves (SAW) for rapid single-particle sorting. Lab Chip 16, 471–479 (2016).

	 36.	 J. Gai, C. Devendran, A. Neild, R. Nosrati, Surface acoustic wave-driven pumpless flow for 
sperm rheotaxis analysis. Lab Chip 22, 4409–4417 (2022).

	 37.	 Y. Zhang, M. Sesen, A. de Marco, A. Neild, Capacitive sensing for monitoring of 
microfluidic protocols using nanoliter dispensing and acoustic mixing. Anal. Chem. 92, 
10725–10732 (2020).

	 38.	C . Devendran, J. Carthew, J. E. Frith, A. Neild, Cell adhesion, morphology, and metabolism 
variation via acoustic exposure within microfluidic cell handling systems. Adv. Sci. 6, (2019).

	 39.	 J. Gai, E. Dervisevic, C. Devendran, V. J. Cadarso, M. K. O’Bryan, R. Nosrati, A. Neild, 
High-frequency ultrasound boosts bull and human sperm motility. Adv. Sci. 9, e2104362 
(2022).

	 40.	 J. Gai, R. Nosrati, A. Neild, High DNA integrity sperm selection using surface acoustic 
waves. Lab Chip 20, 4262–4272 (2020).

	 41.	 J. Atencia, D. J. Beebe, Controlled microfluidic interfaces. Nature 437, 648–655 (2005).
	 42.	D . Khoeini, V. He, B. J. Boyd, A. Neild, T. F. Scott, Nonequilibrium interfacial diffusion across 

microdroplet interface. Lab Chip 22, 3770–3779 (2022).
	 43.	 M. R. Raveshi, M. S. Abdul Halim, S. N. Agnihotri, M. K. O’Bryan, A. Neild, R. Nosrati, 

Curvature in the reproductive tract alters sperm–surface interactions. Nat. Commun. 12, 
3446 (2021).

	 44.	L . Mazutis, J. Gilbert, W. L. Ung, D. A. Weitz, A. D. Griffiths, J. A. Heyman, Single-cell analysis 
and sorting using droplet-based microfluidics. Nat. Protoc. 8, 870–891 (2013).

	 45.	 R. Salomon, D. Kaczorowski, F. Valdes-Mora, R. E. Nordon, A. Neild, N. Farbehi,  
N. Bartonicek, D. Gallego-Ortega, Droplet-based single cell RNAseq tools: A practical 
guide. Lab Chip 19, 1706–1727 (2019).

	 46.	I . Oseguera-López, S. Ruiz-Díaz, P. Ramos-Ibeas, S. Pérez-Cerezales, Novel Techniques of 
Sperm Selection for Improving IVF and ICSI Outcomes. Front. Cell Dev. Biol. 7, (2019).

	 47.	 World Health Organisation, Collection and examination of human semen in WHO 
laboratory manual for the examination of the human semen and sperm-cervical mucus 
interaction (Cambridge Univ. Press, ed. 4, 1999), pp. 9–10.

	 48.	 R. Nosrati, A. Driouchi, C. M. Yip, D. Sinton, Two-dimensional slither swimming of sperm 
within a micrometre of a surface. Nat. Commun. 6, 8703 (2015).

	 49.	 M. Nijs, P. Vanderzwalmen, B. Vandamme, G. Segal-Bertin, B. Lejeune, L. Segal,  
E. van Roosendaal, R. Schoysman, Fertilizing ability of immotile spermatozoa after 
intracytoplasmic sperm injection. Hum. Reprod. 11, 2180–2185 (1996).

	 50.	D . F. Hamilton, M. Ghert, A. H. R. W. Simpson, Interpreting regression models in clinical 
outcome studies. Bone Joint Res. 4, 152–153 (2015).

	 51.	 R. Z. Zhao, S. Jiang, L. Zhang, Z. bin Yu, Mitochondrial electron transport chain, ROS 
generation and uncoupling (Review). Int. J. Mol. Med. 44, 3–15 (2019).

	 52.	 B. J. Berry, M. Kaeberlein, An energetics perspective on geroscience: Mitochondrial 
protonmotive force and aging. Geroscience 43, 1591–1604 (2021).

	 53.	L . D. Zorova, V. A. Popkov, E. Y. Plotnikov, D. N. Silachev, I. B. Pevzner, S. S. Jankauskas,  
V. A. Babenko, S. D. Zorov, A. V. Balakireva, M. Juhaszova, S. J. Sollott, D. B. Zorov, 
Mitochondrial membrane potential. Anal. Biochem. 552, 50–59 (2018).

	 54.	 A. Meyrat, C. von Ballmoos, ATP synthesis at physiological nucleotide concentrations.  
Sci. Rep. 9, 1–10 (2019).

	 55.	 F. N. Gellerich, Z. Gizatullina, S. Trumbeckaite, H. P. Nguyen, T. Pallas, O. Arandarcikaite,  
S. Vielhaber, E. Seppet, F. Striggow, The regulation of OXPHOS by extramitochondrial 
calcium. Biochim. Biophys. Acta Bioenerg. 1797, 1018–1027 (2010).



Vafaie et al., Sci. Adv. 10, eadk2864 (2024)     14 February 2024

S c i e n c e  A d va  n c e s  |  R e s e ar  c h  A r t i c l e

10 of 10

	 56.	 M. Bonora, S. Patergnani, A. Rimessi, E. de Marchi, J. M. Suski, A. Bononi, C. Giorgi,  
S. Marchi, S. Missiroli, F. Poletti, M. R. Wieckowski, P. Pinton, ATP synthesis and storage. 
Purinergic Signal 8, 343–357 (2012).

	 57.	 J. Castro-Arnau, F. Chauvigné, J. Cerdà, Role of ion channels in the maintenance of sperm 
motility and swimming behavior in a marine teleost. Int. J. Mol. Sci. 23, (2022).

	 58.	 R. M. Denton, Regulation of mitochondrial dehydrogenases by calcium ions. Biochim. 
Biophys. Acta Bioenerg. 1787, 1309–1316 (2009).

	 59.	 J. Kubanek, J. Shi, J. Marsh, D. Chen, C. Deng, J. Cui, Ultrasound modulates ion channel 
currents. Sci. Rep. 6, 1–14 (2016).

	 60.	 S. Kudo, R. Morigaki, J. Saito, M. Ikeda, K. Oka, K. Tanishita, Shear-stress effect on 
mitochondrial membrane potential and albumin uptake in cultured endothelial cells. 
Biochem. Biophys. Res. Commun. 270, 616–621 (2000).

	 61.	 R. A. Aaberg, M. V. Sauer, S. Sikka, J. Rajfer, Effects of extracellular ionized calcium, 
diltiazem and cAMP on motility of human spermatozoa. J. Urol. 141, 1221–1224 (1989).

	 62.	 A. Bhoumik, S. Saha, G. C. Majumder, S. R. Dungdung, Optimum calcium concentration: A 
crucial factor in regulating sperm motility in vitro. Cell Biochem. Biophys. 70, 1177–1183 (2014).

	 63.	 J. Naifeh, M. Dimri, M. Varacallo, Biochemistry, Aerobic glycolysis (StatPearls Publishing, 
2017).

	 64.	N . Xie, L. Zhang, W. Gao, C. Huang, P. E. Huber, X. Zhou, C. Li, G. Shen, B. Zou, NAD+ 
metabolism: Pathophysiologic mechanisms and therapeutic potential. Signal Transduct. 
Target. Ther. 5, 227 (2020).

	 65.	 J. M. Berg, J. L. Tymoczko, L. Stryer, Biochemistry (Macmillan, ed. 9, 2007).
	 66.	 B. Alberts, Molecular Biology of the Cell (Garland Science, ed. 6, 2017).
	 67.	 M. T. Villani, D. Morini, G. Spaggiari, A. I. Falbo, B. Melli, G. B. La Sala, M. Romeo, M. Simoni, 

L. Aguzzoli, D. Santi, Are sperm parameters able to predict the success of assisted 
reproductive technology? A retrospective analysis of over 22,000 assisted reproductive 
technology cycles. Andrology 10, 310–321 (2022).

	 68.	 P. Barlow, Y. Englert, F. Puissant, B. Lejeune, A. Delvigne, M. van Rysselberge, F. Leroy, 
Fertilization failure in IVF: Why and what next? Hum. Reprod. 5, 451–456 (1990).

	 69.	L . Simon, S. E. M. Lewis, Sperm DNA damage or progressive motility: Which one is the 
better predictor of fertilizationin vitro? Syst. Biol. Reprod. Med. 57, 133–138 (2011).

	 70.	H . W. Michelmann, Minimal criteria of sperm quality for insemination and IVF therapy.  
Int. J. Androl. 18 Suppl 2, 81–87 (1995).

	 71.	 K. Dafopoulos, G. Griesinger, A. Schultze-Mosgau, Y. Orief, B. Schöpper, N. Nikolettos,  
K. Diedrich, S. Al-Hasani, Factors affecting outcome after ICSI with spermatozoa retrieved 
from cryopreserved testicular tissue in non-obstructive azoospermia. Reprod. Biomed. 
Online 10, 455–460 (2005).

	 72.	 G. Verheyen, B. Popovic-Todorovic, H. Tournaye, Processing and selection of surgically-
retrieved sperm for ICSI: A review. Basic Clin Androl 27, 1–10 (2017).

	 73.	 R. Nosrati, Lab on a chip devices for fertility: From proof-of-concept to clinical impact. 
Lab Chip 22, 1680–1689 (2022).

	 74.	D . J. Collins, A. Neild, A. deMello, A. Q. Liu, Y. Ai, The Poisson distribution and beyond: 
Methods for microfluidic droplet production and single cell encapsulation. Lab Chip 15, 
3439–3459 (2015).

	 75.	 M. Simchi, J. Riordon, J. B. You, Y. Wang, S. Xiao, A. Lagunov, T. Hannam, K. Jarvi, R. Nosrati, 
D. Sinton, Selection of high-quality sperm with thousands of parallel channels. Lab Chip 
21, 2464–2475 (2021).

	 76.	 S. de Biasi, L. Gibellini, A. Cossarizza, JC-1 dye for mitochondrial membrane potential. 
Curr. Protoc. Cytom. 2015, 7.32.1–7.32.11 (2015).

	 77.	 M. Jc, S. When, JC-1 and JC-9 mitochondrial potential sensors. Sensors 2, 7–10 (2006).
	 78.	 A. Amaral, J. Ramalho-Santos, Assessment of mitochondrial potential: Implications 

for the correct monitoring of human sperm function. Int. J. Androl. 33, 180–186 
(2010).

	 79.	 World Health Organization, “Advanced examination” in WHO Laboratory Manual for the 
Examination and Processing of Human Semen (World Health Organization, ed. 6, 2021), pp. 
155–159.

Acknowledgments: This work was performed in part at the Melbourne Centre for 
Nanofabrication (MCN) in the Victorian Node of the Australian National Fabrication Facility 
(ANFF). We would like to thank the reviewers for their valuable comments and suggestions 
that substantially improved the quality and clarity of this manuscript. We thank F. Yazdan 
Parast for the help with fluorescent imaging and sperm preparation; B. Ang, D. Khoeini, and  
C. Richard for helping with device fabrication; and M. Suhaila Abdul Halim for the help with 
MMP analysis. Funding: This work was supported by the Australian Research Council (ARC) 
Discovery Project Grants DP190100343 (to R.N.) and DP210103361 (to A.N.). Author 
contributions: Conceptualization: A.N., R.N., C.D. Methodology: A.N., R.N., C.D., M.R.R., and A.V. 
Investigation: A.V. and M.R.R. Visualization: A.V. Supervision: A.N. and R.N. Writing—original 
draft: A.V. Writing—review and editing: A.N., R.N., and A.V. Competing interests: The authors 
declare the following competing interests: A.N., R.N., and C.D. have a patent in the use of 
ultrasound to increase sperm motility. The authors declare that they have no other competing 
interests. Data and materials availability: All data needed to evaluate the conclusions in the 
paper are present in the paper, the Supplementary Materials, and the deposited data in the 
“Bridges” database, accessible at https://doi.org/10.26180/24531088.v1.

Submitted 13 August 2023 
Accepted 12 January 2024 
Published 14 February 2024 
10.1126/sciadv.adk2864


	Making immotile sperm motile using high-frequency ultrasound
	INTRODUCTION
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Sperm preparation
	LIVE/DEAD assay
	MMP assay
	Device fabrication
	Experimental procedure
	Motility analysis
	Statistical analysis

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


