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High-throughput age synchronisation of Caenorhabditis elegansw

Xavier Casadevall i Solvas,
a
Florian M. Geier,

b
Armand M. Leroi,

b
Jake G. Bundy,

b

Joshua B. Edel
a
and Andrew J. deMello

c

Received 7th July 2011, Accepted 20th July 2011

DOI: 10.1039/c1cc14076k

We present a passive microfluidic strategy for sorting adult

C. elegans nematodes on the basis of age and size. The separa-

tion mechanism takes advantage of phenotypic differences

between ‘adult’ and ‘juvenile’ organisms and their behaviour in

microfluidic architectures. In brief, the microfluidic device allows

worms to sort themselves in a passive manner.

Caenorhabditis elegans is a model organism used in many

areas of biology. It is a soil nematode that undergoes all

multicellular biological processes: embryogenesis, growth,

reproduction, ageing and death. It is small in length (B1.2 mm),

has a short generation time (2–3 days) and a short lifespan

(2–3 weeks). It has exactly 959 somatic cells, and the complete

cell lineage is known. The complete genome is available, and

50–80% of its genes have human homologs. It is also cheap

and easy to grow in large numbers. For these reasons is has

been widely used in genetic analysis and, more recently,

in biological chemistry.1 These features have also made

C. elegans a primary model for ageing biology.2,3 Such studies,

which require age-synchronized worms are, however, signifi-

cantly complicated by the worm’s biology: it grows and

reproduces so quickly that successive generations of offspring

become mixed up with adults in a matter of days.4 Several

methods for isolating the large number of adults needed for

transcriptomic, proteomic and metabolomic studies have been

used: manual picking, genetic or chemical sterilization,5 and

mechanical sorting using a FACS-based device, the COPAS

Biosorter (Union Biometrica, Holliston, MA).6 Each of these

approaches has major drawbacks: manual picking is tedious,

sterilization perturbs the animal’s biology and the Biosorter is

both complex and expensive.

Recently a number of studies have demonstrated the poten-

tial utility of microfluidic systems as basic tools in the analysis

of C. elegans. These have important advantages since they

allow the precise control of environmental conditions at the

microscale (down to the single worm level). For example

Chronis et al. have utilised microfluidic devices to deliver

specific stimuli and record sensory neuronal and behavioral

responses in C. elegans.7 Hulme and co-workers developed

arrays of connected microfluidic traps to automatically isolate

and immobilize hundreds of worms for both imaging and

microsurgery.8 Finally, Samara et al. reported the fabrication

of a microfluidic platform for immobilization and high-speed

laser surgery of C. elegans.9 Importantly, the authors further

demonstrate successful screening of phenotypic features at

subcellular resolution in physiologically active animals.

Although, these and other studies demonstrate significant

utility in phenotypic studies of C. elegans, most aim to isolate

or immobilize worms under precisely defined conditions for

surgery, sub-cellular imaging or life-span studies. Unfortu-

nately, they are unsuited for age synchronisation of bulk

populations of worms. For this reason, we propose and have

developed a passive microfluidic platform able to sort large

numbers of adult worms from larvae in mixed populations,

and on short timescales.

The basis of our approach is presented in Fig. 1. Fig. 1a

illustrates a ‘‘blank’’ microfluidic device containing three inlets

and a single outlet. The presence of inlets 2 and 3 (in addition

to inlet 1 that is used for loading a mixed population of

worms) allows for the control and diversification of environ-

mental gradients (such as chemicals or food supply) in the

‘‘body’’ of the device, as well as for fine-tuning of the flow

field, by manipulation of the relative flow rates (illustrated in

Fig. 1b and c). The device body contains different micro-

structured architectures aimed at testing a diversity of sorting

strategies. These can include pillar arrays, pools and ‘‘smart’’

filters and mazes (Fig. 1d). Finally, the area preceding the

single outlet is divided into six sorting channels that allow the

observation and characterization of the separation perfor-

mance. We aim to sort worms such that, in an ideal case, all

adults will pass through sorting channel 6 and all larvae

through sorting channel 1.

The characterization and quantification of sorting efficiency

makes use of Receiver Operating Characteristics (ROC)

analysis.10 A ROC analysis of a diagnostic test plots the true

positive rate (or sensitivity) against the false positive rate

(1-specificity) for different cut-off points (sorting channels in

our case). Each point on a ROC curve represents a sensitivity/

specificity pair corresponding to a particular decision

threshold. In basic terms the ROC curve describes the relative
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trade-offs between true positive (benefits) and false positive

(costs). Adults that exit the device through a sorting channel

designated for adults (in most cases channel 6) are counted as

true positive sorting events. If, however, larvae exit through a

sorting channel designated for adults, they are classified as

false positives. The true positive (tp) rate of a given sorting

channel is defined as the sum of adults leaving through this or

any higher number sorting channel divided by the sum of all

sorted adults. The false positive (fp) rate at a certain outlet,

however, is the total number of larvae that exit through this

sorting channel and all channels of higher number divided by

the sum of all sorted larvae. Exemplar ROC curves are shown

in Electronic Supplementary Information: Part 0w. As a general

rule, if the tp-rate increases (generating a higher yield) a higher

fp-rate can in principle be accepted. Using this method, the

separation efficiency for the microfluidic device can be easily

assessed and characterized over the full width of the device.

An absence of separation is given by a curve with a y-intercept

of 0 and a gradient of 1. In general, there is a trade-off between

the true positive and false positive rates. Therefore our aim is

to ensure the ROC curve is as concave as possible, with points

clustered at the top left hand side (where the true positive rate

is 1 and the false positive rate is 0). Such a curve represents a

device that sorts the population in two with adults, and only

adults, emerging from some channels and larvae, and only

larvae, emerging from others.

We tested several passive, sorting strategies aimed at

exploiting phenotypic differences between adult worms and

larvae. These strategies were based on the tendencies of worms

to exhibit tactic movement in response to various stimuli (such

as chemicals or food)11 and the higher performance of adults

to crawl or swim in certain environments.12 Specifically, our

aim was to design a passive microfluidic sorter that would

have an adult true positive rate in excess of 90%, a false

positive rate (or fraction of larval contamination) less than 2%

and a minimum throughput of 100 worms per minute. The test

devices were fabricated in PDMS (as described elsewhere) and

contained channels 150 mm high (unless otherwise specified).13

Separation performance was monitored by video imaging.

An initial strategy involved implementation of a series of

barrier-filters of varying size, so that in theory only small

swimming larvae should be able to pass through, thus

achieving separation based purely on size (see Electronic

Supplementary Information, Part 1w). Unfortunately, it was

observed that swimming adult worms had a tendency to

squeeze through gaps smaller than their body diameter. The

deformable nature of both the chip material and the worms

ensured this happened on a regular basis and meant that adult

worms could penetrate all sorting barriers. We therefore

decided to exploit this effect with a new set of ‘‘smart’’ filters,

which consisted on placing a set chambers separated by rows

of pillars in such a way that only adult worms interacting with

one row of pillars would be able to access the next row, and

thus progress to the next chamber. Unfortunately adults

lingered in the device, dramatically reducing throughput.

An alternate approach consisted of building chambers, or

‘‘pools’’, and to rely strictly on the superior swimming perfor-

mance of adult worms over larvae for the separation. Minimal

separation was observed in experiments carried out in pools

that lacked attractants (based on NaCl and E. Coli). The use

Fig. 1 (a) Conceptual microfluidic sorter with 3 inlets, a ‘‘body’’ for

the separation strategy, six sorting channels and a single outlet; (b)

schematic of an environmental gradient generation; (c) pathways of

non-diffusive particles (streamlines): red lines correspond to fluid-flow

from inlet 1 only, which expands to fill the entire body of the device

and exits through all channels. Blue lines show the ‘‘squeezing’’ of the

flow from inlet 1 (solid), which exits through the first sorting channel

only when enough fluid flows through inlets 2 and 3 (dashed). (d)

Different sorting strategies tested: pillar arrays, pools and ‘‘smart’’

filters and mazes.

Fig. 2 ‘‘Smart’’ maze concept. Inset 1: Adult worms easily reorient

and progress towards the desired direction. Inset 2: Larvae are flushed

out in the direction of the flow-field. Inset 3: Dimensions of the most

successful design tested. Inset 4: ROC curve of an experiment with a

throughput of 200 worms min�1, 94% adult recovery and 0.2% larvae

contamination.
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of attractants was observed to increase the separation efficiency,

but not to the levels required (see Electronic Supplementary

Information: Part 2w).
To this end, pillar arrays were introduced to the body of the

device (see Fig. G in Electronic Supplementary Information 3w).
Using such structures, it was expected that separation effi-

ciency could be optimized through control of pillar spacings.

For example, if spacings were small enough to allow large

adults to crawl in between, but large enough to ensure larvae

could only swim, control of volumetric flow rates should allow

larvae to be preferentially flushed through the device. This

approach proved broadly successful; if pillars were close

enough together the device functioned as a filter, relying on

the observation that adult worms infiltrated small gaps

and avoided open areas that only allowed them to swim (see

Movie 4 in Electronic Supplementary Information 3w).
Unfortunately, since adult worms accumulated within the

high-density pillar regions, devices were prone to blockage

and isolation of adults after larvae had been flushed through

was laborious and time-consuming. If, however, the inter-

pillar spacings were made larger, worm aggregation could be

avoided and rapid crawling was observed, as has been

previously reported.14 However, even with the use of attrac-

tants (to ‘‘lure’’ adult worms towards sorting channel 6) worm

orientation was a problem. Despite the fact that only large

adults were able to reach the sorting channel 6 and larvae were

consistently collected through sorting channels 1 and 2, an

unacceptably high proportion of adult worms exited through

the same channels as the larvae. This was so because adults

could easily reorient and they crawled very rapidly: hence

many ill-aimed worms quickly exited the device from unde-

sired sorting channels (together with the larvae). Therefore,

the efficiency of this strategy was poor as well (see Electronic

Supplementary Information: Part 3w).
Based on all of the prior observations, a final device itera-

tion incorporated what we termed ‘smart mazes’’ (Fig. 2).

Such devices lacked pillar structures and consisted of a network

of intercommunicating channels. Channel structures were

divided into two subgroups: main channels and interconnecting

channels. The former describes channels of a particular width

that did not allow worms to crawl effectively. The main

channels were also oriented at 451 to the long axis of the

device and directed towards sorting channel 6. This configura-

tion had two beneficial effects. First, large adult worms were

naturally oriented towards the desired outlet. Second, if

worms attempted to crawl in the opposite direction the

combined effects of drag force from the flowing fluid and the

difficulty in crawling within these channels prevented them

from progressing towards the undesirable direction, i.e.

toward sorting channel 1 (Fig. 2, inset 1). The interconnecting

channels act to separate larvae whilst preventing adult worms

diverting from their desired path. They were used to connect

adjacent main channels at regularly spaced intervals along their

length. Importantly their outlets discharged into the lower

adjacent main channel but were shifted with respect to the next

set of interconnecting channels inlets, hence preventing worms

from progressing in the wrong direction (Fig. 2, inset 1). The

width of each interconnecting channel increased as a function

of distance along the main channels they connected, with their

inlet diameters being larger than the outlet diameters. These

dimensional variations had two primary purposes: first to

allow larvae to be manipulated in the direction of the flow

field and second, to avoid rapid flows around the inlets that

could potentially ‘‘suck in’’ large worms. Sufficient ‘‘squeezing’’

of the flow of worms (by operation at high volumetric flow

rates through inlets 2 and 3) guaranteed that the vast majority

of non-crawling, swimming larvae exited from sorting

channels 1 and 2 (Fig. 2, inset 2). It is also noted that

interconnecting channels were designed to smoothly curve

away from the main channel, to hinder large adults from

crawling in. The repetition of this channel structure through-

out the device, allowed worms that ‘‘lost their way’’ to find it

again, and thus efficiency was increased.

The dimensions of the microfluidic device that yield the best

separation of mixed worm populations are presented in Fig. 2,

inset 3. Fig. 2, inset 4 shows a representative ROC curve

obtained using this sorter. Worms were introduced through

inlet 1 at 20 mL min�1, with buffer being introduced through

inlets 2 and 3 at 30 mL min�1. In this experiment, in excess of

94% of adult worms were separated from larvae, with only

0.2% of larval contamination. Analytical throughput could be

controlled through variation of the worm suspension density

and relative flow-rates. However, as a rule of thumb, between

two and three hundred worms per minute could be processed

with no significant loss in efficiency. Under more extreme

conditions, a throughput of up to 1200 worms min�1 could

be realised, although this increase was accompanied with a

reduction in adult recovery efficiency (see Electronic Supple-

mentary Information: Part 4w). It is significant to note that

these results provide for an analytical throughput of between

2.9 � 105 and 1.73 � 106 worms per day. This is significantly

higher than any manual or automated approach previously

reported. Such throughput combined with the high levels of

adult recovery (and minimal levels of larval contamination)

define a new paradigm for the maintenance of synchronous

populations for a diversity of experiments in ageing science.

Notes and references

1 S. E. Hulme and G. M. Whitesides, Angew. Chem., Int. Ed., 2011,
50, 4774.

2 S. Fuchs, J. G. Bundy, S. K. Davies, J. M. Viney, J. S. Swire and
A. M. Leroi, BMC Biol., 2010, 8, 14.

3 C. J. Kenyon, Nature, 2010, 464, 504.
4 J. Gruber, S. K. Poovathingal, S. Schaffer, L. F. Ng, R. Gunawan
and B. Halliwell, Rejuvenation Res., 2010, 13, 347.

5 L. Aitlhadj and S. R. Stürzenbaum, Mech. Ageing Dev., 2010,
131, 364.

6 R. Pulak, in C elegans. Methods and Applications, ed. K. Strange,
Humana Press, 1st edn, 2006, vol. 351, pp. 275–286.

7 N. Chronis, M. Zimmer and C. I. Bargmann, Nat. Methods, 2007,
4, 727.

8 S. E. Hulme, S. S. Shevkoplyas, A. P. McGuigan, J. Apfeld,
W. Fontana and G. M. Whitesides, Lab Chip, 2010, 10, 589.

9 C. Samara, C. B. Rohde, C. L. Gilleland, S. Norton, S. J. Haggarty
and M. F. Yanik, Proc. Natl. Acad. Sci. U. S. A., 2010, 107, 18342.

10 T. Fawcett, Pattern Recognit. Lett., 2006, 27, 861.
11 C. I. Bargmann and H. R. Horvitz, Neuron, 1991, 7, 729.
12 J. Gray and H. W. Lissmann, J. Exp. Biol., 1964, 41, 135.
13 J. C. McDonald, D. C. Duffy, J. R. Anderson, D. T. Chiu, H. Wu,

O. J. A. Schueller and G. M. Whitesides, Electrophoresis, 2000,
21, 27.

14 S. Park, H. Hwang, S.-W. Nam, F. Martinez, R. H. Austin and
W. S. Ryu, PLoS One, 2008, 3, e2550.

Pu
bl

is
he

d 
on

 0
5 

A
ug

us
t 2

01
1.

 D
ow

nl
oa

de
d 

by
 E

T
H

-Z
ur

ic
h 

on
 2

/2
1/

20
19

 1
:4

5:
56

 P
M

. 
View Article Online

http://dx.doi.org/10.1039/c1cc14076k

