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A design of experiment approach for efficient
multi-parametric drug testing using a
Caenorhabditis elegans model†

M. C. Letizia, M. Cornaglia, G. Tranchida, R. Trouillon and M. A. M. Gijs *

When studying the drug effectiveness towards a target model, one should distinguish the effects of the

drug itself and of all the other factors that could influence the screening outcome. This comprehensive

knowledge is crucial, especially when model organisms are used to study the drug effect at a systemic

level, as a higher number of factors can influence the drug-testing outcome. Covering the entire

experimental domain and studying the effect of the simultaneous change in several factors would

require numerous experiments, which are costly and time-consuming. Therefore, a design of

experiment (DoE) approach in drug-testing is emerging as a robust and efficient method to reduce the

use of resources, while maximizing the knowledge of the process. Here, we used a 3-factor-Doehlert

DoE to characterize the concentration-dependent effect of the drug doxycycline on the development

duration of the nematode Caenorhabditis elegans. To cover the experimental space, 13 experiments

were designed and performed, where different doxycycline concentrations were tested, while also

varying the temperature and the food amount, which are known to influence the duration of C. elegans

development. A microfluidic platform was designed to isolate and culture C. elegans larvae, while testing

the doxycycline effect with full control of temperature and feeding over the entire development. Our

approach allowed predicting the doxycycline effect on C. elegans development in the complete drug

concentration/temperature/feeding experimental space, maximizing the understanding of the effect of

this antibiotic on the C. elegans development and paving the way towards a standardized and optimized

drug-testing process.

Insight, innovation, integration
A Design of Experiment (DoE) approach was used to characterize in a microfluidic chip the dose-dependent effect of the doxycycline antibiotic, combined with
temperature and concentration of food, on the duration of the larval development of the nematode Caenorhabditis elegans. Our results revealed the relative
importance of temperature, food concentration and doxycycline dose on the C. elegans development time, by establishing a mathematical relationship between
the three factors. Such a DoE approach allowed us to characterize the effectiveness of the drug, as well as the simultaneous influence of all the considered
experimental factors on the treatment outcome. To the best of our knowledge, we think that our paper is the first in which the DoE approach was applied to
extensively characterize the effect of a drug on the development time of an animal model in such an automated and systematic fashion. We believe that the use
of a DoE approach would tremendously increase the efficiency of drug screening by minimizing the use of the resources – and therefore time and costs – while
maximizing the knowledge of the process.

Introduction

Drug discovery and testing research are mostly based on a one-
factor-at-a-time variational approach, in which each experimental
parameter is changed at a time, independent of the others.1,2

However, this approach inevitably requires a large number of

experiments to cover the entire experimental domain, which
makes drug development costly and time-consuming, thus
limiting the discovery of interactions with the biological target
of choice. Moreover, this technique is less suitable for studying
the effect of the simultaneous change in several factors on the
final outcome. Overall, the one-factor-at-a-time approach hinders
the identification of a causal relationship between the experimental
parameters and their influence on the target, or compromises
the discovery of interactions between the parameters. A robust
alternative to this traditional drug discovery method is given by
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the design of experiment (DoE) approach, whose application in
the quality-oriented pharmacological sector has been recently
recommended by the European Medicines Agency.3 In this
method, the experimental parameters, called factors, are purpose-
fully varied according to a precise design, in order to understand
their effect on the target response, and a mathematical relationship
is established between the factors and the response.4 Statistical
thinking is therefore required before performing experiments rather
than doing it a posteriori, in contrast with a one-factor-at-a-time
approach.2 DoE enables minimizing the use of the experimental
resources while maximizing the understanding of the process. It
allows identifying the significance of each factor and its effect on the
experimental outcome, as well as determining the interaction
between the factors. Moreover, a DoE study allows interpolation
of its findings in a rigorous mathematical way into the complete
experimental space.4

We focused on characterizing the effect of the antibiotic
doxycycline in a variable temperature and food concentration
environment on the development time of the nematode
Caenorhabditis elegans as an animal model. Doxycycline is mostly
employed in animal research to study biological pathways
involved in the extension of longevity, and C. elegans represents
a powerful model for such aging and metabolic studies,5–8 thanks
to its relatively short lifespan of 2–3 weeks.9 Tetracycline anti-
biotics are generally used to control gene expression in a variety
of animal models.7,10 However, apart from targeting bacterial
translation, doxycycline also inhibits mitochondrial translation,
which is thought to be a key factor in lifespan extension.6,7

Interestingly, it has been shown that doxycycline extends the
lifespan of cells, worms, flies, plants and mice in a dose-
dependent fashion.7 It is known to induce mitochondrial stress,
leading to changes in nuclear gene expression and to severely
alter the mitochondrial function in different animal models,
including C. elegans and mice, even at low concentrations.7

Gravid worms and progeny were treated with doxycycline at
concentrations of 60 mg mL�1 and 120 mg mL�1.11 In both cases,
all the larvae arrested their development at the L3 stage, showed
impaired gonad development and a dose-dependent delay in
larval growth. Houtkooper et al. treated worms with doxycycline
(30 mg mL�1 and 60 mg mL�1) for the entire lifespan and noticed a
dose-dependent developmental delay and reduced worm
respiration, while no abnormalities were observed at lower
doses.6 Another group gave doxycycline to a worm population
throughout its larval development at concentrations of 5 mg mL�1,
10 mg mL�1, and 15 mg mL�1.7 A dose-dependent decrease in the
respiration rate, an increase in the development time and an
increase in the percentage of larvae not completing the devel-
opment were observed. Recently, microfluidic approaches have
been used as an alternative to the traditional C. elegans culture
on agar plates. Microfluidic chips for worm culture were fabricated
and used to test the effect of doxycycline on worms.12 In particular,
doxycycline at concentrations of 15 mg mL�1 and 30 mg mL�1 given
to worms throughout their larval development dose-dependently
delayed the worm growth.12

However, differences in the experimental and environmental
parameters combined with a lack of control of the experimental

protocols prevent the exact replication of these experiments
and therefore limit the upfront comparison of the literature.
Temperature13,14 and food amount15,16 are in fact the two most
relevant factors that modulate the development and longevity of
C. elegans. For example, C. elegans development time can be
52% shorter at 25 1C than at 16 1C, and 23% shorter at 20 1C
than at 16 1C.13 C. elegans larvae sense the concentration of
E. coli bacteria, exerting a severe effect on their development
time.17 Under-fed worms can reach adulthood in twice the time
taken by normally fed worms under the same temperature
conditions.18 Severe underfeeding conditions may even lead to
a non-physiological development of the organism. On the other
hand, overfeeding of wild-type C. elegans may reduce their
lifespan by 10–20%,19 and long-term overfeeding may eventually
result in bacterial accumulation in the worm’s mouth and
intestine, leading to a diseased state.18,20 Moreover, the combination
of temperature and feeding amount has important effects on the
development and lifespan of C. elegans. Low temperature and
dietary restriction activate C. elegans pathways that eventually lead
to a slower development and ultimately to a longer lifespan.16,21

However, interestingly, also exposure to high temperature, e.g. 25 1C,
if combined with food deprivation and crowding during the larval
development, may arrest the development or reversibly shift it
towards a long-lasting state of diapause called a dauer stage.22,23

A precise dose-dependent characterization of the effect of
doxycycline on C. elegans, with full control of the experimental
parameters, namely temperature and feeding, is hence essential
to provide rigorous culture conditions but is currently lacking.
The possibility of parallelizing and automating the experiments
promotes microfluidic platforms as the most efficient tool to
enable such a systematic characterization. Most of the experimental
repertoire was obtained from traditional C. elegans cultures on a
solid medium where the food amount is not quantified but is
usually abundant.13 Finding the right feeding protocol under liquid
conditions that correspond to culture on solid agar plates is not
straightforward and requires optimization. However, such a char-
acterization is of primary importance for performing reproducible
experiments and comparing the results, to disentangle any variation
in food concentration and temperature from the tested drug
response. Moreover, after performing a DoE analysis using
controlled liquid media to culture worms, the correct drug dose
that has to be used to achieve the desired outcome can be
predicted, therefore avoiding either side effects due to over-dosage
or ineffective treatments due to sub-optimal drug concentrations.

In this study, we investigated the role of doxycycline in
C. elegans development, in combination with variations in
temperature and concentration of E. coli as the food source
in a microfluidic platform. A 3-factor Doehlert DoE was chosen to
characterize the effect of those 3 factors on worm development.
We designed a microfluidic chip enclosed in a custom-made
thermal incubator to culture C. elegans larvae with full control of
the experimental parameters, especially temperature and injected
food amount. Our results revealed the relative importance of
temperature, food concentration and doxycycline dose on the
C. elegans development time. In particular, while doxycycline
dose and temperature exerted a significant to severe effect on
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the duration of larval development, no significant development
dependence on the E. coli concentration in the investigated
range was found.

Materials and methods
Experimental design

The factors under consideration were temperature (X1), the
concentration of E. coli used as nutrient (X2) and the concentration
of doxycycline (X3). Temperature was considered in the range of
15–25 1C, known as the characteristic range for C. elegans
survival.13 The E. coli concentration was considered in the
range of 2–6 � 109 cells per mL, as values in this range were
previously used to culture C. elegans worms in microfluidic
chips.24 Finally, given the doxycycline concentrations used in
the previously reported experiments, the range of 5–60 mg mL�1

was chosen for this third factor. The response (Y) was identified
as the duration of larval development, expressed in hours, from
stage L1 until the onset of adulthood and production of the first
progeny. The application of a factorial 3-factor Doehlert design
was well-suited to characterize the synergic effect of temperature

and concentrations of E. coli and doxycycline on the larval
development, as it offers a uniform distribution of points in
the experimental domain. With k being the number of factors,
the Doehlert design requires k2 + k + 1 number of experiments,
13 in our 3-factor case. These 13 combinations can be geo-
metrically positioned in the experimental space as the vertices
of a cubo-octahedron, as represented in Fig. 1.

The coordinates used in the DoE model, called coded values, as
well as the corresponding real experimental values of temperature,
E. coli concentration and doxycycline concentration, are given in
the model matrix in Table 1. Typically, the coded value 1 corre-
sponds to the highest value of an experimental parameter, �1 to
the lowest value and 0 to the linearly extrapolated center point.

The experiments corresponding to the central point [0, 0, 0]
were performed three times to test their repeatability. In order
to describe the development time Y as a function of the factors,
a quadratic polynomial model was constructed, as described by
eqn (1):

ŷ = b0 + b1X1 + b2X2 + b3X3 + b11X1
2 + b22X2

2 + b33X3
2

+ b12X1X2 + b13X1X3 + b23X2X3 (1)

with bi being the terms of the polynomial obtained from the
fitting, and ŷ the interpolated development time obtained from
the quadratic model. This model not only considers the linear
factors, but also their interactions, X1X2, X2X3 and X2X3, and
their quadratic contributions X1

2, X2
2 and X3

2 to their response.
The validity of the quadratic model is confirmed a posteriori (vide
infra). The model matrix containing also the interactions and
quadratic values of the factors is presented in Table S1 of the ESI†.

Design and fabrication of the microfluidic chip

In order to test the 13 combinations of the three factors that
contribute to the experimental variability and to unravel the
influence on the DoE study, a microfluidic chip dedicated to the
on-chip culture of C. elegans throughout its larval development was
designed. In fact, compared to heavily manual and laborious
traditional C. elegans culture protocols,13 microfluidics enables
automated, more robust and reproducible culture experiments.24–26

Fig. 1 Representation of the factorial combinations in the experimental
space, according to a 3-factor Doehlert design. 13 points are uniformly
distributed in the experimental domain. X1, X2, and X3 represent respec-
tively the temperature, concentration of E. coli bacteria and concentration
of doxycycline. The center point is the center of the interval for the three
variables, therefore describing an experiment performed at a temperature
of 20 1C, with an E. coli concentration of 4 � 109 cells per mL and a
doxycycline concentration of 32.5 mg mL�1.

Table 1 Coded values and the corresponding values of the experimental parameters: temperature (X1), E. coli concentration (X2) and doxycycline
concentration (X3)

No.

Coded values Experimental parameter values

X1 X2 X3 Temp. 1C [E. coli] � 109 cells per mL [Dox]/mg mL�1 [Dox]/(mM)

1 0 0 0 20 4 32.5 63.4
2 1 0 0 25 4 32.5 63.4
3 0.5 0.866 0 22.5 5.73 32.5 63.4
4 0.5 0.289 0.816 22.5 4.58 54.96 107.1
5 �1 0 0 15 4 32.5 63.4
6 �0.5 �0.866 0 17.5 2.27 32.5 63.4
7 �0.5 �0.289 �0.816 17.5 3.42 10.03 19.6
8 0.5 �0.866 0 22.5 2.27 32.5 63.4
9 0.5 �0.289 �0.816 22.5 3.42 10.03 19.6
10 �0.5 0.866 0 17.5 5.73 32.5 63.4
11 0 0.577 �0.816 20 5.15 10.03 19.6
12 �0.5 0.289 0.816 17.5 4.58 54.96 107.1
13 0 �0.577 0.816 20 2.85 54.96 107.1
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By matching the channel dimensions with the worm size, C. elegans
larvae of the desired stage can be automatically filtered and the
population can consequently be synchronized.27 Moreover, by using
dedicated syringe pumps, the feeding protocol can be first
optimized and standardized, and then repeatedly executed in
an automated way.

The design of our microfluidic device is shown in Fig. 2a.
This chip features 8 independent channels. Each channel is an array
of 6 chambers separated by filters, to culture isolated worms and
preserve their identity (Fig. 2b). The 8 mm-feature filters are designed
to prevent the uncontrolled passage of L1 larvae to the adjacent
chamber, as shown in the optical micrograph in Fig. 2c.

The microfluidic chips were prepared by soft lithography.28

First, a mold was fabricated by patterning an 80 mm-thick SU-8
structure on a silicon 4-inch wafer by standard photolithography.
Secondly, this mold was used for polydimethylsiloxane (PDMS)
casting. We poured a liquid PDMS mixture with a base : curing
agent weight ratio of 10 : 1, kept for degassing and cured at 100 1C
for 1 h. Thirdly, after de-molding, we diced each PDMS chip,
punched holes into the PDMS to form inlets and outlets, and
bonded each to a glass slide, using air–plasma surface activation.
Finally, tubings were plugged into the PDMS holes and the fluidic
connections were made, following the protocol described in
ref. 12. For feeding the worms and for exposing them to drugs,
plastic reservoirs are filled with a suspension of E. coli bacteria in
S medium, containing the antibiotic doxycycline.

Experimental setup

A microfluidic setup was integrated into a stereo microscope
(SteREO Discovery.V8, Zeiss, Germany) equipped with a camera.
A thermal incubator system was designed and manufactured to
set and maintain a fixed temperature on the chip and in the
reservoirs that contain the bacteria feeding solutions (Fig. 2d).
The incubator box was made up of extruded polystyrene. The
top and bottom of the incubator box featured a transparent
polymethyl methacrylate (PMMA) window to allow microscopic
observation of the chip inside. The incubator was fixed to an xy
motorized stage (Standa, Lithuania). A temperature sensor
(AD22100, Analog Devices, US) was placed in contact with the
glass side of the chip for monitoring the temperature of the
microfluidic device. The temperature signal was exploited to set
the power provided to a thermoelectric module in a closed-loop
configuration, for active control and constant monitoring of
the temperature experienced by the worms inside the chip. A
dedicated proportional–integral–derivative (PID) controller (see
Fig. S1, ESI†) was designed to manage the temperature conditions.

The microfluidic operations were controlled using a Kloehn
pump (Norgren Kloehn, USA) and Micro-Manager microscopy
software. The acquisition system was programmed so that
brightfield pictures of each chamber were taken every 20 min.

Microfluidic experimental protocol

Initially, after sterilization by injection of 70% ethanol, the
microfluidic chip was filled with S medium. L1 larvae were
harvested from the culture plate and suspended in the S
medium. Afterwards, they were injected into each channel from

the corresponding inlet and distributed along the array by
applying 1 s flow pulses of 2 mL inflow, to let the PDMS filters
expand and the L1 larvae pass through, as described in ref. 12.
We consistently obtained a uniform distribution of the larvae
over the array, confining worms in separate chambers along
each microfluidic line. Doing so, we prevented overcrowding and
ensured proper worm growth. Typically, 1 to 3 worms get

Fig. 2 Overview of the microfluidic-based platform for controlled C.
elegans culture and analysis. (a) Schematic of the microfluidic device.
The chip consists of 8 channels, each provided with one inlet and one
outlet. The channels are independent and up to 8 conditions can therefore
be tested at the same temperature in parallel. Each channel is an array of 6
chambers separated by 8 mm-feature filters. Scale bar = 2.5 mm. (b) Zoom
of a culture chamber, delimited at the entrance and the exit by the filters,
the size of which is designed in such a way that L1 larvae can pass through
only under high flow conditions. Scale bar = 200 mm. (c) Picture of a single
culture chamber containing an L1 larva, whose maximum diameter is
larger than the filter size. Scale bar = 200 mm. (d) Representative schematic
of the inside of the thermal incubator. The microfluidic chip (i) is placed
inside the insulating box (ii). The reservoirs and the tubings connecting the
chip with the reservoirs and with the microfluidic pumps outside the box
are not represented here. The box features a top and bottom PMMA
window, and is placed on a motorized xy stage (iii). A thermoelectric
module is fixed on the side of the box (iv) and is used to set the
temperature that the worms experience inside the microfluidic chip.
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confined in each chamber, with about 15% of empty chambers
and about 65% of the chambers containing 1 isolated worm.
Each channel was then perfused with a flow of E. coli bacteria
suspended in S medium, containing also the antibiotic doxycycline.
The feeding protocol consisted of injecting 8 mL of bacterial solution
at a flow rate of 100 nL s�1 every 30 min. Depending on the
temperature conditions, different concentrations of E. coli and
doxycycline were used, according to the combinations listed in
Table 1. For example, runs 3, 4, 8 and 9 were performed
simultaneously at a set temperature of 22.5 1C.

C. elegans experimental model and subject details

C. elegans strain was cultured at 20 1C on nematode growth
media (NGM) 90 mm Petri dishes seeded with the Escherichia
coli strain OP50 (RRID = WB-STRAIN:OP50). The strain used in
this study was the N2 strain, provided by the Caenorhabditis
Genetics Center (University of Minnesota). Before starting the
experiments, the plates were washed with S medium and L1
worms were harvested.

E. coli culture

HT115 E. coli bacteria (RRID = WB-STRAIN:HT115) were grown
overnight in Luria Broth (LB) with 100 mg mL�1 ampicillin and
12.5 mg mL�1 tetracycline in a thermal shaker at 37 1C. The
following day, 50 mL of the confluent bacterial cultures were
used to inoculate a freshly prepared LB medium containing
only ampicillin. The new cultures were grown until an optical
density between 0.6 and 0.8 was attained, and 90 mL were used
for seeding the experimental plates. After the overnight culture,
50 mL of the bacterial cultures were centrifuged to remove LB;
in this way, bacterial samples with the desired optical density
were obtained by adding S medium accordingly. The concentration
of each bacterial solution was measured using a commercial
spectrophotometer (WPA CO8000, Biochrom, UK).

Quantification and statistical analysis

The validity of the quadratic polynomial model in relation to the
experimental data was assessed upon the analysis of variance
(ANOVA), performed using a built-in Matlab function. The average
value of each of the 13 conditions was used. The normality of the
data distribution in each dataset was assessed by using the Matlab
built-in function to display the quantiles of the sample and the
theoretical quantiles from a normal distribution in a quantile–
quantile plot (see Fig. S2, ESI†). For each experimental run, the
dataset was obtained from the worms uniformly distributed along
2 channels of the same chip. The sample number N indicates the
number of independent biological samples for each experimental
run. Statistical significance was determined with a 2-way ANOVA
with Tukey’s correction for multiple comparisons using GraphPad
Prism. The adjusted p-values are displayed in Table S3 of the ESI†.

Results and discussion

The larval development was monitored for each C. elegans
worm in the chamber array. Under all the 13 conditions that

we tested, the worms completed their development. All the
larval stages (L1, L2, L3, and L4) were observed, as well as the
young adult (YA) stage and adulthood (A), with the production
of progeny in the microfluidic chamber (Fig. 3).

The image stacks generated by combining all images of a
given chamber over time were processed in order to measure
the duration of larval development. Completion of the latter
was identified by the observation of the first progeny production,
i.e. eggs being laid in the chamber. For each experimental
condition, the readout was obtained by averaging the develop-
ment time of all the investigated animals. The experimental
development times can be considered as the components of a
vector and are shown in the left column of Table 2. From these
results, we calculated the coefficients of the quadratic polynomial
model using eqn (1) (Table S2, ESI†). Afterwards, the development
times corresponding to each of the conditions were calculated from
this quadratic model, as shown in the right column of Table 2.

The interpolated data obtained from the model showed
excellent fitting with the experimentally measured values, as
shown in Fig. 4. This confirms that choosing a quadratic model
was a correct assumption, as this model accounts for the
recorded data.

To determine the contribution of each factor to the experi-
mental data, an analysis of variance (ANOVA) was performed
(see the explanation of this method in the ESI†). The results are
presented in Table 3. The analysis of the Sum of Square (SS) and
the Mean Square (MS) values, both giving information about the

Fig. 3 Illustration of the time-lapse brightfield imaging, here shown only
for one worm, enabled for each chamber of each chip array during the larval
development. The worms completed their development, from the larval
stage L1 until adulthood and first progeny production. Scale bar = 200 mm.
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total variance of the observation, revealed that X1 and X3,
respectively the temperature and the doxycycline concentration,
had an effect on the larval development time, as their SS and MS
are more than 100 times larger than the SS and MS of the error.

These considerations are also supported by the analysis of
the p-values, as high significance was observed for X1 and X3.

Interestingly, the second-order interactions between the factors
did not have a significant effect on the larval development time.
The overall p-value of the model, computed as 0.00258, con-
firmed the high accuracy of the quadratic polynomial model, as
confirmed by the coefficient of determination Radj

2 = 0.981.
The results obtained for the 13 tested conditions were then

compared by grouping them according to the doxycycline dose
used and by ordering them for increasing temperature (Fig. 5).
Moreover, in order to appreciate the effect of the 3 factors on
the worm development in a more comprehensive fashion, the
response was color-coded and represented in the experimental
space by interpolating the different experimental conditions
from eqn (1) (Fig. 6). This representation allows determining
the interpolated development time for any combination of the 3
factors, beyond the 13 cases chosen in Table 1. The process
behavior can be evaluated within the fully investigated experi-
mental domain.

The shortest development time was obtained when worms
were treated with the lowest dose of doxycycline and at high
temperature (Fig. 5a and the dark blue area in Fig. 6). By
comparing the development time in Fig. 5a–c, a progressively
dramatic increase in the development time can be observed in
correspondence with the increasing amount of doxycycline. In
particular, the longest development time was obtained upon
treatment with the highest doxycycline dose and at the lowest
temperature (Fig. 5c and the yellow area in Fig. 6). In contrast to
the roles of temperature and doxycycline, the developmental

Table 2 Averaged experimental results (average� SD, with the number of
animals tested N in brackets) and interpolated values obtained for the
different conditions determined by the Doehlert design

Experimental development
time Y [h]

Interpolated values of development
time as obtained using eqn (1) [h]

Average � SD (N) Ŷ

1 95.8 � 2.8 (11 + 13 + 12) 95.8
2 80.9 � 2.6 (12) 80.0
3 89.8 � 3.7 (13) 89.2
4 103.3 � 2.4 (12) 104.7
5 115 � 3.5 (14) 115.8
6 109 � 2.7 (12) 109.6
7 80.5 � 2.2 (14) 79.1
8 92.4 � 1.6 (12) 90.9
9 63.5 � 3.3 (13) 65.7
10 104.9 � 3.4 (14) 106.3
11 66.3 � 4.1 (12) 65.4
12 129.3 � 4.0 (13) 127.1
13 110.6 � 2.3 (14) 111.4

Fig. 4 Scatterplot of the experimental data and the results obtained from
the quadratic model. The development time obtained from the polynomial
model agrees with the experimental results, as also quantified by a
correlation coefficient R2 of 0.995 and a coefficient of determination of
Radj

2 of 0.981.

Table 3 Analysis of variance for the experimental development time
(DoF: degree of freedom, F: Fisher’s ratio)

Sum of square DoF Mean square F p-Value

X1 1276.79 1 1276.79 178.56 0.000905
X2 8.43 1 8.43 1.17 0.356937
X3 2947.96 1 2947.96 412.27 0.000261
X1X2 0.62 1 0.62 0.08 0.786475
X1X3 20.81 1 20.81 2.91 0.186533
X2X3 44.23 1 44.23 6.18 0.088702
X1

2 2.93 1 2.93 0.41 0.567483
X2

2 8.53 1 8.53 1.19 0.354517
X3

2 32.46 1 32.46 4.53 0.122926
Error 21.45 3 7.15 1 0.5

Fig. 5 Effect of temperature on the experimental development time with
doxycycline concentration as a parameter. Doxycycline concentrations
are (a) 10 mg mL�1, (b) 32.5 mg mL�1 and (c) 54.96 mg mL�1. Cn indicates the
bacterial concentration (n � 109 cell per mL). Bars are expressed as
average � SD.
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delay is not feeding-dependent for the used concentrations of
bacteria. Similarly, in the color-coded representation of devel-
opment time in Fig. 6, points corresponding to the same

development time are described by different coordinates along
the [E. coli] axis, confirming that food amount does not alter the
duration of the development. Moreover, for a few experimental
runs, development times showing no significant difference
( p-value 4 0.05; see Table S3, ESI†) were obtained. This
occurred in pairs of independent experiments (run 6–run 10
and run 8–run 3) when the worms were exposed to the same
amount of doxycycline, the same temperature and double E. coli
concentrations, confirming that feeding – in the considered
range of bacterial concentrations – does not play a significant
role. The development times were also not statistically different
when the worms were treated either with a low doxycycline dose
at a low temperature level or with higher doxycycline dose at a
higher temperature (run 7–run 2, run 6–run 13, and run 10–run 4).
This finding suggests that the effect of the high temperature can
counterbalance the impact of a strong antibiotic concentration.

These findings were supported by the isosurface–response
representation shown in Fig. 7, where experimental points
corresponding to the same larval development time lie on the
same colored surface. This representation highlights all the
possible combinations of the parameters that must be used to
achieve a desired effect on the larval development time.

Conclusions

In this study, we used a DoE approach to characterize the effect
of temperature, concentration of E. coli and dose of doxycycline
antibiotic on the duration of the larval development of the
nematode C. elegans. In particular, a Doehlert design was
chosen to characterize the effect of those 3 factors on worm
development. A microfluidic chip enclosed in a custom-made
thermal incubator was designed to culture C. elegans larvae
with full control of the experimental parameters.

Our results confirmed the severe dose-dependent effect of
doxycycline on the duration of larval development, making
the concentration of doxycycline the major controlling factor
( p-value = 0.000905). Indeed, worms treated with the highest
doxycycline dose (54.96 mg mL�1) took about 65% more time
to develop, compared to worms treated with the lowest dose
(10 mg mL�1) at the same temperature. A milder but highly
significant effect (p-value = 0.000905) on the larval development
was induced by temperature. In fact, worms cultured at 15 1C
took 42% more time to develop than the ones cultured at 25 1C
and treated with the same doxycycline dose.

On the other hand, the concentration of food did not affect
the larval development time. This finding allows us to conclude
that E. coli concentrations in the range of 2–6� 109 cells per mL
can be safely used in microfluidic culture protocols, without
significantly affecting the development time. This could be
considered as the appropriate feeding range for microfluidic
cultures, as it prevented either underfeeding or bacterial gut
invasion.

Our DoE approach has established a mathematical relationship
between the larval development time and culture temperature,
food concentration and drug dose, requiring only 13 well-designed

Fig. 6 Color-coded representation of the interpolated development time
values Y. The vertical plane corresponding to X1 = �0.9 was arbitrarily
chosen for the appropriate visualization of the response under low-
temperature conditions.

Fig. 7 Isosurface representation of the normalized interpolated larval
development time as a function of temperature, E. coli concentration
and doxycycline concentration. The response is re-scaled between 0 and
1, so that these values represent the minimum and maximum development
duration respectively. The factors are considered in their coded values (see
Table 1).
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experiments to characterize the treatment outcome. When
performing the experiments, 3, 5 or 7 different levels (values)
were varied for each factor over the 13 experiments (see Table 1).
On the other hand, according to the standard one-factor-at-a-
time approach, where only one factor is changed and the
outcome is not interpolated over the full breadth of the experi-
mental space, to explore the full combinations of three factors,
each assuming 3, 5 and 7 levels (Table 1), 105 (3 � 5 � 7)
experiments would have been necessary. At the same ‘‘experimental’’
cost (13 experiments), the standard approach would have allowed
only about 2 levels for each factor, providing therefore very limited
information on the control of the development time. Practically, as
the fitted polynomial then allows the interpolation of any point in
the considered experimental range with a very limited error; this
allows the continuous exploration of the experimental setting and
the identification of a possible ideal operation point.

Our analysis showed that there are only limited interactions
between the different factors. It is worth noticing, however, that
the ANOVA showed a p-value of 0.088 for the interaction
between food amount and doxycycline dose. This p-value is
too high to indicate a relevant impact, but is the third lowest
recorded in the analysis. This may hint that there may be some
interactions beyond the boundaries of the experimental space
that we considered here. Indeed, a higher dose of doxycycline,
which is an antibiotic, might damage or kill the bacteria and
make them less nutritious for the worms, possibly affecting
their life cycle. This fine contribution would have been impossible
to observe with a standard experimental approach, thus high-
lighting the relevance of DoE and quadratic fitting.

Moreover, the DoE approach predicted the process behavior
in the experimental space, by revealing the drug effect even
upon additional combinations of experimental factors, not
limiting the study to the 13 tested conditions. We believe that
the use of a DoE approach would therefore tremendously
increase the efficiency of a drug screening process, by minimizing
the use of the resources – and therefore costs – while maximizing
the knowledge of the process.

In this endeavor, the use of microfluidic platforms represents a
crucial step towards the standardization and optimization of the
drug testing protocols based on the use of small model organisms
such as C. elegans. Thanks to our microfluidic platform, we auto-
mated the C. elegans culture and delivered the drug doxycycline in a
precise spatio-temporal way. Moreover, our microfluidic device
enabled reducing the overall drug-testing time, by parallelizing the
experiments. In fact, not only were multiple animals simultaneously
exposed to the same compound, but multiple conditions were also
tested in parallel within independent channels of the same device.
Continuous longitudinal monitoring throughout the entire larval
development was performed and other phenotypes of interest could
be extracted in principle via image processing. We believe that such
a systematic drug dose test, following the principles of a DoE
approach, would have high added value to predict the optimal
conditions to eventually use in follow-up targeted drug experiments.
This prior knowledge is instrumental in ensuring the drug
effectiveness and disentangle its effect from any undesired
effects of other possible contributors.
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