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a  b  s  t  r  a  c  t

C.  elegans  is a commonly  used  model  organism  for studying  the basic  mechanisms  of  lifespan  extension
by  dietary  restriction  (DR).  Progress  has  been  limited,  however,  by  the  lack  of  an  automated  system  for
quantitative  analysis  of  this  effect  of bacterial  diet.  In this  work,  multifunctional  logarithmic  gradient-
customizing  microfluidic  device,  which  takes  advantage  of  hydrodynamics,  was  developed  to long-term
maintain  worm  culture  on the  chip  with  parallel  live  imaging  and  generate  logarithmic  concentration
gradient  of bacteria.  We  successfully  employed  this  platform  to  investigate  the  longevity  and  stress
response  of  the  worms  in  response  to  various  concentrations  of bacterial  food.  The results  indicated
that  the lifespan  extension  of  the  worms  was  induced  by DR  when  bacteria  density  was  108 cells  mL−1

and  further  dilutions  would  reduce  the  lifespan,  which  proposed  a new  dietary  restriction  regime  in  C.

ietary restriction
ifespan extension

elegans.  In addition,  imaging  analysis  showed  that DR  regulated  the subcellular  localization  DAF-16  in  a
way  different  from  starvation  that  reduced  lifespan  of the  worms.  The  platform  allows  not  only  horizontal
studies  of  C.  elegans  in  response  to  various  environments  over  a wide  range  of  concentrations,  but  also
multiparameter  evaluation  of  longevity  in the worms  with  high  temporal  resolution,  providing  clues  to
better  understand  the  aging  process  and  help  age-related  drug  screen.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Dietary restriction (DR) can retard aging and increase lifespan
n a wide range of species, including yeast, worms, flies, and mam-

als [1]. Evidences indicate that DR results in several physiological
hanges, such as increased autophagy, increased resistance to a
ariety of stresses, decreased response to nutrient and growth fac-
or, which contribute to its effects on longevity [2,3]. Thus, DR is

ost commonly used method of retarding senescence and reduc-
ng mortality at present. Understanding the mechanism underlying
his environmental intervention on lifespan is of vital impor-
ance [4,5]. Although numerous hypotheses have been proposed to

xplain the extension of DR to longevity, the exact mechanisms of
egulatory role of DR in aging and lifespan is still poorly understood
ue to technical difficulties in precise dietary control.

∗ Corresponding author at: College of Life Science and Technology, Huazhong
niversity of Science and Technology, Wuhan 430074, China.

E-mail address: weidu@mail.hust.edu.cn (W.  Du).

ttp://dx.doi.org/10.1016/j.snb.2017.08.088
925-4005/© 2017 Elsevier B.V. All rights reserved.
The nematode Caenorhabditis elegans (C. elegans) has been a pri-
mary model organism for studying basic mechanisms of aging and
longevity physiology, because of its fully sequenced genome, short
generation time (∼3.5 days at 20 ◦C) and lifespan (2-3 weeks) [6,7].
Several aging-related factors firstly uncovered from studies in C.
elegans, such as the insulin/IGF-1 signaling pathway and the target
of rapamycin kinase, are now well-known to similarly modulate
longevity and aging in mammals [8]. In addition, the worms’ stress
response to diverse environmental cues also plays a similar role
in adjusting lifespan in mammals. Therefore, understanding the
mechanisms responsible for the worms’ response to DR is scien-
tifically interesting and important.

Currently, researchers mainly use genetic and environmental
manipulations to model DR condition to study the effect of food
consumption on lifespan in C. elegans [7,9,10]. In the traditional
methods, mutant worms  (such as eat-2) with decreased feeding
rate is used for genetically mimicking the worms treated with DR

[11,12]. However, this genetic mimic  could have pleiotropic effects
unrelated to DR, which may  interfere with experimental outcomes.
Another method of dilution of the worms’ food was also used for

dx.doi.org/10.1016/j.snb.2017.08.088
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.08.088&domain=pdf
mailto:weidu@mail.hust.edu.cn
dx.doi.org/10.1016/j.snb.2017.08.088


7 ctuato

m
n
g
t
c
t
o
c
w
o
b
w
r
a
w
h
u
m

a
m
y
f
c
m
a
i
d
m
C
e
p
c
g
w
a
e
b
o
H
t
d
t
c
i
f

o
o
c
p
f
p
t
o
i
a
r

2

2

K

36 A. Ge et al. / Sensors and A

imicking DR, in which the worms usually were maintained on
ematode growth medium (NGM) agar plates seeded with a few
rowth-arrested bacteria. To screen optimum concentration of bac-
eria food for modeling DR condition, large number of agar plates
ontaining varying concentration of bacteria are needed. However,
hese traditional methods suffer from several disadvantages for
btaining reliable data. First of all, these methods are rather time-
onsuming due to stepwise dilution of bacteria and transfer of the
orms to new plates every 1-2 days. In addition, the concentration

f bacteria food on agar plate during whole experiments could not
e stably maintained because of the consumption by the worms,
hich make it difficult to compare the data from different laborato-

ies due to inaccurate food control. These agar plate-based methods
lso lack the capability of investigating physiological changes of the
orms in real time, such as chemical stimulation and imaging at
igh resolution. Although important findings have been achieved
sing these DR regimens in C. elegans,  it is necessary to develop a
ore efficient and harmless method for modeling DR condition.
Microfluidic device have been proven useful for the biochemical

nd biological experiments, featuring good transparency, gas per-
eability, biocompatibility and high throughput [13–17]. In recent

ears, microfluidic device has been recognized as a new platform
or fundamental studies in C. elegans because of microchannel’s
omparable dimension to the tiny worms and the versatile use of
icro-flow. “Worm-chip” have successfully used in phenotyping

nd stage screening, nerve system imaging, behavioral dynam-
cs, microsurgery and microinjection [18–27]. Currently, several
ilution micro-devices have been proposed for generating logarith-
ic, liner, and parabolic chemical concentration gradients [28–36].

ompared to traditional methods, microfluidic devices could gen-
rate linear chemical concentration gradient which shown great
otential in studying chemotaxis behavior [22,37–39], screening of
hemotaxis-defective mutants [23,40] and drug screening in C. ele-
ans [20,37,41]. Although these “Christmas tree” mixers had been
ell established and applied to create concentration gradients, they

re not suitable for generating wide-range concentration gradi-
nt, such as 1000 fold dilution. The establishment of wide-range
acterial concentration gradient plays essential roles in screening
ptimal food condition for modeling DR treatment in C. elegans.
owever, there is currently no report on the effect of food concen-

ration on the lifespan of C. elegans in microfluidic device due to
ifficulties in generating large concentrations range and diluting
he bacteria with a low diffusion coefficient. Microfluidic-based DR
ondition modeling in C. elegans should partially automate the stud-
es of DR’s extension of the lifespan, which would be a versatile tool
or worm researchers.

To systematically analyze the short-term and long-term effects
f bacterial food over a wide range of concentrations, we devel-
ped a microfluidic device for establishing on-chip logarithmic
oncentration gradient of bacteria, long-term worm culture, and
arallel live imaging. Gradient of bacterial food supplements with
our orders of magnitude were automatically generated by simply
erfusing two streams into our device. We  employed this platform
o evaluate the effects of a large range of bacteria concentration
n the lifespan of C. elegans. In addition, DAF-16:GFP nuclear local-
zation induced by various concentrations of bacterial food were
lso investigated to better understand the mechanism of dietary
estriction’s effect on the worms.

. Materials and methods
.1. Chemicals and reagents

Reagents of analytical grade including CaCl2, NaCl, Na2HPO4,
H2PO4, K2HPO4, MgSO4, and ethanol were purchased from
rs B 255 (2018) 735–744

Sinopharm Chemical Reagent (Shanghai, China). Pluronic F-127,
fluorescein sodium salt, peptone, tryptone, yeast extract and
cholesterin were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All regents used in our experiment were of analytical grade.
GM 1070 SU-8 negative photoresist was purchased from Gerstel-
tec (Pully, Switzerland). Polydimethylsiloxane (PDMS Sylgard 184)
and curing agent (Sylgard 184) were purchased from Dow Corning
(Midland MI  USA). All solutions were prepared with water purified
by PURIST

®
Systems (RephiLe, Shanghai, China) and were steril-

ized by filtration (0.22 �m microporous membrane filtration) or
by using an autoclave (121 ◦C, 30 min) prior to use. M9 buffer was
obtained by adding 3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl and 1 mL
MgSO4 (1 M)  to 1 Liter H2O. Pluronic F-127 solution was prepared
by diluting 5% (weight/volume) Pluronic F-127 in M9  buffer.

2.2. Worm culture and strains

A single E. coli (OP50) colony was inoculated into 25 mL  of LB
medium (10.0 g of tryptone, 5.0 g of yeast extract and 5.0 g of NaCl
per liter of distilled water) and shaken overnight at 37 ◦C. The sat-
urated bacteria solution was stored at 4 ◦C as the food. C. elegans
were cultured at 24 ◦C in NGM agar plate seeded with OP50. For
all experiments, the worms of wild-type Bristol N2 and transgenic
strain TJ356 [zIs356 IsPdaf-16:daf-16-gfp; rol-6(su1006)]  expressing
a DAF-16:GFP fusion protein in cells were used. These strains were
obtained from the Caenorhabditis Genetics Centre (CGC) at the
University of Minnesota (St. Paul). The worms were firstly synchro-
nized prior to assay for ensuring experimental consistency. Briefly,
five young gravid worms  were placed on a NGM  agar plate seeded
with OP50 and allowed to lay eggs for 4 h. Then these synchronized
eggs were cultured for 2.5 days under standard conditions until the
worms reached the young adult stage.

2.3. Fabrication of microfluidic device

We  fabricated this microfluidic device with two-layer PDMS
structure. As shown in Fig. 1, the top layer (colored red, 5 mm in
thick) containing microchannels (25 �m in height) for controlling
the status of the microchannel in the bottom. The bottom layer (col-
ored blue, 100 �m in thick) containing a PDMS membrane (20 �m
in thick) on the top of microchannels with a height of 80 �m for
worm culture, food delivery and concentration gradient genera-
tion. The microchannels for food delivery and gradient generation
were 200 �m in width. At the end of worm inlet channel there were
some narrow wedge structures with from 100 to 25 �m in width.
The chambers for worm culture were designed with a dimension
of 5 mm in length and 0.5 mm in width (c).

Both layers of PDMS structure were fabricated according to stan-
dard soft lithography and rapid prototyping. Briefly, the bottom and
top layer microchannels were first patterned on two  different sil-
icon wafers by spinning photoresist SU-8TM at heights of 80 �m
and 20 �m,  respectively. The PDMS with mixing ratio of 10:1 was
poured onto the top SU-8 masters to create a top PDMS layer with
high mechanical integrity as usual. The PDMS with mixing ratio of
20:1 was  poured onto the bottom silicon wafer pre-treated with
trimethylchlorosilane vapor, and then spun at 1200 rpm on a spin
coater to fabricate the bottom PDMS membrane with large mem-
brane deflections. After curing at 65 ◦C for 4 h in an oven, these two
PDMS layers were aligned and irreversibly bonded together by oxy-

gen plasma treatment, forming a thin PDMS membrane between
top valves and bottom channels. Finally, the bonded PDMS layer
was peeled off from the silicon substrate and bonded to a glass
coverslip treated by oxygen plasma to form the final device.
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Fig. 1. Microfluidic components of the platform. (a) Picture of the microfluidic device, sizing 24 mm × 50 mm, including two layers structure, which make the device
compatible for fluid control and worms imaging. (b) Schematic representation of the microfluidic device. The bottom layer contains channel network for fluid mixing and
worm culture, which was  indicated by blue color. The top layer contains pneumatic valves for loading and immobilizing the worms in any chamber, which is indicated by red
color.  The whole micro-device contains two  main parts: the gradient generating part and the worm culture/imaging part (highlighted with green dashed line). The gradient
generating part contains the network channels for logarithmic gradient generation. The worm culture/imaging part contains worm culture chambers and upper pneumatic
valves. (c) Zoomed image from the bottom layer of dashed black rectangle in the (b), including a rectangle culture chamber and wedge-shaped channels. (For interpretation
o rsion of this article.)
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Fig. 2. The mathematical modeling of the microfluidic circuit network generating
a  10-fold log serial dilution. Details of each parameter are presented in appropriate
place.
f  the references to colour in this figure legend, the reader is referred to the web ve

.4. Generation of logarithmic gradient of bacteria

The design of the micro-device is based on the adjustment of
olumetric flow rate of bacteria solution due to the theory and
athematic model for microfluidic networks [32–34], which was

imply determined by the length of the distribution channels. Two
acteria stock solutions with different initial concentration were
elivered by the distribution channels under a constant positive
ressure to obtain 10-fold serial dilution. Since the microscale flow
as laminar in the channels due to the low Reynolds number, the
ressure drop could be described by the Hagen-Poiseuille equation:

p  = 8�LQ

�R4

p  = Q Rf

here �p,  �, L, Q and R represent the pressure drop, the dynamic
iscosity of the fluid, the length of the microchannel, the volumetric
ow rate and the effective radius of the microchannel, respectively.
f represent the hydrodynamic resistance of the channel. Assum-

ng that the volumetric flow rate remains constant for the laminar
ows, Rf can be described as following:

f = 8�L

�R4

n out device, the cross-sections of the channels are fixed. And the
ynamic viscosity of the fluid remains consistent. Thus, the hydro-
ynamic resistance of the channel RF is proportional to the length
f the channel, which can be presented as: RF∝L.

As shown in Fig. 2, based on Kirchhoff’s current law, the param-
ter of flow will be satisfied as the following:
L = Q 0 + Q L,1 + Q L,2

R = Q 3 + Q R,2
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Table 1
The parameters for 10-fold logarithmic gradient chip.

Flow resistance Function expression Expression by RM, RS Experimental data

R0 RL,1
QL,1
Q0

+ R1
Q1
Q0

1.09RS + 2.1RM 66.92
R1 RM,1 RM 30

R2

(
RS

C1−C0
C2−C0

+ RM

)
Q1
Q2

1
11 RS + RM 30.33

R3 RS
QR,2
Q3

+ RM
QL,2+QR,2

Q3
+ R2

Q2
Q3

0.2RS + 2.1RM 63.72

RL,1 RL,2
QL,2
QL,1

+ RM
QL,2+QR,2

QL,1
+ RS

QR,1
QL,1

1.211RS + 1.222RM 40.96

Q

Q

Q
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RL,2 2RS

RR,1 RS

RR,2 RS

L + Q R = Q 0 + Q 1 + Q 2 + Q 3

0 = Q L − Q L,1 − Q L,2

1 = Q L,1 + Q R,1

2 = Q L,2 + Q R,2 − Q R,1

3 = Q R − Q R,2, whereQ R,0 = 0andQ 0 = Q 1 = Q 2 = Q 3

To achieve the 10-fold logarithmic concentration gradient with
C0, C1, C2, C3) = (0.1, 1, 10, 100%), the mixing ratios (QL,1: QR,1, QL,2:
R,2) were (9:1, 9:1) respectively. Under the given conditions we
an deduce the formula of mixing part containing Q0:

L,1 = 0.9Q 1 = 0.9Q 0

R,1 = 0.1Q 1 = 0.1Q 0

L,2 = 0.9(Q 1 + 0.1Q 2) = 0.99Q 0

R,2 = 0.1(Q 1 + 0.1Q 2) = 0.11Q 0

implifying the analysis and design of the circuits, the following
et of design rules for the flow resistances of mixing and serial
ascading channels can be applied. RM,1 = RM,2 = RM, RR,1 = RR,2 = RS,
L,2 = 2RS. Where RM is the flow resistance of the mixing channels
nd RS is the flow resistance of the serial-cascading channels. The
ow resistance RM of the mixing channels can be determined based
n the mixing performance of solution. RS can be determined based
n the chip total width (total width equal to 3RS).

The flow resistances of each channel can be determined using
irchhoff’s voltage law. We  can calculate other flow resistances
ith known parameters include RM and RS. During the experiment,

he RM=30 mm and the RS=3.6 mm.  The dimensions of each chan-
el are provided in Table 1. To sum up, by adjusting the flow rate
f inlet 1 and inlet 2 to 1:2.6, a bacteria concentration gradient of
:10:100:1000 can be obtained in the four channels.

.5. COMSOL multiphysics simulation

The system was modeled as steady state using the incompress-
ble Navier-Stokes module. The dilution efficiency was validated
sing a 3D finite volume model. The properties of fluids for the
imulation were Newtonian with density 103 kg m−3, viscosity
0−3 Pa s and diffusion coefficient 4.9 × 10−10 m2 s−1 (fluorescein

n water). The height of model was set as 80 �m.  For the inlets, one
tock solution was the pure water, the other was simulated solute.

o demonstrate the dilution ratio of different channels, a stock solu-
ion (1000‰,  0‰ equals to water) with a flow rate of 1 �L min−1

as applied in inlet 1and a dilute solution (water) with a flow rate
f 2.6 �L min−1 was applied in inlet 2. The criterion for convergence
2RS 7.2
RS 3.6
RS 3.6

was set for the increment in each variable to fall below 1 × 10−5.
A mass flow inlet condition was used for the inlet 1 and inlet 2. A
zero pressure boundary condition was  set for the outlet.

2.6. Worms loading and immobilization on chip

As shown in Fig. 3a and Video S1, the worms suspended in the
M9 buffer were introduced into the microfluidic device through
Teflon tubes (0.7 mm in inside diameter and 1.2 mm in outside
diameter) using a hand-hold syringe. Firstly, the micro-valves for
worm loading in the top layer were opened for injecting the worms
into the chamber. Only young adult worms can be injected into
the chamber. After being trapped, the worms were not allowed to
escape from the chamber due to limited size of the gap between the
wedge structures (Fig. 3b). Once the target worms were injected
into the chamber, the corresponding micro-valve was closed by
compressed N2 (100–300 kPa). By opening and closing the micro-
valves, well-defined numbers of the worms were all placed into the
four chambers (Fig. 3e). Finally, the micro-valves were all opened
for injecting different concentration of bacteria solution to culture
the worms.

For imaging of the worms in the culture chamber, the pneumatic
immobilizing valve was  switched on by increasing the air pressure
(50 kPa) in the control layer (Fig. 3c, Video S2). The deformable
PDMS membrane was  then pushed down to squeeze the worms
to the side of the chamber so that the worms could be immobi-
lized. After imaging, the pneumatic valves were switched off by
decreasing the air pressure and the worms could be released and
recover quickly (Fig. 3d). We  periodically immobilized the worms
in the chambers over the course of their lifespans for stimulation
and imaging.

2.7. Lifespan assay

For lifespan assay on chip, the microfluidic devices were first
incubated with Pluronic F-127 solution for 30 min  followed by rins-
ing with M9  buffer. Pluronic solution is a kind of surface-activating
agent, which prevents free bacteria from depositing on the surface
of the PDMS and inhibits air bubble generated in the channels. Bac-
teria was suspended in the M9  buffer solution with 5% Pluronic
F-127 at the concentration of 109 or 106 cells mL−1, which could
prevent bacterial proliferation and reduce bacteria accumulation
[7]. The synchronized young adult worms  were washed off the
plates and suspended in M9  buffer. By using the syringe, these
worms were loaded into the culture chambers and incubated with
different concentration of bacteria solution at 24 ◦C. The worms
were judged as dead when they did not swim in response to the
change of flow rate in the microchannels. For lifespan assay on
agar plates, young adult worms were transferred to new NGM agar

plates with different concentrations of bacterial solution contain-
ing 100 �g ml−1 ampicillin to inhibit bacterial growth. The worms
were judged as dead when they did not move in response to the
touch of an eyebrow hair on agar plates.
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Fig. 3. The operation processes for loading (a), culturing (b), immobilizing (c) and releasing (d) the worms  on chip. (e) Schematic diagram of introducing the worms into four
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hambers by switching loading pneumatic valves.

The lifespan of each group was calculated according to the sur-
ival rate of the trapped worms. The day of loading the worms
nto the chambers was defined as day 0. As a comparison, the sur-
ival rate of the worms cultured in the NGM agar plates were also
onitored every day under the same concentration of bacteria. The

tatistical significance was determined by Log-rank (Mantel-Cox)
ests.

.8. Stress response assay

To investigate stress response of C. elegans,  the transgenic strain
J356 were used for imaging analysis of subcellular distribution
f DAF-16:GFP fusion protein. Green fluorescence of TJ356 worms
as examined by using an inverted fluorescent microscope (IX71,
lympus, Tokyo, Japan) equipped with a CCD camera (QICAM,
Imaging, St. Helens, UK) and an EXFO X-Cite 120 series micro-

cope light source (Quebec City, Canada). The image acquisition was
rocessed by the software Image-Pro Plus 6.0 (Media Cybernetics,
ethesda, MD,  USA). The emitted light was passed through the GFP
ube (excitation, 472/30 nm;  emission, 520/35 nm;  dichroic mirror,
95 nm;  Olympus, Japan) and focused onto the immobilized worms

n the culture chambers using a 10× objective (NA = 0.3).

. Results and discussion

.1. Design of 10-fold dilution microfluidic device
The proposed 10-fold dilution micro-device was designed based
n the hydrodynamic theory. The structure of the dilution chip had
wo inlets, distribution network channels, and four chambers for
culturing and imaging C. elegans.  Two  syringe pumps were applied
on the inlet module to drive bacteria solution into the distribu-
tion channels. The length of the channel determined the mixing
ratio of two  solutions from the upstream. By accurate calculation of
each channels length, output concentration could form 10-fold log-
arithmic concentration gradient. For fully mixing bacteria stream
before introduced into the next dilution step, long helical serpen-
tine channels were employed in this experiment. Finally, liquids
with different concentration of bacteria flow were distributed into
the culture chamber. The microchannel for loading C. elegans were
designed with a width of 25 �m as well as some narrow wedge
structures at the end of worm inlet channel so that the young adult
worms could easily enter into but not escape from the chamber
during the experiment. The culture chambers were designed with a
dimension of 5 mm in length and 0.5 mm in width in order to immo-
bilize the worms through pneumatic valves for imaging analysis
while avoid stress effects resulted from confined space.

3.2. Simulation and fluorescence measurement

The microfluidic logarithmic gradient generator was designed
with the parameters listed in Table 1. In order to quantify the veloc-
ity field and the concentration field in the micro-device at different
areas and assess its degree of uniformity, 3-Dimensional model of
the micro-device was  simulated in COMSOL Multiphysics (COM-
SOL 3.4 Sweden). The flow pattern and solution mixture of samples

were characterized by the incompressible Navier-Stokes equation,
convection and diffusion model based on finite element method.
Fig. 4 showed the simulation results of generating 10-fold logarith-
mic  gradients. For the velocity field, the fluidic speeds in chambers
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Fig. 4. COMSOL Multiphysics simulation and experimental result of the 10-fold logarithmic gradient chip. (a) Simulation result of flow rate in the microfluidic device. (b)
Simulation result of chemical gradient in the microfluidic device. (c) The normalized fluorescence intensity of the chambers 1–4 at 10 min after introducing high concentration
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0.1  mM)  and low concentration (10 mM)  fluorescein sodium into inlets 1 and 2
ntroducing high concentration (109 cells mL−1) and low concentration (106 cells m

ere the same among four microchannels (Fig. 4a), which provided
he necessary amount of conditions used in worms experiment.
or the concentration field, the right chamber was almost 10-fold
igher than the left one as shown in Fig. 4b.

To further confirm this simulation result, we measured the flu-

rescence density of fluorescein sodium solution in the chambers.
he high concentration of fluorescein sodium salt solution (0.1 mM)
as pumped into the inlet 1 with 1 �L min−1 and the low concen-
 bar 200 �m).  (d) The bacterial concentration in the chambers 1–4 at 10 min after
f bacterial suspension into inlets 1 and 2 (scale bar 50 �m).

tration of solution (10−4 mM)  was  pumped into the inlet 2 with
2.6 �L min−1. All fluorescence images were captured at the cham-
ber areas. Fig. 4c showed the normalized fluorescence intensities
of the diluted solutions in four chamber areas, indicating that the

−4 −3 −2
diluted concentrations were 10 mM,  10 mM,  10 mM,  0.1 mM
respectively. The experiments were repeated three times, and the
correlation coefficient of linear regression on the logarithmic scale
was 0.976, the average standard deviation was ±0.055, which
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Fig. 5. Effects of bacterial concentrations on survival rate and lifespan of C. elegans.
Survival curves of wild-type worms cultured in the chip (a) and on agar plates (b).
(c)  Comparison of the mean and maximum lifespan of the worms  cultured in the
chip and on agar plates at the concentrations of from 106 to 109 bacteria mL−1.
DR  (108 bacteria mL−1) leads to increase (p = 0.046) in mean lifespan of the worms
compared to 109 bacteria mL−1 (suitable living condition, set as control). While the
mean lifespan was  observed to decrease for the worms fed with 107 (p = 0.0007) and
106 (p < 0.0001) bacteria mL−1 suspension solution compared to 109 bacteria mL−1.
A. Ge et al. / Sensors and A

onfirmed that logarithmic gradient could be obtained across the
hambers with high matching degree. The results satisfied the
equirements in the following experimental study.

In addition, we directly counted the number of bacteria in
he four chambers for evaluating the mixture effect of bacteria.
ransgenic E. coli BL21 (DE3) bacteria expressing green fluores-
ent protein was used. High concentration of 109 bacteria mL−1 and
ow concentration of 106 bacteria mL−1 were injected into inlet 1
nd 2, respectively. After 30 min  of generating bacterial concentra-
ion gradient, each fluorescence dot represented a single bacteria as
hown in Fig. 4d, confirming the generation of logarithmic gradient
f bacteria. The correlation coefficient of linear regression on the
ogarithmic scale was 0.965, the average standard deviation was
0.05. Thus, this micro-device could realize worm lifelong culture,
acterial food control, worm immobilization and imaging analysis

n real time.

.3. Effects of bacterial concentration on the lifespan

In order to investigate the longevity of the worms  in response
o various concentrations of bacteria, this microfluidic device was
sed to generate 10-fold logarithmic concentration gradient from
06 to 109 bacteria mL−1. Each chamber loaded 10 worms (more
orms with increasing the chamber size were allowed if needed).

hese worms would produce hundreds of eggs during their total
ifespan in the worm culture chambers. However, the newborn
1 worms (<10 �m in width) after hatch for about 11 h would
e quickly flushed out of the chamber. In addition, the bottom

ayer fabricated with the 20:1 mixing ratio of PDMS could be eas-
ly deformed under the pressure, allowing the remaining eggs to
e flushed out of the chamber. Besides, once we found that indi-
idual egg was trapped at the wedge structure, the corresponding
icro-valve was slightly deformed by compressed N2 to release the

rapped egg. Therefore, the flow profile would not be changed by
he eggs clogging. After the formation of stable concentrations of
acteria, the longevity feature of C. elegans loaded in the culture
hambers was characterized.

As shown in Fig. 5, the wild-type worms maintained in the
icro-device with high bacterial density (109 bacteria mL−1) had

 slightly longer lifespan than that cultured on agar plates seeded
ith bacterial lawn, suggesting this concentration of bacteria was

 suitable living condition for C. elegans. Obviously increased lifes-
an was found in the worms fed with bacteria dilution solution
ith the concentration of 108 cells mL−1 in comparison with the

oncentration of 109 bacteria mL−1. However, the survival rate was
bserved to decrease rapidly for the worms fed with 107 and 106

acteria mL−1 suspension solution (Fig. 5a). Besides, the survival
ate and lifespan of worms cultured on agar plates with a series
f bacteria concentration were also investigated (Fig. 5b). Both the
urvival rate and lifespan of worms fed in the micro-device were
lmost the same as those of worms cultured on agar plates.

The survival curve, averaged and maximum lifespan of the
orms cultured in the micro-device and agar plates were also fur-

her measured. The statistical analyses were illustrated in Table
1 and S2. The results showed that the mean and maximum lifes-
an of the worms cultured in the micro-device were significantly

ncreased to 13.5 day and 22 day respectively under the condition
f food restriction (108 bacteria mL−1), compared to 11.3 day and
8 day under the condition of enough food (109 bacteria mL−1)
Fig. 5c and Table S1). Meanwhile, the lifespan of the worms under
he condition of food absence was also investigated. The mean
ifespan was observed to be 7.0 days and 5.6 days, and the maxi-
um lifespan was also reduced to 13 days and 10 days when the
orms cultured in the micro-device were fed with 107 and 106

acteria mL−1 solution, respectively (Fig. 5c and Table S1). Both the
ean lifespan and maximum lifespan of worms fed in the micro-
Data are shown as the mean ± SEM. N = 3 of 10 animals scored per experiment. The
statistical significance was determined by Log-rank (Mantel-Cox) tests.

device were almost the same as those of worms cultured on agar
plates (Fig. 5c and Table S2). These results indicated that the lifes-
pan extension of the worms was  induced by DR as bacterial food
density was  reduced to the optimal dilution of 108 bacteria mL−1.
Further dilutions of bacteria food would cause reduced mean and

maximum lifespan, presumably due to that the food abundances
at the concentration of less than 107 bacteria mL−1 could not fulfill
the worms’ basic physiological needs. Taken together, above results
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Fig. 6. Kinetics of DAF-16:GFP nuclear localization in wild-type worms in response
to  different concentration of food. (a) Typical diffusive pattern of DAF-16:GFP in the
worms cultured in the chip and on agar plates for 30 min at the concentrations of
from 106 to 109 bacteria mL−1. Arrowheads indicate nuclear localization (scale bar
100 �m).  (b) Effects of food on nuclear DAF-16 localization in the worms cultured
in the chip at different concentration of bacteria. Nuclear localization is defined as
nuclei-size spots that are significantly brighter than background. The pictures are
42 A. Ge et al. / Sensors and A

ndicated that our microfluidic method could be used for analyzing
he effects of DR on the worms.

.4. Stress response to different concentration of bacteria

To investigate the mechanism of the action of food restriction
n delaying aging, we further analyzed the effects of DR on other
ompounds that can regulate the lifespan of C. elegans. DAF-16,
ne of the members of the FOXO transcription factor that acts in
auer formation, longevity, fat metabolism, stress response, and

nnate immunity [42,43]. In live C. elegans under standard culture
ondition, the DAF-16 protein is broadly expressed both in the cyto-
lasm and nuclei. Several known regulators of DAF-16, including
he insulin receptor mutant or starvation, could trigger the nuclear
ocalization of DAF-16 to extend the lifespan of the worm.

Here we investigated whether food absence could induce the
uclear localization of DAF-16 using this microfluidic device. The
train of TJ356 expressing DAF-16:GFP was used to fluorescently
bserve the localization of DAF-16 for monitoring the physiological
tress response of C. elegans to different concentration of bacte-
ia. When the TJ356 worms were loaded into the micro-device, the
uorescence signal of DAF-16:GFP first appeared diffused in the
hole cells of the worms. After 30 min  of generation of bacteria

oncentration gradient, the spatial distribution of DAF-16 changed
onsiderably in the worms fed with bacteria dilution at the con-
entration of 106 and 107 cells mL−1. Compared to the effect of
tarvation, food restriction (108 bacteria mL−1) weakly stimulated
AF-16 translocation to the nucleus (Fig. 6a). Meanwhile, the sub-
ellular distribution of DAF-16:GFP of the worms cultured on the
gar plates were also observed under the same condition. In order
o easily observe and compare the imaging results, the worms  cul-
ured on agar plates were immobilized by another microfluidic chip
ontaining a pneumatic valve previously designed by us [38]. There
as no difference in DAF-16:GFP subcellular distribution in the
orms cultured in the micro-device and on agar plates (a).

We further quantitatively investigated the sustain time of
uclear localization of DAF-16:GFP in the worms cultured with
ifferent concentration of bacteria by using the micro-device. As

llustrated in Fig. 6b, when food is abundant (109 bacteria mL−1),
o nuclear localization of DAF-16 was observed as the same level
s that cultured on standard NGM agar plates. Under the con-
ition of food absence (106-108 bacteria mL−1), the worms all
isplayed progressive DAF-16:GFP nuclear localization. However,
he nuclear localization of DAF-16 was shown to be evident after
0 min  and grown up quickly as time goes by in response to 106

nd 107 bacteria mL−1. The nuclear localization of DAF-16 last for
 long time of 80 min, and its number was as high as about 60
er worm. Although the worms cultured in the chamber with 108

acteria mL−1 appeared similar trend of DAF-16 nuclear localiza-
ion, the maximum number of nuclei with visible DAF-16:GFP was
ecreased to 20 per worm, and the duration decreased to 40 min.
hese results suggested that C. elegans responded to DR both in
evelopment time and sustain time by showing number of nuclei.
aken together, our proposed microfluidic device was  confirmed
o be effective for studying bacterial food concentration’s effect on
he lifespan in C. elegans in a flexible and simple operation format.

. Conclusions

In this work, we developed a microfluidic device to gener-
te logarithmic bacterial concentration gradient to investigate the

hysiological processes of C. elegans. Bacterial food supplements
ith four orders of magnitude were automatically generated by a

erial dilution in the channel network. We  employed our platform
o evaluate the effects of bacteria food on the lifespan of C. ele-
captured every five minutes. Error bar represents the SEM of five experiments.

gans in a wide range of concentration. The results showed that 108

bacteria/mL could extend the lifespan of C. elegans and further dilu-
tions would reduce the lifespan, which proposed a new DR method
in C. elegans by on-chip culturing the worms  in constant bacterial
food dilution at low nutrient levels. We  further investigated the
stress response of C. elegans to various concentration of bacterial
food for studying the mechanism of DR’s effect. Imaging analysis
showed that DR regulated the subcellular localization DAF-16 in
the worms, the duration and number of which were different from
that induced by starvation.

Thus, this developed micro-device offered advantages for study-
ing lifespan extension by bacteria concentration in C. elegans.  It had
several unique advantages including flexible manipulation capacity
to create various concentration gradients, short consuming time to
establish gradient and high reproducibility. The microfluidic nature
of the micro-device makes it a useful tool for exposing the worms
to complex environment. Researchers can employ this micro-
device to investigate the dynamics of worms infection caused by
pathogenic bacteria in a wide range of concentration. This micro-
device can be used to stimulate the trapped worms with temporal
concentration gradients or pulses of dissolved drugs or chemicals.

It can be applied to identify antimicrobial activity of antibiotics
and worms’ environmental adaptation. In addition, the microfluidic
chip enabled real-time imaging data from the treated worms, which
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