Open Access Article. Published on 12 January 2016. Downloaded on 7/14/2025 2:37:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Lab Chip, 2016, 16, 893

Antibiograms in five pipetting steps: precise
dilution assays in sub-microliter volumes with a
conventional pipettef
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We demonstrate a standalone microfluidic chip that allows us to carry out commonly executed antibiotic

susceptibility assays in an array of nanoliter droplets. We eliminated the need for automation in performing

an exemplary complicated liquid handling assay on a chip. Operations on droplets are hard-wired into the
microfluidic chip. The liquid handling protocol can be executed with a simple and commonly available
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source of flow such as an automatic manual pipette. The system passively prepares a series of dilutions of
a chemical compound and mixes them with portions of the sample. The precision of metering, merging,
mixing, and splitting of discrete portions of liquid samples is rooted in the passive capillary action in micro-

fluidic traps and not in the precision of dosing with a pipette. We show an exemplary use of the device in
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Here we demonstrate a lab-on-a-chip device that does not
require automation and can be operated with a standard
automatic pipette. The microfluidic chip passively automates
a common laboratory liquid handling protocol of preparation
of a series of dilutions and merging them with a constant
factor. The system reduces the number of manual pipetting
steps to a minimum required just to deliver the sample and
reagents. The technique offers precision in handling
nanoliter volumes while not requiring neither skill nor
precision in using a common pipetting tool to operate the
microfluidic chip.

A vast majority of chemical, biochemical and microbial as-
says use liquids. A large fraction of these tests are commonly
executed manually via multiple pipetting steps. For example
an antimicrobial assay that determines the MIC (minimum
inhibitory concentration) of an antibiotic against a given bac-
terial sample is performed by growing bacteria in a range of
dilutions of an antibiotic. The preparation of this assay re-
quires a large number of pipetting steps, equal to a multiple
of the number of dilutions.™ For 11 dilutions, the technician
must perform at least 33 manual pipetting actions (Fig. 1a).

Many sites, both in the rich and developing countries, do
not have access to commercial automated systems. A viable
question arises whether it is possible to design disposable
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the determination of the minimum inhibitory concentration (MIC) of ampicillin against E. coli ATCC 25922.

microfluidic chips that would minimize the number of man-
ual operations while maintaining at least the precision and
flexibility of standard protocols (Fig. 1b).

Here we show an example of such a solution that not only
dramatically reduces the amount of labor needed to execute a
common assay but also allows us to reduce the volume of the
reagents and increase the precision of preparation of the di-
lution series.

Droplet microfluidics

Droplet microfluidics offers a convenient technology for com-
partmentalization of reagents and samples in arrays of micro-
droplets.” This technology has been so far mostly used in au-
tomated systems for generation of large screens (>10000) for
digital PCR assays*” or in academic demonstrations of digital
detection of proteins,®® directed evolution of enzymes,'*""
single cell sequencing,">'* and clonal selection of cells secret-
ing antibodies.™

Autonomous microfluidic chips

In recent years, there has been a continuous effort for the de-
velopment of simple microfluidic devices that could be oper-
ated with minimum external instrumentation. Such devices
could be used to execute simple assays in point-of-care or in-
field applications. The most impressive examples include pa-
per microfluidics,*>*® SlipChip,'”"*® pressurized PDMS micro-
chips,"”?® chips equipped with oscillatory peristaltic
pumps,>">* or, among others, passive pumping based on La-
place pressure.>*>* These devices are promising solutions for
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a) N x 3 pipetting steps
e 33 steps for the series of 11 dilutions
e minimum volume 1.0 pL each
e concentration error c.a. £ 9.4%
1 2 3 N
b) 5 pipetting steps

e 11 dilutions, 0.9 pL each
e concentration error c.a. £ 4.1%

2" step:
deposition of antibiotic solution

1ststep:
deposition of bacterial culture

4% and 5% steps:
injection of continuous phase

3" step:
deposition of diluent

Fig. 1 The comparison of the classical way of testing the antibiotic
susceptibility with a protocol in a passive droplet microfluidic device.
a) A ‘golden standard’ method requires 3N pipetting steps: aliquoting
of pure broth in each tube, dilution of antibiotic, and addition of liquid
bacterial culture. b) The microfluidic device requires 5 pipetting steps,
regardless of the total number of dilutions.

execution of simple protocols and/or efficient compartmental-
ization of reagents.

However, dilution of reagents is limited to diffusion-based
gradients or slow mixing of fluids in the single-phase flow.
This limits the flexibility in terms of protocols that can be ex-
ecuted. In the particular example of dilution series, it also
limits the span of concentrations that can be addressed.
More generally, a broad spectrum of common laboratory pro-
tocols require dilution of one component of the reaction (e.g.
an antibiotic or an inhibitor) while other components are
kept at a constant concentration (e.g. bacterial cells, enzyme).
This operation while being labor intensive is simple at the
macroscale. In contrast, it remains a challenge for micro-
fluidic systems unless they use sophisticated control of flow.

Passive droplet microfluidics

Droplet microfluidic techniques do offer the flexibility of
performing virtually any (including iterative) operations on
liquids. One of major challenges, tackled in the past decade,
is in designing droplet microfluidic systems that would be
easy to use - ie. that would not require programmable

894 | Lab Chip, 2016, 16, 893-901

View Article Online

Lab on a Chip

syringe pumps or other automated instrumentation for con-
trolling the flow on chip. A promising direction of research in
this respect includes the development of techniques for pas-
sive operations on microdroplets. Recent developments
within this trend include passive formation of monodisperse
droplets**® which do not require precise pumps or valves
for fluid delivery to the chip. Techniques for subsequent oper-
ations on droplets have also been developed. For example
droplets can be passively merged in dedicated geometries
such as pillar traps,*>?° static arrays*’*? or rails and an-
chors.**** A more advanced system presented the possibility
of formation of simple gradients using the technology of hy-
drodynamic traps.>'****?¢ The application of these micro-
fluidic dilution systems for laboratory tests is significantly
limited due to the fact that all components of the sample
were diluted. Many assays require a stable load of selected
analytes (e.g. bacteria, enzymes or substrates for reaction),
while the concentration of others (inhibitors, antibiotics)
should gradually decrease in successive compartments. Com-
ponents with a fixed concentration can be added to each
droplet after formation of a gradient - e.g. by direct injection
of the additional laminar stream>> or by using active modules
such as picoinjectors.>” However, these strategies increase the
complexity of the system, and the process of injection is pr-
one to cross-contamination or uncontrollable break-up of
droplets. Most importantly, to date, there are no solutions
that would demonstrate the integration of a commonly exe-
cuted assay in a format that can be operated with a simple au-
tomatic pipette.

Here we present a system capable of generating gradients
of concentration of selected chemical components, merging
these with metered portions of undiluted sample and storing
the mixtures for subsequent optical analysis.

Results and discussion

We demonstrate a microfluidic chip for standard microbial
susceptibility testing. Execution of the test with our chip re-
quires just five pipetting steps: three for the deposition of
aqueous solutions: bacterial culture, antibiotic solution and
pure broth. The final two operations are required to drive the
flow in the chip: the first one for metering equal volumes of
bacterial culture and the second for metering the subvolumes
of pure broth and for diluting the antibiotic. In the final step,
the droplets containing bacteria autonomously merge with
droplets comprising gradually decreasing concentration of
the antibiotic.

The Meter and Store (M&S) module

The functionality of the device is based on the unique geome-
tries of hydrodynamic traps that passively meter, merge,
route and lock nanoliter droplets. The basic functional unit
of our system is a Meter & Store module (Fig. 2). Each of
these units serves as an autonomous droplet handling mod-
ule that precisely meters the droplet phase into a pre-defined
volume, allows for exchange of the trapped droplet in a

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Single unit of the Meter & Store module. a) Snapshot of the
module that comprises the metering trap with a narrowed front and
the storage chamber connected with the slit to the main channel. b)
Image from the optical profilometer (Bruker ContourGT-K) showing
the 3D geometry. The scale bar is 1 mm.

dilution scheme, and after switching the flow off, stores the
metered aliquot in the side chamber.

The unit comprises a modified metering trap*® that is able
to precisely meter a tiny volume of liquid (Fig. 2). Along the
metering trap, there are bypasses that are milled to 30% of
the depth of the main channel. At the terminus of the trap,
we placed a barrier in the main channel that extends up-
wards to 70% of the height, i.e. of equal height to the bottom
of the bypasses. When a droplet longer than the trap reaches
the barrier, the rear part of the droplet blocks the entrance to
the bypasses. Consequently, the continuous phase cannot
flow by the droplet efficiently and it pushes the droplet for-
ward until the rear of the droplet aligns with the entrance to
the metering trap. At that moment, continuous liquid begins
to flow around the droplet via the bypasses and the droplet
itself stops. Subsequently, the Rayleigh-Plateau instability
breaks the liquid neck at the front barrier, leaving a precisely
metered volume of the droplet locked in the metering trap.
The main channel is 500 pm deep and 500 pm wide at the
entrance (upstream end of the metering trap). Within the
metering trap, we progressively narrowed the main channel
to a width of 375 um at the terminus that is aligned with the
barrier. The 25% reduction of the width of the main channel
produces a higher curvature of the interface at the front of
the droplet than at its rear. When the flow is stopped, the
droplet minimizes its surface energy by leaving the trap in
the reverse direction and flowing to the storage well within
~30 s. The storage well (Fig. 2a) is gradually widening and
deepening away from the main channel. When the flow is
stopped, the droplet metered in the trap starts to flow spon-
taneously towards the storage well due to the action of the
capillary pressure (higher at the front of the droplet than at
its rear). The storage chamber has the second connector
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(marked as ‘slit’ in Fig. 2a) with the main channel. This slit
allows for drainage of the side chamber when a droplet flows
into it.

Fig. 3 and Video 1 show the process of formation of a gra-
dient in two successive M&S modules. In the first step, a
large yellow plug of 0.01% (w/w) solution of tartrazine (Sigma
Aldrich, Germany) representing the sample is metered into
micro-aliquots of a tightly predefined volume in the succes-
sive metering traps (Fig. 3a—c). Next, the flow of oil is halted,
and the newly formed droplets of the sample are derailed to
the storage wells (Fig. 3d). We use the term sample to refer to
the stable component of the assay - e.g. bacterial suspension.
In the following step, two plugs are injected into the system.
First, a large blue plug of 0.001% (w/w) resazurin (Sigma Al-
drich, Germany) represents the diluent, and the second
smaller (red) plug of 0.05% (w/w) Congo Red (POCH, Poland)
models the reagent — e.g. an antibiotic. As the large blue plug
flows through the M&S units, it is portioned into micro-
aliquots in the metering traps (Fig. 3e). As we do not stop the
flow of oil, these droplets do not flow back into the store
chambers but are immediately merged with the reagent plug
that has a larger volume than the metering trap (Fig. 3f). The
reagent plug merges with the droplet of diluent locked in the
metering trap and pushes out a plug that has a volume equal
to the initial volume of the reagent yet is composed of both

1. Meterlng of the sample

%

Fig. 3 Two subsequent Meter & Store handling modules. Micrographs
(@) through (j) illustrate the metering, dilution and storage of
microdroplets in a side chamber: (a) empty modules filled with the
continuous phase, (b and c) metering of the sub-volume of the first
sample - stable component of the assay, (d) derailing of the droplets
with the first component to the storage chamber, (e-h) metering the
second component (buffer) and dilution of the sample. (i) Derailing of
droplets with the diluted sample to the storage well and (j) merging
with the first component. The scale bar is 5 mm.
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the reagent and the diluent liquids (Fig. 3g). The droplet
comprising both solutions flows in the winding channel to-
wards the next M&S unit and its content mixes by convec-
tion.*® The operation of dilution is repeated in the successive
ten M&S modules (Fig. 3h). In the final step, the flow of the
continuous phase is switched-off again, and the droplets of
the diluted reagent are derailed to the storage well (Fig. 3i).
There, they merge with the already locked sample droplets
(Fig. 3j). This initiates the reaction.

Microfluidic system for antibiotic susceptibility testing

Fig. 4a shows the micrograph of the microfluidic chip. We
highlighted three functionally distinct sections: (1) for depo-
sition of the liquid samples, (2) for transport of plugs along a

a)

Fig. 4 a) The microfluidic chip consisted of 3 parts - module (1) for
deposition of a sample to be diluted (e.g. antibiotic solution) and buffer
(e.g. pure broth); delay channel (2) with inlet for deposition of an
another reagent (e.g. bacterial culture) in which the concentration will
be stable in each droplet. The scheme of the chip is presented in Fig.
S1+ The main part (3) comprises 11 Meter & Store modules for
generation of a gradient. b—d) Snapshots depicting the depositions of
the subsequent portions of liquids. The letter ‘T’ indicates the
metering trap, and the letter ‘W’ indicates the waste reservoir. The
scale bar is 5 mm.
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delay channel, and the dilution section (3) for formation of
the gradation of concentrations and for storing the mixtures
for subsequent analysis. The dilution section comprises 11
serially connected Meter & Store units. The number of dilu-
tions might be higher and adjusted for a particular applica-
tion. We chose the number of chambers to be 11 because this
is a sufficient number of dilutions for an MIC assay and be-
cause this number fitted with the volume that can be han-
dled with the particular pipette that we had in the lab.

The chip comprises three layers, all fabricated in PDMS
(Fig. S27): a bottom (flat) slab, an intermediate fluidic layer
and an upper thick slab with through-holes that serve as
wells for oil and prevents injection of bubbles during deposi-
tion of samples from the pipette. The fluidic functionality of
the chip can be captured by a chip made of a single injection
molded part (comprising the wells and ports for deposition
of the samples on the top side and the fluidic channels on
the bottom) laminated with a plastic foil from the bottom.

The full procedure of preparation of a dilution series with a
component at constant concentration

We start the experiment with the system filled with the con-
tinuous liquid. We then deposit the sequence of three plugs
comprising solutions of different dyes on the chip (Fig. 4b-d
and Video 1) using a simple automatic pipette (Brand Trans-
ferpette S, volume range 0.5-10 pL, Germany). First, we de-
posit a large (9 pL) plug (Fig. 4b) representing the sample.
Then, we inject the second 4.5 pL plug comprising the re-
agent (Fig. 4c), and finally a 9 pL plug modeling the buffer
(Fig. 4d).

During the deposition of the buffer solution, the much
higher hydrodynamic resistance towards the dilution section
(to the right) forces the reagent plug to flow through the
metering trap located on the left side of the deposition mod-
ule (the trap is indicated by the letter ‘T’ in Fig. 4c-d). This
additional metering trap has twice the volume of the
metering traps in the dilution section and meters a droplet
containing 900 nL of the reagent. The excess reagent liquid is
locked away in a deep on-chip waste container (indicated by
the letter ‘W’ in Fig. 4c-d).

After deposition of each specimen, each pipette tip is
pressed against the bottom of the inlet channel and released
from the pipette (Fig. S21). The diameter of inlets in the
PDMS chip are smaller than the outer diameter of the termi-
nus of the pipette tip, allowing us to seal the port.

In the next step, we inject 100 pL of the continuous liquid
(solution of fluorocarbon fluids) into the chip as the continu-
ous phase at a constant flow rate of ca. 9 ml h™". For this pur-
pose, we use an electronic hand dispenser Multipette
Xstream with a 0.1 mL Combitip (both from Eppendorf, Ger-
many). As a result, the yellow plug of tartrazine solution is
pushed to the dilution section for metering of portions of the
sample, while the two other plugs (buffer and reagent) flow
along the delay channel. Next, we remove the oil tip from the
inlet and this operation generates additional transient back-

This journal is © The Royal Society of Chemistry 2016
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pressure that speeds up the derailing of the sample droplets
into the side chambers. This action takes up to few seconds
(video 2). Next, we inject another 100 uL of the continuous
phase into the chip via the same inlet. The flow generated in
the second step pushes the buffer and the reagent through
the network to generate the gradation of concentration of the
reagent in the M&S modules. Finally, the dispenser tip is re-
moved and the droplets with a gradually decreasing concen-
tration of the reagent are derailed to the storage well. They
merge with the portions of the sample within a few seconds.

Serial dilution of a fluorescent sample

We prepared the gradient in the same way as described
above, but as a sample, we used 10 uM rhodamine 110
(Sigma Aldrich, Germany) dissolved in Mueller-Hinton (MH)
broth (BD Biosciences, USA). The pure MH broth served as
the sample (not diluted in the experiment) and also as the di-
lution buffer. Fig. 5 shows the decrease in fluorescence and
dilution ratios between 11 successive droplets. The results
are averaged between 7 independent executions of the whole
experiment. The averaged dilution ratio equals 1.68 + 0.07
(RSD 4.1%). We observed that mixing inside the droplets is
efficient in agreement with previous studies.*®**° The mixing
process may be further optimized for specific applications via
tuning the geometry and dimensions of the channels. The
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Fig. 5 A result of the measurement of the fluorescence intensity of
the droplets after the dilutions. The error bars represent standard
deviation (n = 7). The red line represents the average dilution ratio
(upper plot) and the expected decrease in concentration in successive
droplets. Larger values of the relative standard deviation of
concentration at the higher dilution ratios may be due to the
accumulation of errors during the mixing process in the successive
traps.
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dilution ratio is not the same as the ratio (equal to 2) of the
volumes of the reagent plug (900 nL) and of the droplet of
diluent aliquoted in the Meter & Store unit (450 nL). The dif-
ference is rooted in the observation that when a plug of re-
agent (or a mixture of reagent with diluent) flows into a
metering trap that locks a droplet of pure diluent, not all of
the diluent liquid is flushed forward. The fact that the dilu-
tion ratio does not follow straightforward from the ratio of
volumes necessitates calibration of any new geometry of the
chip. Most importantly, however, the system generates repro-
ducibly the same dilution ratio in all of the M&S units in the
series and within a broad spectrum of the rates of flow of the
continuous liquid, ranging from 5 uL h™ to 16 uL h™".

We compared the level of reproducibility of the micro-
fluidic generation of gradient with the precision and accuracy
of a classical automatic pipette. We used the values*® describ-
ing technical features of an Eppendorf Research® plus pi-
pette — a comparable device to Brand Transferpette® S used
in this study. The pipette prepares 0.5 pL aliquots of liquid
with the inaccuracy of +8.0% and imprecision of +5.0%.
These values can be recalculated to the relative standard devi-
ation of +9.4%, that is significantly higher than the RSD of
dilution in our microfluidic system. As two components (bac-
terial culture and solution of an antibiotic) are needed for an
antibiogram assay, the minimum reaction volume prepared
with a pipette is ca. 1.0 £ 0.1 pL.

We can distinguish two sources of variation in the micro-
fluidic system: extrinsic (or user dependent) and intrinsic
resulting from imperfections of the dimensions of channels
and traps. The main reason of the user-dependent variation
is low precision of metering of the sample (Fig. 4d). During
this operation, the fluid is pushed by the manual pipette, so
the fluctuations of flow rate might be much higher than dur-
ing the use of an electronic dispenser that drives the oil
through the system. The dilution ratio also varied between
successive traps on the same chip (RSD between 5.5 and
10.0%). This intrinsic variation might be explained by the
limited precision of micromilling - for example depths of the
main channel inside the traps differed by up to 3%. Varia-
tions in the dimensions of the trap structures might intro-
duce additional errors during gradient formation. Other,
more precise method of fabrication should completely allevi-
ate this source of intrinsic error. Fabrication of tilted chan-
nels with soft lithography is challenging but possible.*® The
structures that we propose are also fully compatible with pre-
cision injection molding.

Determination of minimum inhibitory concentration (MIC)
of ampicillin

In a model use of our system, we deposited 3 plugs of MH
broth - 1st with bacteria (density of 10° CFU mL™), 2nd with
an ampicillin (concentration 200 mg L") and 3rd with the
pure medium for dilution of the antibiotic. The antibiotic so-
lution and pure medium contained the same concentration
of viability indicator - 88 uM of the resazurin sodium salt
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dye (Sigma Aldrich, Germany) which is converted to highly
fluorescent resorufin in the presence of viable bacteria.

We generated droplets with the same concentration of
bacteria and resazurin but with decreasing concentration of
antibiotic in consecutive droplets. Importantly, bacteria
contacted only the already-diluted solutions of the antibiotic,
just as in a classic antibiotic susceptibility test. The chemical
composition of final droplets was the following: 44 uM of the
resazurin sodium salt dye, E. coli cells at a density of 5 x 10°
CFU mL ™" and ampicillin decreasing from 47 + 3 mg L™ (1st
droplet) to 0.3 + 0.1 mg L ™" (11th droplet).

Next, we incubated the reaction mixtures for 4 h at 37 °C
and performed fluorescent readout using gel imaging system
(Fig. 6). We did not observe influence of evaporation during
4 h of incubation. For longer incubations, additional humid-
ity control might be introduced to prevent excessive evapora-
tion of the samples. We did observe formation of bubbles
during incubation at elevated temperatures — a phenomenon
which is one of the more important practical challenges in
biphasic microfluidic systems, particularly in the case of use
of fluorocarbons, that are characterized by high solubility of
gases that decreases at elevated temperatures. This restriction
was circumvented by performing the incubation outside the
chip - e.g. during emulsion PCR*® or, in single phase flows,
by introduction of bubble traps.*"**> In our chip, bubbles are
almost exclusively formed in the main reservoirs of the oil -
delay channels (section 1 in Fig. 4a) or deposition module
(section 2 in Fig. 4a). Most importantly, the architecture of
the side chambers warrants that bubbles do not change the
position of droplets locked in the storage wells — neither di-
rectly nor by flow of oil caused by expansion of bubbles. Fig.

Fig. 6 Results of an antibiogram assay. Snapshots from the a)
fluorescence gel imager and b) conventional camera depicting
conversion of resazurin to resorufin across the droplets locked dilution
module after 5 h of incubation at 37 °C. The scale bar is 5 mm.
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S3t1 presents exemplary snapshots of the chips after
incubation.

Fig. 7 illustrates the averaged (n = 5) and normalized
intensity of fluorescence for each droplet. These data com-
bined with the dilution ratio from Fig. 5 enabled us to deter-
mine the MIC value for ampicillin to be equal to 5.9 + 0.9 mg
L". This result is in good agreement with the values obtained
by the classical dilution broth method (e.g. the MIC values
for ampicillin and E. coli ATCC 25922 in a range of 2.0 and
8.0 mg L' reported in the literature).?

Discussion

We used a gel imaging system equipped with a fluorescence
camera for optical fluorescence readout; however, the detec-
tion setup can be simplified, e.g. portable devices such as
mobile phones can be wused for the fluorescence
measurement.**

Another challenge is limited precision of droplet cutting
that might be improved by more precise fabrication and use
of lower flow rates of the continuous phase. The volumes we
used here are quite large (the metered droplet is ca. 450 nL),
but they were determined by the characteristics of commer-
cial pipettes. We envisage that dedicated pipettes with lower
flow rates and relatively large volumes should be developed
and used with microfluidic chips such as the one presented
here.

We observed that large plugs, of volume greater than 6 L,
broke before they flowed entirely through the metering trap
(Videos 1 and 2). This break-up is caused by the slow drain-
age of the fluid from bypasses to the storage well (Fig. S4,t
and Videos 3 and 4) However, the fragmentation of a large
plug does not affect significantly the process of formation of
a gradation of concentration in subsequent M&S units. This
is because smaller droplets merge with the volume metered
and locked in the next trap and the system automatically
pushes the excess volume forward. Premature break-up of
long droplets is not a problem unless the 0.9 pL droplet of re-
agent leaves the metering trap as a single plug. In the future,

systems based on M&S units can be improved towards better

1,0 4
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0,2

Normalized fluorescence

0,0 T T T T T T T 1
64 32 16 8 4 2 1 05 025

Ampicillin concentration (mg L")

Fig. 7 The MIC plot for ampicillin against E. coli ATCC 25922. Each
point is an average of 5 experiments, and the error bars show the
standard deviation for the set (n = 5).
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precision or faster operations. Both features are associated
with the capillary number and dimensions of the metering
trap. For instance, a decrease in surfactant concentration or
introduction of higher barrier in the trap will provide better
precision, but the whole system will work in the range of
lower flow velocities.

The system presented here can be complementary for
other portable technologies such as SlipChips.’”"*® Instead of
injection, liquids can be stored in wells, and other methods
of flow generation can be implemented, e.g. pumping lids**
or oscillatory pumps.*"** The throughput of the technology
presented here can be improved by parallelization of the
modules for gradient generation.

Conclusions

One of the ultimate goals in droplet microfluidics is to con-
struct inexpensive, portable and robust lab-on-chip devices
for biological and chemical assays. Such simple-to-use sys-
tems will be required to perform multiple liquid handling op-
erations in sequence, including i) preparation of the test
sample, ii) generation of a gradation of concentration of re-
agent taken from stock solution, and subsequently, iii)
mixing and incubation of the reaction mixtures. The fluid ac-
tuation should ideally be simple and preferably insensitive to
fluctuations.

Some of these functions have already been demonstrated,
as e.g. dilution,***>*>?¢ yet without the necessity of adding a
component at a constant concentration and storage for sub-
sequent analysis and without a demonstration of operating
the system with a tool as commonly available in the laborato-
ries as an automatic pipette.

In summary, the system that we presented here addresses
all the above challenges as it i) precisely meters small por-
tions of the sample, ii) prepares a concentration gradient of
the reagent on the same chip, iii) can be operated with a sim-
ple micropipette and iv) does not require additional moving
elements or external forces to control the transport of drop-
lets. Another advantage is stable locking of droplets after for-
mation of the gradient. Once the simple protocol of five
pipetting steps is executed, the chip can be transported,
shaken, and incubated, and the droplets can safely stay in
their reaction chambers where they are kept there by capillary
forces.

The method of gradient generation using passive traps
might also find use in other biomedical application such as
quantification of DNA, protein crystallization, formation of
lipid membranes or cell assays.

Materials and methods
Fluids

We used a mixture of fluorocarbon fluids: 50% (w/w) Novec
HFE-7500, 49.6% (w/w) FC-40 (both acquired from 3M, USA)
with 0.4% (w/w) 1H,1H,2H,2H-perfluorooctanol (Alfa Aesar,
Germany) as a continuous phase.

This journal is © The Royal Society of Chemistry 2016
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Fabrication of the PDMS three-layer device

The top layer comprised 5 mm in diameter and 10 mm deep
round through holes that served as wells for the excess of oil.
The middle layer comprised microfluidic channels, and the
bottom part of the chip was a flat slab of PDMS. The fabrica-
tion of a fluidic layer and a layer with through holes was as
follows: in the first step, we fabricated the polycarbonate
molds in 5 mm (middle layer) or 10 mm thick (upper layer)
plates of polycarbonate (Macroclear, Bayer, Germany) using a
CNC milling machine (MSG4025, Ergwind, Poland). Next, we
poured PDMS (Sylgard 184, Dow Corning, USA) onto the PC
chip and subsequently polymerize the mold at 70 °C for 2 h.
In a following step, we silanized the PDMS mold during 3 h
under 10 mbar pressure with vapors of tridecafluoro-1,1,2,2,-
tetrahydrooctyl)-1-trichlorosilane (United Chemical Technolo-
gies, USA). Cleaned PDMS negative masters were used for
molding the positive PDMS replicas that we subsequently
bonded with each other by exposing three parts to 30 s O,
plasma and placing them together. We modified the micro-
fluidic channels hydrophobically by filing the chip with
Novec 1720 (3M, USA) for 10 minutes. Next, we blew out
Novec 1720 with compressed air and let the rest of the fluid
evaporate at room temperature. In order to preserve modifi-
cation, we baked the chip at 135 °C for 1 h.

Measurement of fluorescence

Rhodamine gradient

We used a confocal microscope Nikon A1-R (Japan) in order
to assess the quality of the gradient. The ratio of values of
intensity of fluorescence excited at 488 nm wavelength for
two successive droplets indicated the dilution ratio. We re-
peated the measurement for all 11 droplets. In order to col-
lect the values of fluorescence intensities over nearly 3 orders
of magnitude, we set the laser power so that the fluorescence
intensity of the first droplet is just below the limit of the dy-
namic range of the detector of the microscope. Then we mea-
sure the fluorescence intensities of the sample droplet (the
excessive volume trapped in a waste container located behind
the large metering trap, Fig. 4c-d) and first 6 droplets. Then
we set the laser power so that the fifth droplet in the dilutor
has a fluorescence intensity just below the limit of the dy-
namic range of the microscope. We then measure fluores-
cence intensities of droplets 5 to 11. Next, we stitch the data
from three obtained pictures by proportionality based on the
overlapping data for droplets 5 and 6. The values of fluores-
cence were subtracted by the auto-fluorescence of pure MH
medium.

Antibiogram

In order to measure the results of the antibiogram assay, we
performed the readout of the fluorescence signal using a Gel
Doc XR System (Bio-Rad, USA). We excite the fluorescence of
the droplets using UV light passing through the XcitaBlue
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Conversion Screen. The emission filter enables for acquisi-
tion of signal in the range of wavelengths between 460 and
700 nm.

Microbiology

As tested bacteria, we used the recommended”? E. coli ATCC
25922 strain. We prepared a stock solution of cells in Luria
Bertani medium (BD Biosciences, USA) containing 30% (v/v)
glycerol (Chempur, Poland) and froze them at -80 °C. Before
the experiment, cells were streaked on LB agar plates and in-
cubated overnight at 37 °C. For the susceptibility testing, we
used Mueller-Hinton (MH) broth (BD Biosciences, USA) also
recommended by the Clinical and Laboratory Standards Insti-
tute."”> We picked individual colonies, used them to inoculate
MH liquid broth, and cultured the cells at 37 °C overnight
with shaking at 200 rpm. Aliquots of the overnight cultures
were used to seed fresh liquid media and were grown to a 0.5
unit of McFarland range. Next we dilute the suspension 100x
times, and the approximate starting concentration of bacteria
inside the plug deposited on a chip was ~10° CFU mL ™.

We prepared antibiotic stocks of ampicillin using deion-
ized water—at a concentration that was 500x more higher
than in the plug injected into a chip. Before each experiment,
we diluted antibiotic stocks in MH broth to the desired con-
centration and transferred the samples to the inlets of the de-
vice. The concentration of antibiotics was subsequently re-
duced during the merging of droplets on-chip.

We used resazurin sodium salt (Sigma-Aldrich, Germany)
diluted in MH broth at a concentration of 44 uM as an indi-
cator of cell viability. In order to maintain a constant concen-
tration of resazurin in the incubation mixtures, we added the
compound to all solutions introduced into the device with
the exception of the suspension of bacteria.
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