
Caenorhabditis elegans (C. elegans) is a versatile 
model organism used for studying various human 

diseases due to its easy maintenance, adequate comple-
xity in terms of biological functionality, and short life 
cycle allowing observation of its entire developmental 
cycle in a week [1,2]. Because of its small size, which is 
around 1 mm in adulthood, microfluidic platforms have 
been widely adopted for studying C. elegans [3,4]. Mic-
rofluidics is a relatively new field which is targeting mi-
niaturization of bioanalysis, chemical synthesis, sample 
processing, and disease diagnostics [5–9]. For C. ele-
gans related research, microfluidics provides small and 
well-controlled micro environments enabling conveni-
ent microscopic investigation [10,11]. However, in order 
to precisely image cellular and subcellular structures of 
these organisms, they are required to be immobilized 
during optical imaging.  

There are three general approaches for steadily ob-
serving and imaging the cellular details of this organism 
which are chemically, physically and thermally induced 
immobilization [12,13]. In chemical immobilization, va-
rious chemicals including levamisole and sodium azide 
are used to sedate the worms similar to the anesthetics 
administer in surgical procedures [14]. Even though, 
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chemical immobilization works quickly and effectively, 
their biological effects on the worm metabolism is not 
clear [15]. For biological research in which no foreign bi-
ochemical interference is desired, administering these 
chemicals is not suitable. The second approach is physi-
cal immobilization through restricting the motion of 
the worms by using various microfluidic methods [3]. 
One of these methods is using thin membrane based 
suction to physically immobilize a worm inside a mic-
rofluidic channel [16]. These methods generally require 
complex microfluidic device fabrication which is not 
available in many laboratories in low-budget instituti-
ons. Microfluidic immobilization also imposes a pre-
defined geometry which can obstruct clear manipula-
tion and/or observation of the worms. Finally, thermal 
worm immobilization can be applied either by heating 
or cooling the worms to specific temperatures to mini-
mize their metabolic activity or induce thermal shock, 
respectively [17]. In cooling approach, worms take a cur-
led shape minimizing their body length which renders 
detailed microscopic imaging more challenging. For the 
temperature induced heat shock worms are immobili-
zed in a temperature controlled environment. In one 
example, a laser is applied to induce rapid temperature 
increase inside a multi-layered fluidic device [18]. This 

A B S T R A C T

Model organisms such as Caenorhabditis elegans are commonly used in discovering the
underlying mechanisms of human diseases. The field of microf luidics enables a pleth-

ora of tools for better studying these organisms. In this research, an effective and simple ap-
proach is demonstrated for thermally induced knockdown of Caenorhabditis elegans model 
organisms. To achieve this, surface acoustic waves are coupled to the f luid medium inside 
a microfluidic channel. Without active cooling, two pairs of propagating surface acoustic 
waves induce very rapid heating of the enclose f luid. By controlling the input power of the 
acoustic waves, temperature of the f luid is precisely adjusted, and induced reversible knock-
down of Caenorhabditis elegans samples. Effective temperature window of acoustically in-
duced thermal knockdown is characterized, and the tolerable number of knockdown and 
wake up cycles is studied. Viability of the Caenorhabditis elegans organisms is also evaluated 
after increasing numbers of knockdown cycles. Overall, a simple and effective method of 
worm immobilization method is demonstrated using acoustic waves in microfluidics.
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is fabricated through photolithography and deep reactive 
ion etching (DRIE) processes [21]. Briefly, a silicon wafer is 
spin coated with the positive photoresist, and exposed with 
a photomask. Then developed and bake at 90 °C for about 
20 minutes. The silicon wafer now contains photoresist co-
ated regions where microfluidic channel features are loca-
ted. The rest of the silicon wafer surface is just bare silicon. 
DRIE process is applied to this wafer to etch the non-resist 
coated regions to a depth of 100 micrometers which defines 
the microfluidic channel height. 100-micrometer channel 
height is chosen to allow unrestricted infusion of larger 
worms into the fluidic channel preventing potential device 
clogging. DRIE etched wafer is then washed with acetone 
to clear to rest of the resist covering the un-etched regions.

Once the silicon master mold is fabricated, a mixture of 
Polydimethylsiloxane (PDMS) is poured on top of the mold 
surface. After curing at 60 °C for around 2 hours, the liqu-
id PDMS solidifies and forms a transparent elastomer. The 
microfluidic channels are peeled and cut to smaller devices. 
Then, inlets and outlets of the PDMS device is punched to 
enable polyethylene tube and thermocouple insertion. The 
port for the thermocouple probe is made slightly smaller 
than the actual thermocouple tip to avoid any potential lea-
kage. Finally, the PDMS device is bonded to LiNbO3 using 
plasma activation of both surfaces, and overnight baking at 
60°C.

The SSAW-based microfluidic device is driven by an 
arbitrary signal generator (AFG1062, Tektronix). The ima-
ging of the worms is performed using an inverted microsco-
pe equipped with a high definition camera (OX.2053-PLPH, 
Euromex). Wild type C. elegans worms are grown in agar 
medium at 20 °C, and Escherichia coli (OP50) is used as the 
nutrition source [11]. Worms are collected in an M9 buf-
fer solution for conducting the microfluidic experiments.  
Worms are delivered into the microfluidic device through a 
custom designed automated syringe pump. Temperature in-
side the channel is measured by a fine tip temperature probe 
(TJ Probe, Omega).

To evaluate the viability of the worms after each 
knockdown cycle, the worms within the active acoustic 
treatment region are collected in a fresh M9 solution. To 
avoid collecting non-treated worms, inlet and outlet tu-
bing of the device are replaced with the new tubes in each 
cycle. Then, 20 μM propidium iodide solution is added to 
200 μL worm solution. After the staining, the worms are 
collected in a petri dish containing agar plate. The col-
lected worms are observed for motility, and propidium 
iodide stain. The scoring of the live and dead worms is 
completed under the microscope.

method proves effective worm immobilization, but device 
fabrication and operation are complicated due to the requ-
ired multi-layer conductive channels and application of la-
sers. In addition, application of a single laser spot makes this 
method low throughput. Considering the challenges and di-
sadvantages of the existing worm immobilization methods, 
there is still a need for a simpler and more practical method 
that can provide effective and high throughput worm im-
mobilization.

In this work, a standing surface acoustic wave (SSAW)-
based microfluidic method is demonstrated for inducing 
controllable heat knockdown of C. elegans worms. Acoustic 
methods enable a versatile platform in many fields [19,20]. 
The method presented in this work relies on acoustically 
generated rapid temperature increase inside a microfluidic 
channel. C. elegans worms are repeatedly induced into re-
coverable heat shocks, and their endurances and recovering 
periods are characterized. Overall, as a potential method for 
worm researchers, a SSAW-based method is applied in C. 
elegans immobilization for the first time in literature.  

MATERIAL AND METHODS
Device fabrication is completed in two steps. In the first 
step, interdigitated transducers (IDTs) are patterned on 
a lithium niobate (LiNbO3) piezoelectric wafer which is 
a transparent, 128° Y-cut piezoelectric crystal.  Standard 
photolithography is applied to fabricate the gold electro-
des of the IDTs. For this, initially a positive photoresist 
(Megaposit™ SPR™220) is spin-coated on the LiNbO3 wa-
fer. Then, a photomask with the desired electrode pattern 
is used to expose the photoresist, and subsequently deve-
loped in the resist developer.  Afterwards, 5 nm of chro-
mium and 200 nm of gold layers are coated on top of the 
patterned wafer via vacuum thermal evaporation. Finally, 
coated wafer is incubated in acetone for overnight to lif-
toff the gold layers coated on the remaining photoresist 
regions. General steps of IDT fabrication are shown in Fig 
1. The design of the IDTs includes 50 μm wide electro-
des separated by 50 μm distance. The design of the IDTs
is chosen to be straight to uniformly cover the width of
the microfluidic channel. The wavelength of the SAWs
corresponds to four times the width of the electrodes of
IDTs. Using the speed of sound in 128° Y-cut LiNbO3 at
room temperature (3980 m/s) and the wave frequency
conversion equation (f=v/λ, where f is the frequency, v is
the speed of sound and λ is the wavelength), we can find
the resonance frequency of the fabricated IDTs for 50 μm 
electrodes to be around 20 MHz.

In the second step, a microfluidic channel is fabricated 
via soft lithography process. Soft lithography refers to a pre-
cise replica molding method. For this step, a master mold 
containing the positive features of the microfluidic channel 



37

A
. O

zc
el

ik
/ H

itt
ite

 J 
Sc

i E
ng

, 2
02

1, 
8 

(1
) 3

5–
40

RESULTS AND DISCUSSION
The schematic model and the actual standing surface 
acoustic wave-based microfluidic device are shown in Fig. 
2. The microfluidic channel is designed to have curved
inner surfaces to prevent microbubble trapping inside
the channel. The inlet in the center area of the microflu-
idic channel is used to insert the temperature probe into
the device. The two symmetrically fabricated IDTs are
used to generate two travelling surface acoustic waves
in opposite directions, and form standing waves inside
the fluidic channel. The aim of using the SSAWs in this
device is to amplify and provide evenly distributed ther-
moacoustic effects of the acoustic waves within the fluid
volume inside the microfluidic channel. The tip of tem-
perature probe tightly fits in the center inlet providing
liquid tight connection. It is also important to note that
the tip of the temperature probe is not touching to the
lithium niobate surface to prevent additional heating that 
may be transferred through solid surfaces.

The correlation between the applied voltage and the 
medium temperature inside the microfluidic device is ob-
served to be linear, and is given in Fig. 3. Here, the measure-
ments are taken after the inner temperature is stabilized at 
a given applied voltage value. The experiments are repeated 
for 6 times for each voltage value to obtain adequate statis-
tical data. Average value of the temperature readings from 
different experiments are plotted along with the standard 
deviations. The data in Fig. 3 is collected using a 20 MHz 
SSAW device. One can also use a higher or lower resonant 
frequency device to induce a gradual temperature increase 
inside a microfluidic channel. The only difference between 
these devices would be the required applied voltage to reach 
the same temperature.

Figure 3. Experimental relationship between the applied voltage to the 
IDTs and the measured temperature inside the microfluidic channel. 
Experiments are started at room temperature. A linear relationship is 
observed between the applied voltage and the temperature. The error 
bars represent the standard deviation of 6 different measurements at 
each voltage value.  

Figure 1. Fabrication of IDTs on a lithium niobate substrate. First, a 

positive photoresist is spin-coated on the lithium niobate wafer. Second, 

the coated surface of the wafer is UV exposed through a photomask 

with the desired IDT patterns, and the wafer is developed. Then 5 nm 

chromium and 200 nm gold is deposited on the lithium niobate surface.

Figure 2. General overview of the device. a) Schematic and b) actual 
standing surface acoustic wave device. c) side view of the microfluidic 
device demonstrating the inlets and the outlets. d) picture of the fine 
tip temperature probe. The tip of the probe has a 0.5 mm diameter and 
2.4 mm length.

Figure 4. Experimental observation of C. elegans worm behavior 
under the effect of temperature rise in the presence of acoustic waves. 
a) Low and c) high concentrations of C. elegans are shown to be in their 
natural swimming body postures without any acoustic treatment. b)
and d) When the acoustic waves are applied with 15 VPP, worms are
immobilized with the effect of the heat shock, and their body posture
becomes more elongated.
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An example C. elegans treatment experiment is de-
monstrated in Fig. 4. Both low concertation adult popula-
tions (Figs. 4a and b) and high concentration mixed deve-
lopment stage worms (Figs. c and d) are shown to be effec-
tively immobilized by application of 15 VPP input voltage.  
In both cases, when the transducer is off, worms exhibit 
natural swimming body postures with curved shapes. In 
the M9 buffer, which is a liqud medium, C. elegans worms 
perform swimming motion via body undulations unlike 
crawling motion they do in more viscous and granular agar 
medium. Once the transducer is turned on, acoustic waves 
induce a rapid heating and subsequent temperature rise 
inside the fluidic chamber. C. elegans worms go through a 
thermal shock demonstrating seizure like body motions for 
few seconds and finally are knockdown. After heat induced 
knowckdown (Figs. 4b and d) body posture of the worms 
become more elongated similar to chemical immobilization. 
No observable difference is recorded in the thermal immo-
bilization behavior of different developmental stage worms.

To better elucidate the effect acoustically generated 
heat on worm knockdown, the effective temperature win-
dow that worms goes through knockdown and become im-
mobilized is studied. For these experiments, fresh batches 
of worm populations are introduced into the microfluidic 
chamber before each temperature setting. As seen in Fig. 3, 
the temperate of the fluid medium can be adjusted from 25 

°C to 39 °C by adjusting he applied voltage from 3 VPP to 20 
VPP. Starting from the room temperature and going up to 
39°C, different worm batches are exposed to acoustically 
generated heat, and the state of the worms are studied from 
their physical movements. Results of these experiments are 
given in Fig. 5. As observed from the figure, below 32 °C, 
worms do not exhibit heat knockdown.  Starting from 32 °C, 
worms start to go through the seizures and eventual knock-
down. 35 °C is found to be an effective temperature for ra-
pid knockdown of worms. Above 37 °C, the effects of the 
temperature become detrimental to the worm biology, and 
worms die after the seizures. In Fig. 5, a knockdown window 
is demonstrated.

The C. elegans worms are heavily dependent on the 
environmental conditions including temperature fluctu-
ations. Under the detrimental temperatures such as 38 

°C and above, the neural circuitry of the worm turns off 
to protect the animal to a certain degree. The tempera-
ture window that is demonstrated in Fig. 5 outlines the 
range of temperatures where C. elegans can shut down 
some of its neural activity and receive no damage. Within 
this range of temperature, the worms can wake up once 
the excessive temperature is removed.  The microflui-
dic environment enables very rapid heating of the worm 
medium, and similarly heat dissipation due to the small 
volumes of fluids. Acoustic waves can induce instantane-
ous temperature increase within the domain of the fluid 
media that the Rayleigh waves of the SAWs leak into.

In Fig. 6, the time required for knockdown and wake 
up of the C. elegans is demonstrated. Here, each expe-
riment is conducted at 35 °C. The quantification of the 
experiments is done by observation of complete knock-
down and revival of the worm population exposed to the 
thermal treatment. For each worm sample in the microf-
luidic device, 10 cycles of rapid temperature increase and 
decrease are applied. In total 20 batches of worms are 
used, and each batch is cycled 10 times. Error bars are 
calculated from the standard deviation of the 20 diffe-
rent experiments for each cycle order. From this data set 
shown in Fig. 6, it is observed that within the first 4 cycles, 
the time required for the knockdown and wake up is fa-
irly constant and less than 10 seconds for each. However, 
starting from the fifth cycle, wake up times are gradu-
ally increasing. This indicates that subsequent cycling of 
the same worms (continuous knockdown and wake up) 
adversely affect the worm physiology and require longer 
durations for wake up. Nevertheless, within the first five 
cycles, the required time for thermal immobilization and 
recovery is quite fast, and reasonable for the 6th, 7th, and 
8th cycles which are under 100 seconds. Considering the 
chemical immobilization of C. elegans which require mi-
nutes for the knockdown and wake up, the acoustically 
induced heat knockdown is more effective in terms of 
time requirements.

In worm experimentation using microfluidic chan-
nels, knockdown of worms several times can be a rea-
sonable demand. According to Fig. 6, standing surface 
acoustic wave-based method can provide up to 8 immo-
bilization cycling safely. In addition, when a continuous 
duration of immobilization is required for C. elegans 
operations and imaging, the knockdown induced tem-
perature can be sustained for the entire duration of the 
study. After the operation is completed, induced elevated 
temperature can be removed by turning off the acoustic 
field.

Figure 5. Demonstration of effective temperature window for worm 
immobilization. An interval between 32 °C and 37 °C is identified to 
induce heat knockdown of worms. Mixed population worm samples are 
used in these experiments. 
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After measuring the time required for the thermal 
immobilization of the worms, it is also important to 
study the detrimental effects of the knockdown and wake 
up cycles on worm biology. For this, the rate of viability is 
characterized after cycling the worms. Individual worms 
are counted to score the dead and live worms after each 
knockdown and wake up. In Fig. 7, the results of the sco-
ring are given. According to the graph, worm viability is 
in the range of 95% within the first 4 cycles. In the 5th 
and 6th cycles, the viability drops to around 85%. After 
the 10th cycle, the worm viability becomes 50%.  Com-
pare to the other worm immobilization methods inclu-
ding chemical and thermal, acoustically induced method 
enables both a high throughput and rapid immobilizati-
on method. For instance, using the method presented in 
this study (which can also be referred as the thermoaco-
ustic method), worm immobilization can be applied any-
time within he microfluidic channel whereas chemical 
treatment of the worms requires the administration of 
the chemical agents and certain time to allow sedation 
resulting in worm immobilization.

Furthermore, with the acoustic method, the active 
region of the SSAW field, can be divided into smaller 

sections by fabricating smaller pairs of IDTs. This way, 
only a selected group of worms can be treated and im-
mobilized. Thanks to the rapid heat dissipation occur-
ring in the microfluidics, the induced temperature rise 
can be contained only within the active acoustic field.

CONCLUSION
Herein, a new method of C. elegans immobilization is 
demonstrated using a standing surface acoustic wave-
based microfluidic device. Thermoacoustically induced 
rapid temperature rises are applied inside a microflui-
dic channel to temporarily immobilize worm samples. 
The time required for immobilization is found to be 
much smaller compared to the chemical methods. The 
acoustic method is also more advantages compared to 
the laser-driven thermal methods due to the high thro-
ughput and device simplicity enabled by the surface 
acoustic wave device. Overall, the method presented in 
this work can be a valuable tool for worm researchers 
due to its simplicity, versatility and adoptability into 
microfluidic platforms.
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