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G R A P H I C A L A B S T R A C T

H I G H L I G H T S

New millifluidic method exploits mobile dispensing tip to tune bubbling.
Bubble size and spacing are independently controlled.
Novel method moves bubbles between strata of a millifluidic chip by gravity.
Flow of bubbles through alternating strata creates multilayer PSS/PAH capsules.
Obtained capsules have lifetimes of the order of several months.

A R T I C L E I N F O
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Coated air bubbles with tunable size and
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A B S T R A C T

The generation of multi-functional capsules often requires the sequential deposition of different components
on the surface of bubbles or drops. Batch-based methods lack fine control over the capsule sizes, including
risk of fusion, and cannot ensure identical environments for each capsule. To overcome these issues, different
micro/milli-fluidic methods have been developed in the past. However, a major challenge remains in combining
an explicit and flexible control over the capsule generation and their residence time in the different solutions
within the same device. Using for the first time the example of bubbles covered by layers of oppositely
charged polyelectrolytes (PSS/PAH), we introduce an original millifluidic Lab-on-a-Chip device with two novel
functions: (1) Size and separation of the bubbles are tuned at constant flow conditions via gas injection through
a movible, circular dispense tip into the cross-flow of a rectangular channel. We provide a detailed exploration
of the bubbling parameters together with physical justification of the observations. (2) The device exploits
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gravity to make the generated bubbles rise between horizontally stacked millifluidic chips containing each
the controlled flow of a specific polyelectrolyte solution. In analogy with electric circuits, we show how the
flow resistance of each chip can be adapted such that bubbles move smoothly between them while avoiding
undesired mixing of the solutions. We show first examples of obtained multilayer capsules and discuss their
peculiar features, in particular, their outstanding stability with respect to coalescence and dissolution. While
our methods use polyelectrolyte assembly on bubbles, they can be readily transferred to other types of solutions
or even to drops and particles.
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1. Introduction

The use of multifunctional liquid or gaseous capsules is entering
an increasing number of domains (medicine, cosmetics, food, agricul-
ture, etc.) due to the possibility of combining a controlled capsule
size with purpose-designed mechanical properties, fine-tuned release
kinetics and/or with specific surface functionalities [1–5]. Batch-based
methods, used in the past to create these capsules, are increasingly
replaced by micro- or millifluidic approaches, which ensure an explicit
control over the size and formulation of each capsule [6,7]. While
this works well for simple capsule architectures, it remains a challenge
for more complex constructions, requiring the combination of different
washing, soaking or deposition steps.

Here we shall focus on the example of capsules coated with poly-
electrolyte (PE) multilayers [8–18]. These are generated by passing
the capsule core in an alternating manner through solutions of poly-
electrolytes with opposite charges, separated by a washing step. The
capsule cores may be solid, liquid or gaseous. Often, the solid or liquid
core is removed in a final step to obtain a hollow capsule [8,10,
11,13,17]. While, to the best of our knowledge, no study has been
published to generate directly gaseous PE multilayer capsules, different
authors present microfluidic approaches to the coating of particles or
droplets [19–26].

For example, Madisetti et al. [19] perform PE multilayer deposition
on poly(dimethyldiallyl ammonium chloride)-coated poly(methacrylate)
core droplets, which are subsequently coated with sodium poly(styrene
sulfonate) (NaPSS) using a cascade droplet-generating device to adsorb
NaPSS after rinsing. Trégouët et al. [21,22] combine the microfluidic
generation of oil drops with a channel geometry containing small pillars
which allow the liquid to pass, but not the drops. This enables to
separate the flow of the drops from that of the liquid in a way to deposit
a double layer of poly(methacrylic acid)/poly(vinyl pyrrolidone). A
similar approach had already been proposed by Zhang et al. [23]
and Sochol et al. [24]. This method of ‘‘railing’’ the drops via the
addition of obstacles in the flow circuit has also been used to orientate
drops in a ‘‘pin-balling’’ manner through different liquids flowing
aside each other in a laminar manner without mixing [20,25,26].
Other, more complex devices have been proposed, including the exam-
ple of magnetic drops [27,28] or a combination of soaking/washing
sequences of particles moving through porous fibers permeable to
polymer chains [29].

Our goal here is to show that bubbles can be coated directly by
PE multilayers in a millifluidic device by exploiting their buoyancy
to guide them through different liquid flows. We aim at combining
in a single millifluidic Lab-on-a-Chip the generation of monodisperse
bubbles of controlled size and spacing with a layer-by-layer deposition
of oppositely charged polyelectrolytes. For this purpose, as sketched in
Fig. 1a, we set up an original ‘‘stratified’’ millifluidic system (each chip
counting as a stratum of the system), composed of a vertically aligned
stack of identical chips containing each a serpentine channel. As shown
in Figs. 1 and 3, the setup is designed such that continuously flowing
polyelectrolyte solutions of NaPSS and poly(allylamine chloride) (PAH)
alternate between consecutive strata, which can be piled up to an
arbitrary number. The specificity of this setup is that it allows to create
bubbles in the bottom chip, and to make them flow slowly along the
2

channel before they rise up to the next chip by gravity. In each chip,
a specific polyelectrolyte adsorbs to the bubble surface. For the first
NaPSS layer, this adsorption is driven by the amphiphilic properties of
NaPSS, [30–35], while for the following layers, the adsorption is driven
by electrostatic interactions. Thus a ‘‘layer-by-layer’’ polymeric skin is
formed at the interface (Fig. 1b), creating a multilayer gas capsule and
stabilising the bubbles against coalescence. We provided recently an
in-depth investigation of the formation and mechanical properties of
these multilayers on isolated bubbles and interfaces [35].

As shown in Figs. 1a and 2, the bubbling is performed in the bottom
chip by injecting nitrogen at constant pressure 𝑃𝐺 into the channel
hrough a horizontally held dispense tip of circular cross-section of
adius 𝑅𝑁 . A cross-flow condition is created by the liquid flowing at
onstant flow rate 𝑄𝐿 through the channel which detaches the bubble
rom the tip. The dispense tip is significantly smaller than the channel
ross-section 𝐷𝐶 (i.e. 𝑅𝑁 ≪ 𝐷𝐶 ) to reduce interference between the
verall liquid flow and the bubbling. The distance 𝐷𝑁 between the
ispense tip outlet and the opposing channel wall is varied to control
he bubble size, while the gas pressure is varied to control the distance
𝐵 between neighbouring bubbles. The effect of each parameter on the
ubbling process is investigated in detail in Section 3.

We inject NaPSS solutions in the odd-numbered chips and PAH
olutions in the even-numbered chips. The main challenge of this
ork is to allow bubbles to travel progressively through the different

hips without mixing the polyelectrolyte solutions around them. This is
nsured by equipping each stratum with an inlet and an outlet for the
olution flow and with a vertical connection that allows the bubbles to
ass from the lower to the upper stratum by gravity (Figs. 2 and 3). We
void the formation of polyelectrolyte complexes in the solution around
he bubbles by ensuring that the liquid pressure at the connection in
he upper channel is systematically higher than the one in the lower
hannel. In this way a small liquid flow is created against the rising
ubble and complexation occurs only in the lower chip in the part of
he channel not containing bubbles and leading to the outlet. To obtain
he desired flow conditions, we tune explicitly the flow resistance of the
hannel outlets. To guide this optimisation, we model the flow circuits
n analogy with electrical circuits (Section 4).

In the optimised system, the bubbles rise progressively through four
trata and are therefore coated with a PSS/PAH/PSS/PAH multilayer
t the end. They are then collected at the top outlet of the millifluidic
etup and we perform a first preliminary analysis of their properties
Section 4.2).

. Materials and methods

.1. Materials

NaPSS (𝑀𝑤 = 77.8 kg/mol, polydispersity index = 1.9) was obtained
rom Acros Organic, PAH (𝑀𝑤 = 12.5 kg/mol) from Sigma Aldrich,
olyethylenimine (PEI, 𝑀𝑤 = 60 kg/mol) from Sigma Aldrich, NaCl
rom Roth. The sulfonation degree of NaPSS was ca. 75% as measured
y elemental analysis and by NMR. NaCl was purified by oven pyrolysis
t 600 ◦C for 4h [33]. Details of the in-house characterisation are
rovided in the Electronic Supplementary Information of a previous
aper [35].

We used Milli-Q water from an EMD Milli-Q Direct 8 (Merck Mil-
ipore) device to prepare the solutions. Each polymer in solid form is
oured together with the salt ([NaCl] = 0.15 M) and the appropriate
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Fig. 1. (a) General principle of the approach: Monodisperse bubbles are generated by injecting nitrogen at constant gas pressure 𝑃𝐺 into a flowing solution through a circular
dispense tip. Driven by the liquid flow and by gravity, the bubbles rise progressively to the top of a millifluidic device composed of different chips (here four) communicating by
a cylindrical connection of the order of 2–3 times the bubble size. Each chip contains a long serpentine channel (about 1 m) hosting the flow of a different solution, here in an
alternating manner PSS/PAH/PSS/PAH. The liquids are injected into each layer at constant flow rate 𝑄𝐿, and each layer contains an outlet. By controlling the flow resistance at
the outlets, the flows in the chip are adjusted so that bubbles always move upwards between the chips, while each solution remains mostly within its own chip. Only small flows
of the solutions down to the previous chip are allowed so that complexes formed between oppositely charged polyelectrolytes do not enter in contact with the bubbles and are
evacuated immediately. (b) Sketch of the obtained bubbles coated in an alternating manner. (c) Example of multi-layer-coated bubbles obtained in the experiments.
Fig. 2. (1) Sketch of the bottom chip in the configuration used to study the bubbling process. (2) (top) Sketch of the bubbling process with the definition of the main parameters:
𝐷𝑁 distance from the tip to the channel wall, 𝐷𝐶 channel width, 𝐷𝐵 distance between bubbles, 𝑅 radius of the bubbles, 𝑄𝐿 flow rate of the polyelectrolyte solution, 𝑃𝐺 nitrogen
pressure, 𝑅𝑁 inner radius of the tip, (bottom) corresponding photographs (the black parts are a shadow of a clamping screw). (a) and (b) correspond to large and small values of
𝐷𝑁 , respectively, for the same gas pressure 𝑃𝐺 . (3) Image of the bottom chip in steady bubbling regime, the green frame shows the region of interest where the image analysis
is performed to measure 𝑅 and 𝐷𝐵 .
quantity of Milli-Q water into a volumetric flask. After flushing argon
in the flask, the solution is left to stir with a magnetic stirrer at 360 rpm
for 12 h at room temperature. After solubilising the salt and polymers,
the volume is corrected to the gauge, the pH is lowered at 4.00 ± 0.01,
and the solutions used for up to 15 days. We used a concentration of
0.1 g/L in all chips except the bottom one, for which a concentration
of 1 g/L was used to accelerate the adsorption kinetics of the first
layer [33–35]. We worked at low pH value to increase the charge
density of the PAH and favour the electrostatic interaction between
layers. Moreover the reproducibility of the experiments is better at this
3

pH value because no ageing effect on the stock solutions induced by
water carbonation is observed.

2.2. Millifluidic chip fabrication

The full millifluidic chip consists of stacked, nearly identical PDMS
chips with integrated channel systems, as shown in Figs. 1–3. The
mold of these chips was drawn with Solidworks, machined in 9 mm
thick poly(methyl methacrylate) (PMMA) sheets with a micro-milling
machine (Minitech Machinery, software : Mach 3, Endmills) from
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Fig. 3. Scheme showing (a) the stacking of two identical chips rotated by 180◦,
allowing the alignment of their vertical cavity (b). The flow in both chips is in the
same direction (c). By properly tuning the pressure drops in the two chips through
the hydrodynamic resistance of the outlets, the bubbles are expected to rise by gravity
through the cavity without mixing of the two different solutions in the upper chip (d).

Performance Microtool (reference TS-2-0390) at 10,000 rpm with an
overlap rate of 10 percent. The mold has the overall dimensions of
110 × 60 × 5 mm and contains principally a serpentine channel
of rectangular cross-section (width: 2 mm, height: 1.5 mm). In two
locations of the chip, the spacing between the straight sections of
the channel is widened to allow incorporation of two parallel rows
of four equidistant pads (height: 5 mm, diameter: 3 mm), forming
later holes for clamping screws. At the center of the straight end of
the channel, a 3 mm high pad (diameter: 2 mm) is machined to create
a communicating passage between the chips.

For the mold of the bottom chip, where gas input is required, a
hole is drilled horizontally from the side at the centre of the straight
beginning of the channel. This hole allows the insertion of a thin
dispense tip perpendicular to the channel. The resulting hole in the
bottom chip wall will provide later the entry for the dispense tip that
bubbles nitrogen into the chip.

The final chips are made by pouring a mixture of poly(dimethylsilo
xane) (PDMS) (Sylgard 184 kit, Dow Corning; ratio of 10:1) into the
PMMA mold (rinsed with isopropanol prior to use) and by curing it at
60 ◦C in the oven for two hours. After demolding, one extremity of the
channel is pierced with a drill bit of 1 mm (KAI Medical) to insert a
dispense tip (Nordson EFD, Gauge 18) which serves for the injection
of liquid. For the exit of the liquid, the other end of the channel is
pre-pierced with a dispense tip (Terumo, Nr. 18, 0.45 × 23 mm) to
insert later dispense tips of different cross-sections depending on the
experimental requirements.

For the bottom chip, a dispense tip with the same diameter as the
one used for gas injection is placed in the lateral hole of the mold
provided for this purpose before PDMS curing and removed before
demolding.

For the assembly, as shown in Figs. 1–3, we place first the chip with
the gas input on the PMMA base. The following chips are placed on top
of each other in an alternating fashion, each time rotated by 180◦, with
the engraved face upwards. The top chip is covered by a 1–2 mm thick
PDMS film to ensure water tightness. The set-up is then sealed with the
second PMMA plate screwed with clamping nuts.

The inlet of each chip is connected to a 60 mL luerlock syringe
(BD Plastipak) mounted on a syringe pump (Harvard PhD Ultra) for
liquid injection at constant flow rate (1 mL/min). For the injection of
nitrogen at constant pressure, a dispense tip (Nordson EFD, Gauge 25)
is connected from a pressure controller (Elveflow, OB1 MK3+) into a
hole of the bottom chip designed for this purpose. The vertical position
of the tip is fixed in the centre of the channel, while its horizontal
position inside the channel is varied with a micrometre screw (PT
series, Thorlabs) to control the bubble size, as shown in Fig. 2.2. For
4

each chip, waste flow takes place through calibrated dispense tips
(Nordson EFD) of various diameters and lengths to control the flow
resistance and hence the associated pressure drop across the tip. The
length of the tips is adjusted with a disk saw IsoMet™ equipped with a
cutting disk Isocut CBN-HC.

Finally the bubbles are collected at the outlet of the upper chip
through a glass capillary (diameter: 1.5 mm, Hirschmann) into a glass
pillbox (pre-filled with the solution flowing from the glass capillary).
The pillbox is tilted at an angle of around 45◦, so that the droplets
flow directly from the glass capillary into the solution.

To avoid the bubbles sticking to the microfluidic channel walls, the
surfaces are made hydrophilic via a treatment adapted from Ref. [36]:
The inside of the channel is filled alternately with a PEI solution (2.5
g/L) and a NaPSS solution (1 g/L) for 30 min, and dried with nitrogen
between each soaking time. This procedure is repeated six times to
create a stable multilayer on the channel surfaces. According to our
experience, this treatment remained hydrophilic for more than 15 days.

2.3. Imaging and image treatment

The millifluidic chip assembly is placed on a light panel (Wafer
1 Daylight) to provide optimal lighting for a good outline of bubbles
inside the channel. A camera (Canon, EOS 850D) is placed 80 cm
vertically from the millifluidic assembly to take images. We use the
‘‘particle analysis tool’’ of ImageJ software [37,38] to detect the bubbles
in the channel by setting the software to identify and analyse objects
within a specific size and circularity range. After scaling, we extract
the area 𝐴𝐵 and the position of each bubble in different zones of the
chip. The final analysis was performed on the last straight section of
the channel (green frame in Fig. 2.2). We then use an Excel macro to
obtain the interbubble distance 𝐷𝐵 from the center positions. To obtain
the average bubble radius ⟨𝑅⟩, we distinguish between two cases. If the
bubbles are smaller than the channel depth, they are spherical and we
use the following formula to calculate the bubble radius 𝑅 =

√

𝐴𝐵∕𝜋.
If the bubbles are larger than the channel depth, they form elongated
‘‘slugs’’ whose geometry is complex when 2𝑅 ≈ 𝐷𝐶 [39]. Since we
are not quantitatively interested in this regime, we use here a simple
approximation of the bubble cross-sections as ellipses and obtain the
equivalent radius of the bubble as 𝑅 = 2𝐴𝐵∕𝜋𝐷𝐶 , considering that the
small axis length is 𝐷𝐶 .

2.4. Flow rate measurements

The liquid flow at the exit of each chip is measured by weighing
the mass of solution flowing for 5 min from the outlet in steady flow
conditions, after a stabilisation time of 3 min.

3. Bubbling investigations

We investigate first the bubbling conditions in the bottom mil-
lifluidic chip to produce monodisperse bubbles with controlled bubble
radius 𝑅 and interbubble distance 𝐷𝐵 , as sketched in Fig. 2.2.a. For the
bubble size, we aim for bubbles smaller than the channel width 𝐷𝐶 in
order to ensure a spherical bubble shape and homogeneous deposition
of polyelectrolytes on the bubble surface. Yet, the bubbles should not
be much smaller than 𝐷𝐶 in order to be carried along efficiently and
homogeneously by the liquid flow [40]. The conditions sought for the
interbubble distance 𝐷𝐵 also ask for a compromise: 𝐷𝐵 needs to be
large enough to avoid coalescence and hydrodynamic interactions be-
tween bubbles, yet it should be small enough to maximise the number
of bubbles per liquid volume used.

As shown in Fig. 2, bubbles are produced by cross-flow genera-
tion around a circular tip of radius 𝑅𝑁 inserted into the millifluidic
channel of nearly square cross-section of width 𝐷𝐶 (Section 2.2) with
2𝑅𝑁∕𝐷𝐶 = 0.29. To control the bubble size at constant flow conditions,
we vary in a controlled manner the distance 𝐷 between the tip outlet
𝑁
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Fig. 4. Evolution of the bubble configuration in the channel for increasing distance
between the tip outlet and channel wall 𝐷𝑁∕𝐷𝐶 (top to bottom) and for increasing
gas pressure 𝑃𝐺 (from left to right) in the first chip (Fig. 2) in NaPSS solution at 𝑄𝐿
= 1 mL/min.

and the channel wall, as sketched in Fig. 2.2. This is different from
most previous work reported in the literature, where the variation of
the bubble size is achieved via the variation of gas pressure 𝑃𝐺 and
liquid flow rate 𝑄𝐿 at fixed channel geometry [41–43]. The use of
tunable channel geometries has been reported [6,7,44], but there the
full channel cross-section is varied.

In this work, we choose for simplicity to keep 𝑄𝐿 constant at 1
mL/min and to vary only the relative tip position 𝐷𝑁∕𝐷𝐶 and the
gas pressure 𝑃𝐺 to control 𝑅 and 𝐷𝐵 . After determining 𝐷𝑁 by image
analysis, we start bubbling. When the entire channel is filled with a
homogeneous train of bubbles, we wait five minutes to ensure that the
flow conditions are stable. We then start taking photographs at regular
intervals so that each photograph contains a new set of bubbles. In
order to ensure good statistics we take enough photographs to measure
at least 200 bubbles each time.

Fig. 4 shows typical photographs of bubble trains obtained for
different 𝐷𝑁∕𝐷𝐶 and 𝑃𝐺. One notices first of all that bubbles of
very different sizes can be generated : from sub-millimetric, spherical
bubbles for small 𝐷𝑁∕𝐷𝐶 to slugs (bubbles deformed by the channel
geometry) for large 𝐷𝑁∕𝐷𝐶 .

We observe two trends. For a fixed value of 𝑃𝐺, the larger 𝐷𝑁∕𝐷𝐶
the larger 𝑅 and 𝐷𝐵 . On the contrary, for a fixed value of 𝐷𝑁∕𝐷𝐶 , the
larger 𝑃𝐺, the smaller 𝐷𝐵 . If 𝐷𝐵 is too small, bubbles start touching
each other and one observes occasionally coalescence. Overall, 𝑃𝐺 does
not seem to impact significantly 𝑅. One also notices, that for smaller
bubbles, the interbubble distance 𝐷𝐵 becomes quickly irregular due to
hydrodynamic instabilities of the bubble flow.

Using image analysis (Section 2.3), we quantified these different
observations. Fig. 5a shows how the average, reduced bubble radius
2⟨𝑅⟩∕𝐷𝐶 varies with 𝐷𝑁∕𝐷𝐶 for different gas pressures 𝑃𝐺: there are
two very different bubbling regimes, depending on the bubble size.
In the first regime, when the bubbles are smaller than the channel
cross-section (2⟨𝑅⟩∕𝐷𝐶 < 1), the bubble radius grows linearly up to
𝐷𝑁∕𝐷𝐶 ≈ 0.5. In this regime, to first approximation, the bubble size
is independent of the gas pressure 𝑃𝐺. In the second regime, on the
contrary, when the bubbles are slugs (2⟨𝑅⟩∕𝐷𝐶 > 1), the bubble size
is to first approximation constant with 𝐷𝑁∕𝐷𝐶 but depends instead
non-negligibly on 𝑃𝐺.

We explain the existence of these two regimes as follows. In the
first regime, bubble blowing takes place in the ‘‘dripping regime’’ [41],
i.e., the bubbles detach from the tip when the viscous drag exerted by
the liquid flow around the bubble overcomes the capillary forces which
5

Fig. 5. Variation of (a) reduced average bubble radius, 2⟨𝑅⟩∕𝐷𝐶 and (b) reduced
average interbubble distance ⟨𝐷𝐵⟩∕𝐷𝐶 as a function of reduced tip position 𝐷𝑁∕𝐷𝐶
for different gas pressures 𝑃𝐺 ; (c) Data in (b) replotted using the scaling of Eq. (7).
Bubbles are created in a NaPSS solution at flow rate 𝑄𝐿 = 1 mL/min.

attach the bubble to the tip. For these kind of detachment conditions

one typically finds that [41]

𝑅 ∝
𝛾

𝐿, (1)

𝜂𝑈
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where 𝛾 is the surface tension, 𝜂 the viscosity of the liquid, 𝑈 a
haracteristic flow velocity and 𝐿 the characteristic length scale of
he flow. In our problem, 𝐿 ∝ 𝐷𝑁 , while all other quantities are
o first approximation constant, hence ⟨𝑅⟩ ∝ 𝐷𝑁 . The prefactor of
his relation depends on the flow geometry, which is complex in our
ase, since the tip only takes up a part of the channel cross-section.
owever, one notices that the solid black line in Fig. 5a corresponds
eometrically to the situation where the bubble is dragged by the
low slightly downstream of the tip and detaches as soon as it touches
he channel wall on the other side, as sketched in the inset of the
ame figure. We believe that this geometric condition facilitates the
opological change at the needle tip that initiates the detachment. This
ondition corresponds to the relationship
2𝑅
𝐷𝐶

≈ 2
𝐷𝑁
𝐷𝐶

, (2)

which captures nicely the data (black line in Fig. 5a) and which we
will use in the following. Future work will have to investigate this
regime more deeply to establish the quantitative influence of all process
parameters.

In the second regime, the bubbles are squeezed by the channel walls,
creating quickly flow conditions which correspond to the ‘‘squeezing
regime’’ [41]. Here the bubble blocks the channel and hence the break-
up mechanism is dominated by the pressure conditions. Globally, one
finds to first order for these regimes that [41,45,46]

2𝑅
𝐷𝐶

∝
(

1 + 𝐶
𝑃𝐺
𝑄𝐿

)

, (3)

since the bubble size is fixed by the time it takes to fill the constriction
holding the bubble to pinch it off. The prefactor depends again on the
channel geometry and the constant 𝐶 is related to the hydrodynamic
resistance of the gas flow. Since the bubble already blocks the entire
channel, the tip position becomes less relevant in this regime. Since
𝑄𝐿 and 𝐷𝐶 are constant, we recover a linear dependency of the bubble
ize on 𝑃𝐺 (Electronic Supplementary Information, Fig. S1)).

Let us now consider the normalised mean distance ⟨𝐷𝐵⟩∕𝐷𝐶 be-
ween bubbles. This is shown in Fig. 5b as a function of the needle
osition 𝐷𝑁∕𝐷𝐶 for different 𝑃𝐺. One notices again the same two
egimes. In the first regime, ⟨𝐷𝐵⟩∕𝐷𝐶 depends strongly on the needle
osition, while in the second regime it remains constant. In both
egimes, ⟨𝐷𝐵⟩∕𝐷𝐶 depends on the gas pressure 𝑃𝐺. To explain this
bservation, let us consider the first regime, in which the mean bubble
ize ⟨𝑅⟩ is independent of 𝑃𝐺 (Fig. 5a). Then, 𝐷𝐵 is entirely fixed by
ow much time it takes to create a bubble of volume 𝑉 . Using an
verage gas flow rate 𝑄𝐺 and an average liquid velocity of roughly
𝐿∕𝐷2

𝐶 , we can write

𝐵 = 𝑉
𝑄𝐺

𝑄𝐿

𝐷2
𝐶

. (4)

In order to relate 𝑄𝐺 to 𝑃𝐺, we notice that the system has an
entry pressure 𝑃𝐸 which needs to be overcome to inject the gas into
the channel through the small tip of radius 𝑅𝑁 . This entry pressure
corresponds to the maximum Laplace pressure arising during bubble
formation, i.e., when the bubble is a hemisphere of radius 𝑅𝑁 , given
y

𝐸 =
2𝛾
𝑅𝑁

. (5)

Since the NaPSS does not have enough time to adsorb during the
rapid bubbling process [35], we use the surface tension of water (𝛾 =
72 mN/m) and 𝑅𝑁 = 0.125 mm to find 𝑃𝐸 ≈ 12 mbar. This corresponds
to our experimental observations since we have to use 𝑃𝐺 ≥ 15 mbar
o create bubbles in the system.

We can assume that the flow resistance of the gas in the circuit
efore the tip is constant and that therefore 𝑃𝐺 − 𝑃𝐸 ∝ 𝑄𝐺. We then
btain that
𝐷𝐵 ∝ 𝑅3

3
𝑄𝐿 . (6)
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𝐷𝐶 𝐷𝐶
(𝑃𝐺 − 𝑃𝐸 ) f
Using Eq. (2), this can be simplified to

𝐷𝐵
𝐷𝐶

(

𝐷𝑁
𝐷𝐶

)−3
∝ (𝑃𝐺 − 𝑃𝐸 )−1. (7)

In Fig. 5c this scaling was used to fit the experimental data and is
represented by the dashed lines. It shows that this scaling captures
indeed well the inverse proportionality with the pressure difference
𝑃𝐺 − 𝑃𝐸 for all data - keeping in mind, that the investigated pressure
ange is rather small. It also collapses well the data in the first regime
𝐷𝑁∕𝐷𝐶 < 0.5), for which Eq. (7) was derived. In the second regime
𝐷𝑁∕𝐷𝐶 > 0.5), the data is nicely collapsed by the simple scaling
𝐵∕𝐷𝐶 ∝ (𝑃𝐺 −𝑃𝐸 )−1 (Electronic Supplementary Information, Fig. S2),

ince the bubble size is, to first approximation, independent of the
osition of the dispensing tip.

To summarise, we find a highly reproducible bubbling behaviour
ith two distinct regimes. The first regime corresponds to a ‘‘dripping

egime’’, where the bubbles are smaller than the channel cross-section
nd they are detached from the tip by viscous forces. Since the liquid
low rate is constant, the bubble size depends only on the tip position
𝑁∕𝐷𝐶 in the channel and is given by Eq. (2). The gas pressure 𝑃𝐺

nfluences only the distance 𝐷𝐵 between the bubbles, the relevant
caling being given by Eq. (7). The second regime corresponds to one
here the bubbles are larger than the channel cross-section leading to
‘‘squeezing-type’’ flow controlled by the pressure conditions in the

hannel. Here the bubble size depends negligibly on the tip position
ut increases linearly with gas pressure 𝑃𝐺.

In the following, we choose the bubbling conditions 𝑃𝐺 and 𝐷𝑁 such
hat 2⟨𝑅⟩ ≃ 0.75 𝐷𝐶 and ⟨𝐷𝐵⟩ ≃ 5 𝐷𝐶 , which satisfy the requirements
iscussed at the beginning of this section.

. Layer-by-Layer deposition

We want to design a millifluidic device allowing the bubbles to
ove from one polyelectrolyte solution to the next in an alternating
anner, each time spending enough time in the solution to be covered

y the respective polyelectrolyte. As briefly discussed in Section 1, this
s achieved by making the bubbles travel along each chip of the device,
ith alternating polyelectrolyte solutions, the first being NaPSS in the
ottom chip. Neighbouring chips are connected by a vertical passage
hat allows the bubbles to rise into the next chip via gravitational
orces. Unfortunately, these passages can also allow liquid to pass,
eading to undesired mixing and aggregation of the polyelectrolyte
olutions. Ideally, the pressures of both liquids would be identical at
he passage in order to avoid liquid exchange (Fig. 3c). However,
he high flow resistance of the bubbles introduces important pressure
luctuations that destabilise the overall flow conditions. We therefore
esign the system to allow for the mixing of the solution but only in
arts of the channel system not containing bubbles, i.e, the pressure
onditions are optimised such that at each passage the liquid pressure
n the upper chip is slightly higher than in the lower one, creating

small liquid flow downwards (against the bubble motion). Liquid
ixing occurs then in a part of the channel without bubbles whose

iquid flow is carried directly to the waste bin (see ‘‘waste’’ in Figs. 1
nd 3c).

To create the desired pressure conditions, we tune the hydrody-
amic resistance of the exit of each chip by adjusting the length and
iameter of the narrow dispense tip that makes the outlet. We aim at
ownward flows in all passages of the setup requiring that they are
mall enough to not hamper the rise of the bubbles against them.

Since the flows in the different chips are highly coupled and depend
lso on the flow resistance of the bubbles, we investigate first in depth
he flow between two chips, initially without bubbles, then with a
teady train of bubbles (Section 4.1), before moving on to a setup with

our chips (Section 4.2).
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4.1. Two chips

Here we work with the first two chips only, the first one contain-
ing the bubbling process (Section 3). The liquid injection rate 𝑄𝐿 in
each chip is kept constant at 𝑄𝐿 = 1 mL/min throughout the entire
experiment. We can draw the overall flow circuit as sketched in Fig. 6a,
associating a flow resistance with each channel part and exit dispense
tip. In the upper chip (2), liquid and bubbles exit through a circular
glass capillary of 1.5 mm inner diameter and approximately 15 mm
length with an associated flow resistance 𝑅𝑜𝑢𝑡,2 (Fig. 6a). In addition,
the liquid (and bubbles) probe also the hydrodynamic resistance of the
whole channel, 𝑅𝐶 of ca 1 m length. The liquid of the bottom chip
(1) exits through a narrow dispense tip whose diameter and length
are adjusted to tune the flow resistance 𝑅𝑜𝑢𝑡,1. The outlet channel is
very short (≈ 20 mm), so that we can neglect its hydrodynamic flow
resistance with respect to that of the tip. Before reaching the passage
of flow resistance 𝑅𝑃 , liquid and bubbles have probed the channel
resistance, 𝑅𝐶 , and the resistance from its inlet, 𝑅𝑖𝑛,1.

As the chips communicate through the vertical passage, varying the
flow resistance of the outlet of the lower chip will impact not only the
associated exit flow rate 𝑄𝑜𝑢𝑡,1 in this chip, but also the exit flow rate
𝑄𝑜𝑢𝑡,2 of the upper chip. Overall we know that

2𝑄𝐿 = 𝑄𝑜𝑢𝑡,1 +𝑄𝑜𝑢𝑡,2, (8)

since the overall flow rate is conserved. Using Kirchhoff’s laws for
pressure drop and conservation of flows across each channel section,
we can write for the circuit 𝐴 − 𝐵 − 𝐶 −𝐷 on the right of the passage

(𝑃𝐴 − 𝑃𝐵) + (𝑃𝐵 − 𝑃𝐶 ) + (𝑃𝐶 − 𝑃𝐷) + (𝑃𝐷 − 𝑃𝐴) = 0, (9)

𝑄𝑃 ,1 +𝑄𝐿 = 𝑄𝑜𝑢𝑡,1. (10)

Since both outlets are at atmospheric pressure, 𝑃𝐵 − 𝑃𝐶 = 0. Moreover
the pressure drop 𝑃𝐷 − 𝑃𝐴 due to the hydrodynamic resistance of the
passage is partly compensated by the hydrostatic pressure difference
between the two neighbouring chips, 𝑃𝐷 − 𝑃𝐴 = 𝑅𝑃 𝑄𝑃 ,1 − 𝛥𝑃𝐻 , and
Eq. (9) becomes

𝑅𝑜𝑢𝑡,1 𝑄𝑜𝑢𝑡,1 − (𝑅𝑜𝑢𝑡,2 + 𝑅𝐶 )𝑄𝑜𝑢𝑡,2 + 𝑅𝑃 𝑄𝑃 ,1 − 𝛥𝑃𝐻 = 0, (11)

where 𝛥𝑃𝐻 ≈ 50 Pa is estimated from the geometry of the device.
Since the passage is very short and wide, and the flow between the
two strata, 𝑄𝑃 ,1, should be small compared to 𝑄𝑜𝑢𝑡,1, we can neglect
the term 𝑅𝑃 𝑄𝑃 ,1 in Eq. (11). Setting 𝑞𝑖 = 𝑄𝑜𝑢𝑡, 𝑖∕𝑄𝐿, Eqs. (8) and (11)
can then be rearranged as

𝑞1 + 𝑞2 = 2, (12)

𝑅𝑜𝑢𝑡,1𝑞1 − (𝑅𝑜𝑢𝑡,2 + 𝑅𝐶 ) 𝑞2 = 𝑅0, (13)

where 𝑅0 = 𝛥𝑃𝐻∕𝑄𝐿 ≈ 3 Pa s/mm3 is an effective resistance related
to the hydrostatic pressure difference between two neighbouring chips.
From Eqs. (12) and (13), we obtain

𝑞1 =
𝑅0 + 2(𝑅𝑜𝑢𝑡,2 + 𝑅𝐶 )
𝑅𝑜𝑢𝑡,1 + 𝑅𝑜𝑢𝑡,2 + 𝑅𝐶

. (14)

Then 𝑞1 − 1 = (𝑄𝑜𝑢𝑡,1 − 𝑄𝐿)∕𝑄𝐿 = 𝑞𝑃 ,1 is the normalised flow in the
passage and is positive (resp. negative), when this flow is directed
downwards (resp. upwards).

To test this relation, we performed a series of experiments, varying
systematically 𝑅𝑜𝑢𝑡,1 and measuring 𝑄𝑜𝑢𝑡,1 in the absence and in the
presence of bubbles, using the bubbling conditions chosen at the end
of Section 3 (⟨𝑅⟩ = 0.70 ± 0.05 mm and 𝐷𝐵 = 15 ± 5 mm). In Fig. 6b
we plot 𝑞𝑃 ,1 for both cases as a function of 𝑅𝑜𝑢𝑡,1, which we estimated
using Hagen–Poiseuille’s law for pipes with circular cross-section

𝑅𝑜𝑢𝑡, 𝑖 =
8𝐿𝜂
𝜋𝑎4𝑁

, (15)

where 𝐿 and 𝑎𝑁 are the length and the inner radius of the dispense tip,
and 𝜂 ≈ 1 mPa s the fluid viscosity. Along with the data we plot the
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Fig. 6. Optimisation of the flow between the two chips. (a) Schematic representation
of the different flow resistances along the channel system. (b) Normalised flow rate
through the passage connecting the two chips, 𝑞𝑃 ,1 = (𝑄𝑜𝑢𝑡,1−𝑄𝐿)∕𝑄𝐿, with and without
bubbles, as a function of the hydrodynamic resistance across the outlet tip in the bottom
chip for 𝑄𝐿 = 1 mL/min. The lines are fits using Eq. (14) with (grey) or without (black)
bubbles taking the hydrostatic pressure difference between the chips into account. The
working window is defined by the conditions that the liquid flow through the passage
has to be downward with as well as without bubbles, to avoid mixing in the channels
transporting the bubbles; and that this downward flow has to be small enough to avoid
interference with the bubble rise and hence coalescence. Experimentally we found that
𝑞𝑃 ,1 < 0.5 was needed.

prediction of Eq. (14) (solid line) using 𝑅𝑜𝑢𝑡,2 + 𝑅𝐶 as fit parameter.
We see that globally the data are well described by Eq. (14). We
obtain 𝑅𝑜𝑢𝑡,2 + 𝑅𝐶 ≈ 9.6 Pa s/mm3 in the case of bubble-free flow and
𝑅𝑜𝑢𝑡,2 + 𝑅𝐶 ≈ 13.2 Pa s/mm3 in the presence of bubbles.

In the case of bubble-free flow we can estimate 𝑅𝑜𝑢𝑡,2 ≈ 1 Pa s/mm3

using Eq. (15), and 𝑅𝐶 ≈ 3.5 Pa s/mm3 using the expression of the
hydrodynamic resistance of a rectangular duct [47]

𝑅𝐶 =
𝜂𝐿
4𝑏𝑎3

[

1
3
− 2𝑎

𝑏

∞
∑

𝑛=0

(

2
𝜋(2𝑛 + 1)

)5
tanh

(

𝜋(2𝑛 + 1)𝑏
2𝑎

)

]−1

, (16)

where 𝑎 = 1 mm and 𝑏 = 0.75 mm are, respectively, the half-width
and the half-depth of our rectangular channel, and 𝐿 ≈ 1075 mm is
its length. Thus the estimated value, 𝑅𝑜𝑢𝑡,2 + 𝑅𝐶 ≈ 4.5 Pa s/mm3, is
similar to what we find in the experiment, although Eq. (16) is valid for
a straight channel and does not take into account the windings through
the chip.

The presence of bubbles modifies strongly the flow conditions and
our flow model is likely oversimplified. In particular, it does not take
into account the perturbation of the flow in the passage by the bubbles.
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Fig. 7. Scheme of the electrical analogy for the millifluidic device with four chips. All
the flows are normalised by the constant input flow rate, 𝑄𝐿 = 1 mL/min. The three
rounded boxes display the three identical circuits used to write Kirchhoff’s laws. These
circuits are identical to the one depicted in Fig. 6a.

This perturbation depends on the bubble size and on the diameter of
the passage. Estimating the hydrodynamic resistance of a bubble train
is much more involved due to the complex flow-shape interactions of
the deformable bubbles [48–50]. However, we note that, as expected,
the presence of the bubbles increases measurably the fitted value of
𝑅𝑜𝑢𝑡,2 + 𝑅𝐶 .

We can therefore optimise the flow between two chips as follows:
Since we always have to avoid that mixing of solutions occurs in the
main channels, we need to identify a range of outlet resistances 𝑅𝑜𝑢𝑡,1 in

hich 𝑞𝑃 ,1 is positive in the presence of bubbles. At the same time, 𝑞𝑃 ,1
eeds to be as small as possible in order to avoid that the downward
low hampers the rising of the bubbles. Estimating the viscous force
cting on the rising bubble created by the downward flow, one notices
hat, in principle, the bubbles should always be able to rise against
he downward flow in our conditions. This is due to (1) the large
ubble size (strong buoyancy force), (2) the even larger cross-section
f the passage, and (3) the low flow rates. However, experimentally
e noticed that for 𝑞𝑃 ,1 > 0.5 the downward flow created enough

slowing down at the passage to encourage bubble encounters and
hence coalescence. We therefore decided to stay below this value. Both
conditions provide an approximative working window for the outlet
resistances, as sketched in Fig. 6b.

4.2. Four chips

Since the final device needs to have more than two chips, we work
iteratively based on what we learned from Section 4.1. We consider
here up to four chips, but the proposed strategy can be extended to an
arbitrary number of chips. In the case of four chips the device is the
superposition of three passages like the one in Fig. 6a. Its equivalent
electrical circuit is displayed in Fig. 7. The boxes delimit the parts
of the circuitry used for the calculations. They correspond to the four
outlets coupled by the three passages between the four chips. We set
𝑟𝑖 = 𝑅𝑜𝑢𝑡,𝑖∕𝑅0 and 𝑟𝐶 = 𝑅𝐶∕𝑅0. Extending Eqs. (12) and (13), we obtain

𝑞1 + 𝑞2 + 𝑞3 + 𝑞4 = 4, (17)

𝑟1𝑞1 − (𝑟2 + 𝑟𝐶 )𝑞2 = 1, (18)

𝑟2𝑞2 − (𝑟3 + 𝑟𝐶 )𝑞3 = 1, (19)

𝑟3𝑞3 − (𝑟4 + 𝑟𝐶 )𝑞4 = 1, (20)

We note that the flows in the three passages are given by

𝑞𝑃 ,1 = 𝑞1 − 1, (21)
8

𝑞𝑃 ,2 = 𝑞1 + 𝑞2 − 2, (22)
Fig. 8. Values of the normalised hydrodynamic resistances 𝑟2 to 𝑟4 as a function of
the normalised flow 𝑞𝑃 in the passages between the chips. In Eqs. (27)–(29), we set
𝑟𝑐 = 4.1 and 𝑟1 = 16 to be consistent with the results in Section 4.1 and to obtain
positive values for 𝑟4.

𝑞𝑃 ,3 = 𝑞1 + 𝑞2 + 𝑞3 − 3 (23)

with positive values corresponding to downwards flow in the passages.
Using Eqs. (21)–(23) and the conservation of flow, Eq. (17), we can ex-
press the {𝑞𝑖} as a function of the {𝑞𝑃 ,𝑖}, replace them in Eqs. (18)–(20)
and then solve for the {𝑟𝑖} to obtain

𝑟2 =
𝑟1(1 + 𝑞𝑃 ,1) − 𝑟𝐶 (1 − 𝑞𝑃 ,1 + 𝑞𝑃 ,2) − 1

1 − 𝑞𝑃 ,1 + 𝑞𝑃 ,2
, (24)

3 =
𝑟1(1 + 𝑞𝑃 ,1) − 𝑟𝐶 (2 − 𝑞𝑃 ,1 + 𝑞𝑃 ,3) − 2

1 − 𝑞𝑃 ,2 + 𝑞𝑃 ,3
, (25)

4 =
𝑟1(1 + 𝑞𝑃 ,1) − 𝑟𝐶 (3 − 𝑞𝑃 ,1) − 3

1 − 𝑞𝑃 ,3
. (26)

We are interested in quadruplets that yield small positive values of
𝑞𝑃 ,𝑖. Moreover we have four unknowns {𝑟𝑖} with only three independent
Eqs. (24)–(26) and 𝑟1 can be chosen to ensure that 𝑟4 remains positive.
The different sets of possible solutions to Eqs. (24)–(26) can be found
numerically. A very satisfying subset of solutions is obtained by requir-
ing that the flow conditions of all passages are identical, i.e, 𝑞𝑃 , 𝑖 = 𝑞𝑃 .
Then Eqs. (24)–(26) reduce to

𝑟2 = 𝑟1(1 + 𝑞𝑃 ) − (𝑟𝐶 + 1), (27)

𝑟3 = 𝑟1(1 + 𝑞𝑃 ) − 2(𝑟𝐶 + 1), (28)

𝑟4 =
𝑟1(1 + 𝑞𝑃 ) − 3(𝑟𝐶 + 1)

1 − 𝑞𝑃
, (29)

nd correspond to flow conditions where the bubbles spend about the
ame travelling time along each stratum. Indeed the normalised fluid
elocity in the part of the channel where bubbles travel is then simply 1
n the bottom chip and 1−𝑞𝑃 in the three upper chips. Fig. 8 shows the
alues of 𝑟2−4 as a function of 𝑞𝑃 , for 𝑟𝐶 = 4.1, a value consistent with
he fitted value of 𝑅𝐶 in Section 4.1, and 𝑟1 = 16, a value large enough

to ensure that 𝑟4 is positive. Despite the interest of these calculations
to prove the existence of satisfying flow conditions and to efficiently
search for them, in practice we still had to rely on empirical tuning
of the device, especially in the presence of bubbles, which modify a
lot the resistance to the flow as a function of their size and number in
the different channels, making the calibration provided in Fig. 6b very
approximate. We therefore describe now this empirical approach.

Before starting, each chip of the device is filled with liquid. Flow
rates 𝑞1−4 are determined by weighing the volume of liquid flowing
from each chip over 5 min. In the four-chip system, 𝑅𝑜𝑢𝑡,4, which
corresponds to the resistance in the top chip, is constant: the glass capil-
lary is permanently attached to the outlet of the microfluidic channel.

Liquid flow between each chip is therefore regulated by varying the
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Table 1
Values of the hydrodynamic resistances, of the resulting normalised output flows, and
of the corresponding flows through the three passages, without bubbles (wo) or with
bubbles (w) present in the four chip device. Note that the 𝑅𝑜𝑢𝑡, 𝑖 values are calculated by
Eq. (15), i.e., in the absence of bubbles, and simply translate the length and diameter
of the dispense tips into hydrodynamic resistances. Therefore the effective 𝑅𝑜𝑢𝑡, 4 in
the presence of bubbles is larger than its value in the Table. The other 𝑅𝑜𝑢𝑡, 𝑖 are not
affected: the larger 𝑅𝑜𝑢𝑡, 1 value in the presence of bubbles reflects simply the use of a
dispense tip longer than in the absence of bubbles.
𝑖 𝑅𝑜𝑢𝑡, 𝑖 Without bubbles With bubbles

(Pa s mm−3) 𝑞𝑖 𝑞𝑃 , 𝑖 𝑞𝑖 𝑞𝑃 , 𝑖
4 9.7 0.90 – 0.88 –
3 13.3 1.09 0.1 1.12 0.14
2 18.2 1.02 0.01 1.15 0.02
1 35.2(wo), 43.2(w) 0.99 −0.01 0.87 −0.13

𝑅𝑜𝑢𝑡, 𝑖 resistances with 𝑖 = 1 − 3, by inserting tips of adjustable gauge
and length into the corresponding chip using a top-down flow control
method.

Since 𝑅𝑜𝑢𝑡, 4 is kept constant, the liquid inlets and outlets of the
bottom two chips are plugged to start regulating flows 𝑞3 and 𝑞4.
Looking at the working window of Fig. 6b, the condition to be met
is about 0.9 𝑞𝑖 < 𝑞𝑖+1 < 𝑞𝑖 to ensure that there is no liquid rising from
the lower chip to the upper chip. Once flows 𝑞3 and 𝑞4 are satisfactory,
the second chip is connected to the syringe pump, 𝑅𝑜𝑢𝑡, 2 adjusted and
the measurement repeated until the condition is met between 𝑞2 and
𝑞3, while remaining valid between 𝑞3 and 𝑞4. Finally, this procedure is
repeated a third time to include and regulate 𝑞1, by adjusting 𝑅𝑜𝑢𝑡, 1,
while still respecting the above-mentioned condition.

Table 1 shows the final values of the 𝑅𝑜𝑢𝑡, 𝑖, the resulting output
flows for the four chips of the device, and the corresponding flows
in the three passages between the chips. These values are considered
satisfactory, because if the condition is not perfectly met between chips
1 and 2, the liquid flow rate 𝑞𝑃 ,1 rising in chip 2 is less than 0.01. The
assumption is that, as this quantity is reasonably small, the multilayer
deposition of PE chains should not be affected. This experiment shows
that it is necessary to gradually increase the value of 𝑅𝑜𝑢𝑡, 𝑖 while using
this top-down flow control method to regulate liquid flows as is done
here. Additionally to the flow rate measurements, visual observation
of the liquids in the channel and the liquid surrounding the bubbles
collected in the container allows to detect potentially undesired mixing:
the mixing of the solutions of oppositely charged polyelectrolytes cre-
ated aggregates leading to a turbid solution and to aggregates settling
around the bubbles in the container which are easily observable if the
flow conditions are not optimised. Under optimised conditions, these
aggregates are detected only in the waste containers.

Once satisfactory liquid flow parameters have been found without
bubbles, the experiment is repeated in the presence of bubbles in the
device, following the bubbling conditions defined in Section 3. The
presence of bubbles in the microfluidic channels significantly disturbs
the liquid flow in each chip. Table 1 shows the most optimal 𝑞𝑖 flows
obtained by the top-down flow control method. Despite the fact that
𝑅𝑜𝑢𝑡,1 has been increased in the presence of bubbles to compensate the
pressure increase in the device, the liquid flow rate 𝑞𝑃 ,1 rising in chip
2 is now 𝑞𝑃 ,1 ≈ 0.13. Under these conditions, the deposition of the first
two PE layers ([PSS/PAH]) is therefore expected to be disrupted by
the mixing of the liquid phases and the formation of PE aggregates in
solution. Nevertheless, as a proof-of-concept, we present and analyse
one of the obtained samples in Section 4.3. A movie showing the device
operating in steady mode is available in the Electronic Supplementary
Information.

One drawback of our current design is the use of PDMS to make
the chips. This introduces a large sensitivity of the device to the
pressure exerted by the clamping screws. Therefore it is difficult to
reproduce the values of 𝑅 due to the deformability of the PDMS parts
9

𝐶

Fig. 9. (a) Evolution of multilayer capsules with four layers [PSS/PAH/PSS/PAH]
generated with the setup containing four chips and the conditions listed in Table 1.
(b) Example of non-spherical bubbles after four months.

upon tightening the device. Future improvements will use harder chip
materials to replace the PDMS parts.

Clearly more work is needed to optimise the flow conditions in the
presence of bubbles. In particular, we need to take into account the
differences in flow resistance due to the varying number of bubbles
in the chips, which results from their different flow rates. Therefore
systematic measurements of the contribution of bubbles to the flow
resistance should be performed as a function of their number and size,
i.e., of the bubbling conditions, and also of their surface properties
(a bubble covered by a polyelectrolyte multilayer will influence the
flow resistance differently to an uncovered bubble due to the change
in slip-conditions on its surface). Then chip-dependent 𝑅𝐶, 𝑖 values
could be introduced in the 𝑟𝑖 definition. This is out of the scope of
the present paper, which aimed to introduce a proof-of-concept for a
device allowing the adsorption of multilayers on bubbles or droplets.
Moreover, future designs should consider a more flexible method of
tuning the outlet resistances.

4.3. First analysis of multilayer bubbles

Monodisperse spherical bubbles are obtained and collected with-
out manual intervention as explained at the end of Section 2.2. We
observe that they remain completely stable against coalescence only
after deposition of the fourth PE layer, showing the importance of the
multilayer properties to fully stop coalescence (Fig. 9a). The collected
bubbles gather at the glass wall of the container and their size and
number decrease slowly with time due to the higher pressure of the
gas inside the bubbles. A preliminary photographic study was carried
out to measure the decrease of the average bubble diameter with time
(Fig. S3 in Electronic Supplementary Information). The speed at which
the bubbles shrink appears to decrease with time but after five months
a majority of bubbles has disappeared. The observed time scales of the
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bubble dissolution are orders of magnitude larger than those observed
for bubbles stabilised by simple polymeric surfactants. The latter tend
to be of the order of hours rather than months, thus indicating the
presence of a PE layer with elastic properties [51]. A compacting PE
layer can also provide some resistance to the gas diffusion [14]. In
previous work [35] we showed that the formulation used in this article
creates multilayers with a liquid-like elastic response up to four PE
layers, indicating the presence of multilayer islands which can still
be re-rearranged and compacted and hence allow for reduction of the
bubble surface required for gas dissolution. The fact that gas dissolution
does not fully stop after some time (Fig. 9) indicates that the islands can
still detach under the compression of the bubble dissolution. In some
cases we observed much less bubble shrinkage combined with non-
spherical bubble shapes (Fig. 9b), indicating a progressively solid-like
layer due to the compaction of the islands. Obtaining such a solid-like
multilayer directly after multilayer deposition is expected only from the
fifth layer onwards, as we showed in [35]. Hence, bubbles would then
be expected to be stable also against dissolution. These different inter-
pretations are still working hypothesis since at this stage we lack direct
structural characterisation of the interfaces to confirm that we construct
indeed multi-layers at the interface. In principle, our design ensures
that the formation of polyelectrolyte complexes and their adsorption on
the bubbles can only occur in the passage between chips, i.e., during a
very short time compared to the travelling time in the chips. However,
if needed, intermediate chips circulating brine can be added to include
a washing step between adsorption steps. Last but not least, our work
in [35] has put in evidence the high sensitivity of the multilayer
properties to the deposition and manipulation protocol, which are quite
different under the millifluidic flow conditions in comparison to the
single-bubble experiments performed in [35]. More systematic work
and quantitative characterisation of the obtained bubbles - and their
interfacial properties - are therefore needed to establish quantitative
correlations. Nevertheless, we think that the provided results show the
general potential of the method.

5. Conclusion and outlook

We introduced a new millifluidic device that produces monodisperse
bubbles with tunable size and spacing, and that uses buoyancy to drive
them through superposed chips with different circulating fluids.

Two elements in this design are new and expected useful for a wider
community. Firstly, we resolve the problem of decoupling bubble size,
bubble spacing and the flow conditions by injecting gas through a small
and movable dispense tip into the cross-flow of the solution through a
rectangular channel. We investigate the effect of the position of the tip
outlet, proving a fine and reproducible control over the bubble size and
spacing over a wide range. While we provide some first hypotheses of
the acting mechanisms, more systematic work needs to be done in the
future to capture the impact of all system parameters, including the
liquid flow rate or the needle radius.

Secondly, the original design exploits the buoyancy of the bubbles
to make them move through successive strata containing different
polyelectrolyte solutions for the successive adsorption of different con-
stituents onto the bubbles and the building of functional multilayer
capsules. Our proof of concept was done with the example of four
polyelectrolyte layers, which endow the bubbles with an exceptional
longevity. However the device can be easily adapted to a larger number
of layers and more complex architectures, including the addition of
washing steps. The bubbles can also be replaced by solid particles or
drops, provided that their density is sufficiently different from that of
the surrounding liquids to exploit buoyancy.

We provided the general method to optimise the flows in the chips
to allow the uprising of the bubbles between chips while preventing
the mixing of the different fluids in the parts of the circuitry where
bubbles are present. While our analysis of bubbles passing through a
four-layer chip proves the progressive deposition of polyelectrolytes on
10
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the bubble surface, structural characterisation of the obtained layers
needs to prove their multilayer nature in future work.

Future necessary improvements of the device will involve the use
of harder chip materials and a more flexible control over the outlet
resistances coupled with a more quantitative understanding of the
hydrodynamic resistance of the circulating bubbles. Alternatively, one
may consider controlling directly the outlet flow rates.

Apart from the fundamental interest of providing a proof of concept
of the millifluidic method, the PE multilayer covered bubbles may
provide the constituents of highly stable gas capsules or foams which
can be functionalised easily through the multilayer approach by adding
a dedicated stratum in the millifluidic device [52,53]. Such functional
capsules or foams may be interesting for medical applications or food
design (using edible PEs). Translation of the method to droplets widens
the range of applications, including, for example to cosmetics. One may
also consider extraction and drying of the capsules provided the PE
multilayer is sufficiently resistant.
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