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In this study, we report the use of a high-throughput microfluidic spiral chip to screen out eggs from a mixed age nematode
population, which can subsequently be cultured to a desired developmental stage. For the sorting of a mixture containing
three different developmental stages, eggs, L1 and L4, we utilized a microfluidic spiral chip with trapezoidal channel to
obtain sorting efficiency above 97% and sample purity (SP) above 80% for eggs at different flow rates up to 10 mL/min.
The result demonstrated a cost effective, simple, and highly efficient method of synchronizing C. elegans at high throughput
(~4,200 organisms/min at 6 mL/min), while eliminating challenges of clogging and non-reusability of membrane-based
filtration. Due to its simplicity, our method can be easily adopted in the C. elegans research community.
10

Introduction
Caenorhabditis elegans (C. elegans) has been used as a
1
model organism in diverse biomedical research studies
related to genomics, ageing, muscle degeneration and
2–6
neurobiology . Even though a very simple organism
7
consisting of only about 959 cells and 302 neurons, C. elegans
8
shares 60% homology with humans , making it a particularly
useful animal model in the study of neural diseases such as
Parkinson’s4,
obesity2
and
Huntington’s
diseases3.
Furthermore, its short lifespan, and small size (~1.15 mm)
make C. elegans ideally suited for high-throughput drug
screening.
The developmental stages of C. elegans consist of the egg
(embryo), four larval stages (L1 –L4) and the adult stage. The
embryo of C. elegans takes about 3.5 days to develop fully into
an adult and has an average lifespan of 2-3 weeks. Studies of
C. elegans have shown that the nematode exhibits distinct
features during the four larval and adult stages. For instance,
L2 larva can develop into dauer stage due to unsuitable
environmental conditions9. Also, each larval stage shows a

and different forms of
varying cuticle composition,
11
plasticity in the organism’s nervous system. Because of these
stage-specific
characteristics,
an
age/size-based
synchronization of worm population is necessary in order to
reduce variability within a study cohort. Generally,
12
synchronization of C. elegans is carried out manually by
chemical bleaching and subsequent centrifugation and
mechanical filtration. Gravid worms are placed on an agar
13
plate and allowed to lay eggs for about 4-6 hours . When the
required number of eggs has been laid, the adult worms are
washed off from the agar plate and bleached, thereby
releasing large number of eggs and sacrificing the adult
worms. Although this technique is commonly used and allows
high yield of the harvested volumes of eggs, centrifugation is
often time-consuming and mesh screens are prone to
14
clogging . Bleach is also considered as a chemically hazardous
material. To overcome these challenges, tangential flow
14
filtration was applied . However, it still employed chemical
bleaching and mesh-based filtration technique susceptible to
clogging by debris. On a more technically advanced level,
commercially available automated sorters such as the COPAS
Biosort™ allow for high-throughput sorting based on capillary15
based fluorescence- activated cell sorting (FACS) technology .
Although this system has proven successful, it is still a costly
solution for most academic research groups.
To meet the need for cost-effective and efficient worm
sorting, there have been several attempts to deploy
microfluidics which has been broadly used in various C.
16,17
elegans based studies
. Rezai et al. used the electrotactic
response to separate worms based on size into two different
18,19
chambers
. The separation was achieved by generating
electrical traps that hindered passage of large worms (L3, L4
and adult) while allowing smaller worms to pass. Similarly,
Maniere et al. used the velocity of C. elegans in an electrical
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field to sort worms based on size (since larger worms would
20
move faster) and movement defectiveness . With the aid of
micropumps as barriers in multiple parallel channels, Han et
21
al. also used electrotaxis in separating worm sizes based on
the speed by which these barriers were overcome. Research
studies have also shown that worms exhibit an angular
22
movement in electrical field . Wang et al. employed this
feature to sort worms based on developmental stages into fanlike microfluidic channels. However, studies have shown that
electric fields have a negative impact on C. elegans due to the
19,20
effect on the animal’s motility
. Other non-electrical
23–25
techniques have also been developed for sorting worms
.
26
Studies have shown that flowand pressure-based27
filtrations can be used to obtain relatively high-throughput
sorting (130-300 worms/min.) compared to electrotaxis.
Although high sorting efficiencies of ~85 - 98% were reported,
the drawbacks included a fixed geometry of the flow-based
filtration that necessitates different device for each
developmental stage, while the pressure-based method could
not be used for high-throughput sorting due to clogging of the
tunable sorting channel. Also, some studies have reported the
use of fluorescence labeling for worm detection and sorting28.
However, its throughput was limited to 60 worms/min, and
fluorescence labeling may affect activities of proteins and
behavior of C. elegans. Moreover, the majority of the
microfluidic techniques have focused on sorting of larvae and
adult worms rather than that of eggs for synchronization.
In this study, we propose the use of a simple microfluidic
spiral chip for efficient and high-throughput isolation of C.
elegans eggs from a mixed population for synchronization. The
spiral chip utilizes inertial lift and drag forces to extract eggs
within a microfluidic spiral channel and circumvents the use of
a mechanical filter. Thereby, it eliminates clogging issues that
have been one of the major challenges encountered by
conventional filtration techniques. So far, the spiral chip-based
sorting method has successfully been used for cell
separation29, but still remains unexplored for sorting of
multicellular organisms. The only study on the inertial fluidicsbased sorting of multicellular organisms has been reported in a

straight channel with expansion regions to sort Euglena gracilis
30
by size . The principle of the spiral chip-based sorting
technique has been extensively studied for both straight and
31
curved channels . The incorporation of curvature within
inertial systems results in the generation of cross-sectional
drag forces that are perpendicular to the flow direction. This
secondary force, known as the Dean drag force, causes
particles to move within a secondary vortex (Dean vortex). The
combination of the inertial and Dean forces results in focusing
of particles to a lateral position based on the size of the
31
particle . The distance between the equilibrium positions
determines the focusing resolution. Trapezoidal cross-sectional
channels have been proven effective to widen this distance
between equilibrium positions, as demonstrated in separating
circulating tumor cells (CTCs) from the blood of patients with
cancer29.

Materials and Methods
Device Design and Fabrication
The spiral chip has been used for the separation of cells, in
32
particular, Chinese Hamster Ovary (CHO) cells . The size (17 –
18 µm) of these cells are similar to C. elegans eggs (~24 µm),
as such, a similar geometry was adopted. The spiral
33,34
microfluidic chips were fabricated by soft lithography
using
Polydimethylsiloxane (PDMS). The mold was made of
aluminium and fabricated using conventional micro-milling
process. The PDMS spiral chip was bonded onto a glass slide.
The cross-section of the spiral channel has a trapezoidal shape.
As can be seen in Figure 1, the width of the channel is 1000 µm
with a height of 160 µm on the outer side and 220 µm on the
inner channel side. A trapezoidal cross-section with deeper
inner wall results in stronger vortices in the inner channel side
relative to the outer side which results in particles, with sizes
35
between 5 to 25 µm, being focused in the inner side . The
formation of the stronger vortices tends to reduce the impact
of flowrate on the sorting. Spiral chips with geometries of

Figure 1: Schematic of the spiral chip device with two cross-sectional views showing a mixture of eggs and worms in the first loop (section I) and after inertial
fractionation (section II). Eggs are focused along the inner wall while most of the worms are focused close to the outer wall. The inner outlet of the PDMS spiral chip
is used to collect eggs, and the outer outlet for L1 and L4.
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C. elegans maintenance
All experiments were carried out using wild-type (N2
strain) worms. The C. elegans was cultured on standard
nematode growth medium (NGM) seeded with bacteria,
Escherichia coli (OP50). Worms were grown for 2-3 days till
there were sufficient numbers of eggs and adults on the plate.
To prepare each developmental stage group, 20% sodium
hypochlorite treatment was carried out following standard
13
procedure and eggs were collected . Eggs were allowed to
hatch at room temperature and arrest at L1 stage.
Subsequently, L1 worms were cultured on agar plate with
OP50 at room temperature and left to reach L4 stage after 28
36
hours . L4 larval stage was washed with M9 buffer three
times to eliminate bacteria residues, and then diluted to the
37
desired concentration .

Test sample preparation
Three test samples of worm population were used for the
sorting experiment. The first test sample contained a single
population of eggs, L1, or L4. The second test sample was a
mixture of two developmental stages (eggs+L1, eggs+L4, and
L1+L4). The last test sample was a mixture of all three
developmental stages (eggs+L1+L4). During the sorting
experiment, a concentration of ~7 organisms/ 10 μL and total
injection volume of 5 mL was maintained for each
developmental stage.

Experimental set-up
The spiral microfluidic device was placed on an inverted
microscope (Nikon, Ti-E), equipped with a high-speed camera
(Phantom V711 Camera, Vision Research). Each test sample
was loaded into a 5 mL syringe and pumped into a spiral chip
using a syringe pump (Harvard Apparatus PHD 2000) at a flow
rate of 1 mL/min up to 10 mL/min. Prior to testing, the syringe
was shaken 2-3 times to ensure a uniform worm concentration
in the M9 buffer solution. Sample collection started from the
inner and outer outlets after waiting for 20 seconds of
pumping. During the experiment, the bifurcation point and
first loop of spiral was monitored to study the lateral positions
of each organism across the spiral channel. High-speed videos
images were taken at a rate of 11,000 fps and 4X
magnification. To quantify the number of eggs and worms
after sorting, 6 droplets with a volume of 10 µL were sampled
from the collection tubes to calculate the average number of
population from the outer and inner outlets separately. The

number of organisms was manually counted under a
stereoscope (Leica M125). In total, 18 droplets were taken
across three spiral chip devices and the average number was
calculated. In order to quantify the sorting result, we used two
performance metrics. The sorting efficiency (SE) was defined
as the ratio of the number of organisms (eggs or worms) in the
desired outlet to the total number of organisms collected from
both channels.
 =

# 
# 




      
   
 
  

The sample purity (SP) was calculated as a ratio of the
number of sorted eggs to the total number all organisms from
the inner outlet. The equation for the calculation of this metric
is shown below:
 =

# 
#   

        
        

More detailed calculation methods for each test sample are
listed in Supplementary Information.

Viability Assay
Viability assay was carried out on worms (L4) and eggs
sorted at the upper limit of flow rate in the study, 10 mL/min.
Eggs and L4 worms were collected from the inner and outer
outlets, respectively. After seeding on NGM plates with OP50,
their growth was observed for three days. Pictures were taken
using a CCD camera (LEICA MC170 HD) mounted on the
stereoscope (LEICA M125). The reproductive (egg count) and
locomotory (velocity, number of bends and amplitude) fitness
of collected L4 worms were observed using the protocol in
38
wormbook .

Results and Discussion
A major factor that determines the possibility of a particle
to be focused in a spiral channel is the confinement ratio, CR.
The CR is applicable to both linear and curvilinear
microchannels, and is the ratio of the particle diameter, a, to
the hydraulic diameter of the channel, Dh. Typically, in order to
29
focus a particle, the ratio has to be CR ≥ 0.07 . Recent studies
have shown that particles can be categorized into three
modes: focusing mode (CR ≥ 0.07), rough focusing mode (0.01
39
< CR < 0.07), and non-focusing mode (CR < 0.01) . The
hydraulic diameter, Dh, is given by 4A/P where A is the area
and P is the wetted perimeter of the channel cross-section.
Since Dh of the trapezoidal channel is 319 µm, the minimum
particle diameter has to be a > 22 µm. C. elegans eggs have an
oval shape with an average hydraulic diameter of ~24 µm,
while L1 and L4 show a deformable rod-like shape with a
length of 250 µm and 650 µm, and hydraulic diameters of ~26
µm and 61 µm, respectively. All the three organisms
theoretically fulfill the minimum CR requirement (> 0.07) and
can be focused in a spiral channel.
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Figure 2: Physics of inertial focusing of C. elegans eggs and worms in the slanted microchannel. a) Schematic of inertial focusing in different channel geometries. (i) In a straight
channel with trapezoidal cross-section, randomly dispersed eggs/worms focus on equilibrium lines where shear gradient and wall-induced lift forces are in balance. (ii) In the
same microchannel, rotation induced lift force propels eggs/worms to the wall center. (iii) By adding a curvature to the straight microchannel, the secondary flow is induced,
which forms two counter-acting vortices. FLS: shear gradient lift force, FLW: wall-induced lift force, FLΩ: rotation-induced lift force, FDD: Dean drag force. (b) Contours of tangential
velocity at the last loop of the spiral microchip at 9 mL/min based on a numerical simulation using ANSYS-Fluent®.

As shown schematically in the straight (i, ii) and curved
trapezoidal cross sections (iii) of Figure 2a), the curvature
results in a secondary flow initiated by centrifugal force. The
direction of the secondary flow is always towards the outer
side in the middle of the channel thereby focusing the
organisms along the sidewalls. The horizontal component of
shear gradient lift force, FLS, near the inner wall is in the same
direction as the reversed secondary flow (i.e. from the outer to
the inner side near the top and bottom walls, Figure 2a-iii) in
the curved channel. Hence, eggs approaching the inner wall
through the reversed Dean flow are also forced by the FLS.
However, once eggs reach the inner wall region, they cannot
follow the secondary flow anymore as Dean drag force, FDD, is
opposed by FLS near the middle of the channel. Therefore, eggs
focus near the inner region. On the other side, FLS pushes the
worms which approach the outer wall through the secondary
flow (i.e., near the middle of the cross-section) but balances
the reversed FDD (i.e. near the top and bottom walls as shown
in Figure. 2a-iii), and thus, the worms retain their focusing
position near the outer wall. Note that the magnitudes of
FLS and FDD depend on the shape and size of eggs and worms,
and are the dominant force components. The computational
simulation using ANSYS Fluent proves the secondary flow
pattern in the cross-section of the spiral channel, as shown in
Figure 2b).
For inertial focusing, a minimum length is required to let
the inertial lift forces take effect40. Therefore, the
microchannel has to be long enough to meet this requirement.
Moreover, Dean number, De, in a spiral microchannel changes
continuously as the radius of curvature, R, varies with length.
As a result, the magnitude of FDD, which is a function of De,
alters in different loops of the microfluidic device. In a curved
channel, the magnitude of Dean flow velocity is much smaller

than main flow velocity29. For instance, Figure 2b) shows that
the maximum value of the secondary flow velocity at 9 mL/min
is 0.14 m/s which is much less than the average velocity of the
main flow at this flow rate, that is 1.58 m/s. This difference
between the order of the magnitude of the primary and
secondary flows imposes a stricter condition on the
microchannel length such that suspended objects have enough
time for a complete lateral migration. In practice, after
particles focus, they gradually migrate in different loops of the
channel until they reach their final destination where FDD and
net inertial lift force are in balance.
The estimated net lift and Dean drag forces at 6 mL/min
are: 0.0474 nN and 8 nN (eggs); 0.06 nN and 8.4 nN (L1); and
1.88
nN and 20.09 nN (L4), respectively (see the calculation in
Supplementary Information). The ratio of the Dean drag force
to net left force is similar for eggs and L1 while for L4 is about
one order of magnitude smaller. This similarity of eggs and L1
makes it difficult to sort out L1 from eggs, however, L4 can be
sorted out, with relative ease, from a mixed population
(eggs+L1+L4).

Sorting of 1 developmental stage
Using the PDMS spiral chip, as shown in Figure 3a), we ran
a sorting experiment using a single population consisting of
only eggs, L1 and L4 first. The high-speed camera images
clearly demonstrated different focusing positions of each
developmental stage in the spiral channel. At relatively high
flow rates above 1 mL/min, C. elegans eggs migrated towards
the inner wall of the spiral channel, while larger L1 and L4
worms became focused along the outer wall of the spiral
channel.
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Figure 3: Sorting of a single population in a spiral chip. (a) Optical images of eggs, L1- and L4-stage worms. A single population of these organisms enters the PDMS device for highthroughput sorting. Eggs exit through the inner outlet while L1 and L4 worms exit from the outer outlet. (i) High-speed camera image shows an egg sorted into the inner outlet at 5
mL/min. The eggs highlighted with the dotted circles were already focused close to the inner wall in the second-last channel. (ii) High-speed camera image shows a L1 worm flowing
into the outer outlet at 5 mL/min. (iii) High-speed camera image shows a L4 worm sorted into the outer outlet at 5 mL/min. (b) Characterization of the spiral chip-based sorting
process for eggs in the inner outlet, and for L1 and L4 in the outer outlet. The average SE for eggs, L1 and L4 at the flow rates between 5 and 10 mL/min was 97%, 88% and 92%,
respectively.

The high-speed camera images suggested a highly
deformable structure of the C. elegans worm while flowing in
the spiral channel. It showed either a coiled, sinusoidal or L
shape. This variation in shape was more pronounced in L4
larva as it has a large aspect ratio (~ 20:1). Consequently, the
impact of the net inertial lift force and Dean drag force on the
worms, even from the same developmental stage, may greatly
vary depending on their shapes. Also, due to the tapered rodlike shape of the worms, longitudinal segments along the body
of the worm could undergo lift forces with different
magnitudes which can induce an uncertainty in the sorting
process of L1 and L4.
A quantitative analysis of the sorting results in the case of a
single population (eggs, L1 and L4 separately) is shown in
Figure 3b). The count of eggs and worms used for this analysis
is provided in Figure S2 of Supplementary Information. The
result in Figure 3b shows that SE for eggs is 97% on average
across the flow rates between 5-10 mL/min. In the case of L1
and L4, SE significantly increases from 70% at 1 mL/min and
78% at 2 mL/min (see Figure S3 in Supplementary Information)
to 93% for both at 9 and 10 mL/min. This improvement can be
explained by the increasing centrifugal force in the spiral
2
channel according to Fcent α v , as defined in Supplementary
Information, where Fcent is the centrifugal force and v is the
tangential velocity in a curved channel. Compared to L4, L1 has
a lower SE with an average of 88% across the flow rates mainly

due to its smaller size. Overall, SE of L1 and L4 improved at
flow rates above 5 mL/min. For this reason, the subsequent
sorting experiments were conducted between 5 and 10
mL/min.

Sorting of 2 developmental stages
When sorting a mixed population of two different
developmental stages such as eggs and L1 or L4, L1 and L4
worms were sorted out through the outer outlet, while most
of the eggs were found in the inner outlet at a flow rate of 5
mL/min. In both cases, L1 and L4 were already focused to the
outer wall in the last spiral loop before reaching the bifurcated
section. In order to estimate the point at which the organisms
are focussed along the spiral chip, videos were taken at
particular points (indicated by section A-A in figure 4a)
including the inlet. The channel was divided into five
segments, each of 200 µm width, and the number of
organisms passing through each segment was counted. Figure
4a shows the proportional distribution of the eggs and L4
within the channel at the inlet, third and sixth loop of the
spiral channel at a flowrate of 5 mL/min. The 3D wall plot
shows that there is a random distribution of eggs and L4
worms across the channel near the inlet initially. However,
further along the channel at the third loop (R6), the eggs and
worms are focussing towards the inner and outer walls of the
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Figure 4: Spatial distribution of eggs and L4 with the channel at flowrate of 5 mL/min. a) On the left, the schematic diagram of the spiral chip depicting regions of the channel
observed during the separation of eggs and L4 worms. The plot of inlet organism distribution shows a random distribution of eggs and L4 within the channel. Further down the
path of the spiral chip, within the third loop (R6), organism focusing has commenced. The larger fraction (almost all) of the eggs has been focused towards the inner half (0 – 200
µm) of the channel while most of the L4 worms flow along the outer half (600 – 1000 µm). Within the last loop (R12), there is a clear distinction in the position of most of the
organisms. Eggs have been focused to the inner wall (0- 200 µm) and L4 worms along the outer wall (800 – 1000 µm). b) Optical images of the showing captured cross-section of
the (i) inlet, (ii) inner three loops and (iii) outer three loops. The dashed and solid lines indicate location of eggs and L4 worms, respectively, within the channel. The scale bar is
500 µm

channel respectively. Within this loop, the eggs almost all
focused to the inner wall while the worms are still being
focussed. In the sixth loop (R12), just before the outlet, two
distinct peaks are observed indicating the focussed eggs and
worms. This result implies that at least 3 loops are required to
observe separation of the eggs and L4 worms. The optical
images of these sections are shown in figure 4b. The complete
spatial distribution of cross-section A-A can be found in Figure
S4 in the Supplementary Information. As discussed in the
previous section, the worms took up different shapes and
orientations within the channel. The observed orientations
were C-shape or Ω-shape and no particular orientation was
predominant. Some worms even changed their orientation
using their muscle forces, adding more complexity to the
sorting process. The sorting of eggs from mixture with L1 or L4
is shown in Figure 5a, b. (see video S1 for sorting of L1+eggs
and video S2 for sorting of L4+eggs in Supplementary
Information).
With the both mixtures, SE above 93% was achieved within
a flow rate range of 5 – 10 mL/min, except for 10 mL/min. In
the case of sorting between L1 and eggs, SP was 84-94%
(Figure 5c). For the sorting of L4 and eggs, SP was higher with
94-97% (Figure 5d), probably due to the significant difference
in size between these two developmental stages. Especially, at

a flow rate of 6 mL/min, the highest SE of 99% and 97% was
obtained for sorting eggs from L1+eggs and L4+eggs mixtures,
respectively. In terms of sample purity, SP of 89% for L1+eggs
and 97% for L4+eggs were achieved. The count data are shown
in Figure S5 and S6 of Supplementary Information. This result
implies that a throughput of ~4200 organisms/min is possible
17
with high sorting accuracy which is the highest reported . The
throughput of ~4200 animals/min was calculated by
multiplying the injection sample concentration (~7
organism/10 µL) by the optimum flowrate of 6 µL/min.
While the current spiral chip allowed high sorting efficiency
and purity for C. elegans eggs, a complete separation between
L1 and L4 was not possible. The highly deformable rod-like
shape of C. elegans as well as its random orientation, partly
due to its muscle actuation, added spatiotemporal
uncontrollability to the sorting process. In addition, the
estimated lift and Dean drag forces of 0.05 – 20 nN, are far less
41
than the muscle force exerted by C. elegans (5 – 25 µN) . As a
result, the inertial forces are ineffective in sorting two or more
worm developmental stages due to significantly stronger
muscle force of the worm. For a mixture containing only L1
and L4, for instance, 17% and 7% of L1 and L4, were collected
from the inner outlet at 5 mL/min-10 mL/min, respectively
(see Figure S7 in Supplementary Information). This result
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number of L1 from the inner outlet was ~10 times higher than
L4, corresponding to the two-fold increase in concentration.

Viability Assay

Figure 5: Inertial sorting results for a mixture of two different stages. a) High-speed
camera image shows a separation of eggs from L1 into the inner outlet at 5 mL/min.
b) High-speed camera image shows a separation of eggs from L4 into the inner
outlet at 5 mL/min. The worms took up random shapes (straight or coiled) when
flowing into the outer outlet. c) Characterization of the spiral chip for sorting eggs
from L1+eggs. d) Characterization of the spiral chip for sorting eggs from L4+eggs.

implied some degree of separation between these two stages
as a larger percentage of L1 was sorted out from the inner
channel than L4. A further optimization of the device geometry
based on computational modeling could further improve the
sorting accuracy between the different larval stages.

Sorting of 3 developmental stages
Even for a mixture containing all three developmental
stages, the sorting accuracy remained comparable, as shown in
Figure 6a). (see high-speed camera video S3 in Supplementary
Information). With respect to the inner outlet, the count of
organisms showed average SE of 98% and a maximum of 100%
at 5 mL/min. SP varied between 78% (8 mL/min) and 86% (6
mL/min), as shown in Figure 6b). Analysis of the worm count
indicated that the number of L1 was ~5 times higher than L4
among the collected worms from the inner outlet, 16% vs. 2%
(see Figure S8 in Supplementary Information). This result
agrees with the observation made earlier that the similarity
between L1 and eggs in hydraulic diameter makes a sorting of
the both developmental stages more challenging than of L4
and eggs.
When doubling the concentration of the mixed population to
~14 organisms/10 µL, SE and SP of the eggs averaged 95% and
80%, respectively (see Figure S9 and video S4 in
Supplementary Information). Both values were slightly lower
than those obtained at ~7 organisms/10 µL. This finding
implies that the sorting efficiency in a spiral chip is dependent
on the concentration of the worm suspension similar to the
cell separation. This shows a trade-off between concentration
and performance (SE and SP). As for the count of worms, the

Figure 6: Sorting of three different organisms, eggs+L1+L4, at two different
concentrations, ~7 organisms/10 µL and ~14 organisms/10 µL. a) High-speed camera
image shows sorting of eggs from L1+L4+eggs into the inner outlet at 5 mL/min and ~7
organisms/10 µL. L1 and L4 flow into the outer outlet. b) Characterization of the spiral
chip in terms of SE and SP for sorting eggs from eggs+L1+L4 mixture at a concentration
of ~7 organisms/10 µL. c) High-speed camera image shows sorting of eggs from
L1+L4+eggs into the inner outlet at 5 mL/min and ~14 organisms/10 µL. L1 and L4 flow
into the outer outlet. d) Characterization of the spiral chip in terms of SE and SP for
sorting eggs from eggs+L1+L4 mixture at a concentration of ~14 organisms/10 µL.

worms grew to adults and laid eggs (Figure 7). According to
our visual inspection, the worms did not show any
morphological changes, or a decrease in their motility,
viability, and reproduction. A comparison of the reproductive
fitness of the worms not subjected to the spiral chip and those
passing through the spiral chip showed that there was no
significant difference in the number of eggs laid by the worms
under either condition. This was done by physically counting
the number of progeny 48 hours after collection from the
spiral chip. The student t-test was used to analyse the data
with p > 0.05. In addition, locomotory behaviours (velocity,
bends count and amplitude) of both categories of worms were
studied and no significant difference in these behaviours were
observed. Details of these data can be found in figure S10 in
the Supplementary Information.
However, there might be changes on the gene expression
level as worms experience a high g-force in the spiral channel.
The G-force estimated was 8 g at 10 mL/min (See details of gforce estimation in Supplementary Information). According to
a study conducted on the effect of space radiations on the
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The viability assay showed the ability of organisms to grow
to the adult stage and reproduce normally. Eggs grew to adults
within three days at room temperature. Likewise, L4-stage
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Figure 7: Viability assay of C. elegans worms and eggs after sorting at the highest flow rate of the experiment (i.e., 10 mL/min). The collected eggs and L4 were
observed for three days. The viability assay shows the ability of both eggs and L4 to grow to the adult stage and lay eggs.

nematodes, there have been changes in the genes expression
42
levels associated with a high G-force . The G-force has a
square dependence on the flowrate (Q) and channel cross-1
sectional area (A ) and these parameters can be used to
reduce the g-force. For instance, a decrease in flowrate by half
to 5 mL/min would reduce the g-force to 2 g. Future studies
will be conducted to investigate this aspect more in-depth.

outlets and fluid split ratios at the outlet can be further
optimized to enhance the sample purity.
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organisms/min with high accuracy above 95% can be achieved
for size synchronization without chemical bleaching and
mechanical filtering. Using the high-speed camera, we
observed random and sometimes changing shapes of the
worms during the sorting process, which poses a challenge to a
precise control of the sorting process for larval stages. A
computational modeling of the C. elegans worm with its
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channel of different geometries could provide a potential
solution for sorting all developmental stages at high precision.
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