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The encapsulation and co-encapsulation of particles in microfluidic
flows is essential in applications related to single-cell analysis and
material synthesis. However, the whole encapsulation process is
stochastic in nature, and its efficiency is limited by the so-called
Poisson limit. We here demonstrate particle encapsulation in
microfluidic devices having flow-focusing geometries with effi-
ciency up to 2-fold larger than the stochastic limit imposed by
the Poisson statistics. To this aim, we exploited the recently
observed phenomenon of particle train formation in viscoelastic
liquids, so that particles could approach the encapsulation area
with a constant frequency that was subsequently synchronised to
the constant frequency of droplet formation. We also developed a
simplified expression based on the experimental results that can
guide optimal design of the microfluidic encapsulation system.
Finally, we report the first experimental evidence of viscoelastic
co-encapsulation of particles coming from different streams.

The compartmentalisation of particles in picoliter droplets
obtained using microfluidic devices finds application across
several fields of science,’ with some examples being single-cell
analysis® and material synthesis.>* The compartmentalisation
process is driven by the same principle of droplet formation in
microfluidic devices: a continuous phase ‘meets’ at a junction
the dispersed phase containing particles or cells, and a droplet
is formed as a result of a combination among interfacial,
viscous, inertial and elastic forces (to form the droplet, the
two fluids must not be miscible with each other).” The micro-
fluidic junction can present different shapes, for instance
coaxial, T-shaped or flow-focusing.>® The process of encapsu-
lating objects in droplets is stochastic and it is governed by the
Poisson limit.” The stochastic nature of the encapsulation
process finds its origin in the fact that objects approaching
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the encapsulation area do not arrive with a constant frequency,
at variance with the droplet formation process where the
frequency of droplet formation is constant and can be tuned
by changing the values of the volumetric flow rate for both
continuous and dispersed phase.>® To ‘beat’ the stochastic
encapsulation limit (that for single particle encapsulation is
at around 30%, while for co-encapsulation is around 10%), it is
possible to take advantage of the formation of strings of equally-
spaced particles (also called particle trains) in microfluidic
geometries thanks to either inertial®'® or viscoelastic'’>'
forces. In this way, the constant frequency of particles approach-
ing the encapsulation area f, can be synchronised to the
frequency of droplet formation fy, i.e., f, = fq, to overcome the
Poisson stochastic limit. This approach has been successfully
used in inertial microfluidics**>* for a variety of microfluidic
channel designs. Very recently, we employed a viscoelastic
shear-thinning fluid to demonstrate the controlled encapsula-
tion of rigid particles in a T-junction microfluidic device taking
advantage of the viscoelasticity-driven particle train formation
phenomenon.”® So far, this has been the only study on the
subject and it was restricted to single particle encapsulation in a
commercially available microfluidic device.

We here demonstrate controlled viscoelastic encapsulation
and co-encapsulation of particles in flow-focusing microfluidic
devices, achieving encapsulation and co-encapsulation effi-
ciency up to 2-folds larger than the stochastic value, thus
beating the Poisson limit. In practical terms, this work repre-
sents an extension of our previous one®” featuring controlled
viscoelastic encapsulation in T-junction devices. This step is
not straightforward, as the operational parameters for droplet
formation in flow-focusing geometries are different from the
ones in T-junction devices.” Furthermore, the flow-focusing
geometry is generally more common than the T-junction for
the high-throughput production of droplets.

The suspension containing particles flowed in a polymethyl-
methacrylate (PMMA) square-shaped microchannel with lateral
side H = 100 pm, width W = 100 um and length of 30 cm,
bonded on a glass coverslip using double-sided tape (Adhesive
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(a) Schematic of the microfluidic encapsulation device together with an experimental snapshot of the encapsulation process. (b) Viscosity curve

for several HA aqueous solutions obtained using a conventional rheometer (AR2000ex, TA instruments) equipped with a 60 mm 1° cone and plate
geometry. (c) Scaling of droplet size L normalised by the lateral channel width W as a function of the ratio the flow rate ratio g and the Capillary number
Ca. (d) Scaling of frequency of droplet formation as a function of the flow rate ratio g and the Capillary number Ca.

Research). The channel length was selected such that the 20 +
2 um particles (Polysciences Inc.) employed here at a bulk
concentration of 0.4 wt% self-ordered in a particle train thanks
to the viscoelastic properties of the suspending liquid*®*"*®
before approaching the encapsulation area (Fig. 1a). The width
of the section following the encapsulation area was W=120 um,
while the height remained unchanged at H = 100 um. Mineral
oil (Sigma Aldrich UK, viscosity of 29 mPa s) was used as the
continuous phase to form the viscoelastic droplets. The PMMA
microchannel was fabricated using the same procedure
reported elsewhere.'® As viscoelastic suspending liquid, we
selected several aqueous polymer solutions of hyaluronic acid
(HA, molecular weight M,, = 1.5-1.8 MDa, Sigma Aldrich, UK)
displaying different amount of shear-thinning (Fig. 1b). The
fluids displayed strong elastic properties (Fig. S1, ESIt), with
longest relaxation time values estimated from the viscosity data
of Fig. 1b, by determining the intersection between the power-
law region and the zero-shear plateau region of the curve.
Relaxation time values of 0.10, 0.11, 0.143 and 0.25 s were
obtained for the HA concentrations 0.07, 0.1, 0.3 and 0.5 wt%,
respectively. The interfacial tension values between the HA

This journal is © The Royal Society of Chemistry 2022

solutions and the mineral oil measured using a force tensi-
ometer (Sigma 702, Biolin Scientific) were y = 3.63 + 0.07,
3.64 + 0.05, 3.04 £ 0.16, and 1.65 + 0.08 mN m ! for the HA
concentrations 0.07, 0.1, 0.3 and 0.5 wt%, respectively. We used
a fast camera (Photron Mini UX50) mounted on a inverted Zeiss
Axiovert A1 microscope; videos of recorded droplets were
analysed using a Matlab subroutine employed in our previous
study.”® The flow rate of the two liquids was controlled using a
syringe pump (KD Scientific).

We first demonstrated the principle of controlled viscoelas-
tic encapsulation using the flow-focusing microfluidic device
schematised in Fig. 1a. Similarly to our previous work,>® we first
studied the droplet formation phenomenon (Fig. 1(c and d)) to
verify whether the experimental data could be described using a
single scaling argument. The droplet formation phenomenon
generally depends upon a series of parameters,>® including the
flow rate ratio ¢ = Qq/Q., where Qg is the flow rate of the
dispersed phase (HA solutions) and Q. that of the continuous
phase (mineral oil), and the Capillary number Ca = u.U./y,
where U, = Q./(WH) is the average velocity of continuous phase
fluid, u. is the viscosity of the continuous phase and y is the
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interfacial tension. In our experiments, the flow rate Q. was
changed in range of 0.1-10 L min ™" corresponding to capillary
number in the range of Ca € [0.001-0.1]. For this range of
control parameters, the largest value of the Reynolds number of
the continuous phase Re = p.U.W/u. was Re = 6.4 x 102, hence,
inertial effects were negligible. We found that, regardless of the
polymer concentration, the viscoelastic droplets collapsed on
the mastercurve given by the expression recently reported by
Chen et al.,”” LW = a + ¢(q°/Ca®), with fitting parameters a =
0.66 + 0.02, b = 0.45 = 0.01 and ¢ = 0.35 & 0.01, respectively
(Fig. 1c). It is worth noticing that the expression by Chen et al.>’
was developed for Newtonian droplets surrounded by a con-
tinuous shear-thinning phase, a somehow opposite situation to
the one investigated here. In other words, the fact that the data
followed the scaling for Newtonian droplets may indicate that
the droplet size is not significantly affected by the fluid elasti-
city. We observed a similar phenomenon in our recent work
featuring viscoelastic droplets in T-junction microfluidic
devices,® thus suggesting that fluid viscoelasticity impacts
more the dynamics of droplet formation rather than the final
size, in agreement with other studies.®>?** Similarly to the
droplet size, we also observed that the frequency of droplet
formation f4 scaled according to a mastercurve dependent upon
the flow rate ratio g and the Capillary number Ca (Fig. 1d), with
expression:

qﬂl
Ja= “@7 1)
where o = 2.00 £+ 0.02 x 10° s™!, m = 0.84 + 0.05 and n = 1.20 +
0.05, obtained via a standard fitting.

The results presented lay the foundation to demonstrate the
controlled encapsulation principle in flow-focusing geometries
thanks to the viscoelasticity of the dispersed suspending phase.
When the process of loading particles into drops is purely
random, the Poisson statistics predicts that the probability P
of droplets containing n particles is given by:

P k" exp(—k)
n!

: @)

where £ is the average number of particles per droplet. For the
encapsulation to be controlled, i.e., with encapsulation effi-
ciency above the Poisson stochastic limit, it is essential that
particles approaching the encapsulation area arrive with a
constant frequency, a condition that is only possible when
particles self-assemble in a train of equally-spaced particles.>
We here exploited both the viscoelastic and shear-thinning
properties of the HA solutions to control the spacing between
consecutive particles in order to demonstrate controlled single
particle encapsulation. We observed that particles arrived at the
encapsulation area simultaneously focused at the centreline
and with a preferential spacing so that could be subsequently
encapsulated in a controlled manner (experimental snapshot in
Fig. 1a).

Owing the combination of the viscoelasticity-driven particle
ordering and droplet formation, we observed a single particle
encapsulation efficiency value above the Poisson stochastic
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limit for all the viscoelastic fluids employed (Fig. 2(a-c)). For
each HA concentration, we observed a non-monotonic beha-
viour for the encapsulation efficiency, with a unique combi-
nation of parameters in which the single encapsulation
efficiency was the highest possible. This is clearly expected as
the optimal encapsulation conditions are only observed when
Ja = fp- Please note that the frequency of droplet formation, fg,
changes with different values of the flow rate of the dispersed
phase,>® while the frequency of particle approaching the
encapsulation area, f;,, does not depend significantly on the
volumetric flow rate.'®>" This is also in good agreement with
our previous work on viscoelastic particle encapsulation in
T-junction®® and other works on inertial encapsulation.”
We also derived an expression that can guide the choice of
experimental parameters aimed at obtaining a controlled
encapsulation. In an ideal particle train with local concen-
tration ¢, = Nd/L, where N is the number of particle observed
in avideo frame, d is the particle diameter and L is the length of
the video frame, particles are equally spaced with a constant
inter-particle distance.'®?" The expression for the frequency of
particles approaching the encapsulation area is f, = u¢/d,*
where u is the particle velocity. The use of ¢; over the bulk
particle concentration is motivated by the fact that ¢; accounts
for fluctuations in the local particle concentration, while the
bulk particle concentration does not.""?"** (The relation

2
between ¢, and the bulk concentration ¢y, is'®** ¢, = §¢1/32,

where f§ = d/H is the confinement ratio for square-shaped
geometries). By combining the expression for f, with the
expression for f3 (eqn (1)), the optimal encapsulation condition

(fa = fp) is:
g= (‘;{‘Z)'I"Cai. 3)
Being n & m ~ 1 (from the fitting of eqn (1)), an approxi-
mated expression of eqn (3) is:
q= L;%Ca- (4)

Note that eqn (4) is very similar to the equation we pre-
viously found in T-junction geometry, when using xanthan gum
as viscoelastic liquid.”®

While single particle encapsulation is important in the
context of optimising compartmentalisation efficiency," a step
further aimed at targeting single-cell analysis applications is
the co-encapsulation of particles and cells arriving from two
different flow streams. For instance, this is extremely relevant
for Drop-seq applications,” where flowing cells need to be
encapsulated together with functionalised beads in the same
droplet in order to extract the genome of the cell. This applica-
tion certainly benefits from a controlled encapsulation perspec-
tive, as the number of unused beads decreases while the
number of analysed cells in a single run increases.>® Motivated
by the success in achieving a controlled single particle encap-
sulation in a flow-focusing device, we investigated the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Histograms of relative frequency of encapsulated particles as
function of the particles per droplets at different imposed pressure drops
of the dispersed phase (controlled using a Dolomite p-pump) and flow rate
of the continuous phase Q. = 7 uL min~2 for (a) HA 0.1 wt%, (b) HA
0.3 wt%, (c) HA 0.5 wt%. Solid symbols connected by solid lines represent
the Poisson statistic limit experimentally predicted for stochastic encap-
sulation. Please note that the Poisson statistic limit values vary among
different experiments because of changes in the experimental value of k.
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Fig. 3 Co-encapsulation of particles in a flow-focusing device. (a) A
schematic representation of the microchip. Particles type U from up
channels meet particles type D from down channel at the junction and
co-encapsulate into HA droplets. (b) Probability of co-encapsulation for
HA 0.5 wt%. (c) Probability of co-encapsulation for HA 0.3 wt%. At least
650 droplets were analysed to obtain the statistics. Solid symbols con-
nected by solid lines represent the Poisson statistic limit experimentally
predicted for stochastic co-encapsulation. Please note that the Poisson
statistic limit values vary among different experiments because of changes
in the experimental value of k.
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possibility of overcoming the Poisson stochastic limit in co-
encapsulation applications using viscoelastic liquids. Here, the
co-encapsulation of particles was studied by introducing a
second inlet to the original single encapsulation design (see
Fig. 3a).

The two streams of dispersed phase, here referred as type U
and type D (representing ‘“up” and ‘“down” stream from a top
view of the device), met at the junction, while the continuous
mineral oil phase did cut the HA dispersed phase to form
viscoelastic droplets containing particles coming from the two
streams. The Poisson probability for the co-encapsulation in a
droplet containing np particles of type D and ny particles of
type U is given by the product of the two independent Poisson
probabilities as:

_ kg’ exp(—ku) y K exp('fk[))7 5)

P
I’lul np:

here ky and kp are the average number of particles per droplet
for particles type U and type D, respectively. The Poisson
stochastic value obtained when the average number of particles
per droplet is equal to 1 (i.e., ky = kp = 1) is 13.5% for one-to-one
co-encapsulation (i.e., ny = np = 1). We demonstrated that
viscoelastic fluids were successful in increasing the co-
encapsulation efficiency up to 2-folds the Poisson limit
(Fig. 3(b and c)). For HA 0.5 wt% and at constant dispersed
phase flow rate Qq = 7.2 uL min~", we observed that a contin-
uous flow rate of the dispersed phase Q. = 7.5 pL min ™' resulted
in a one-to-one co-encapsulation efficiency (1U1D) of 22%, well
above the Poisson limit (solid symbol on the bars in Fig. 3b). A
similar trend was observed for HA 0.3 wt%, with a one-to-one
co-encapsulation efficiency of 20% for Q. = 10 uL min ' and
Qq = 5.2 uL min ' (Fig. 3c). These efficiency values were
obtained by counting at least 650 droplets. This is the first
experimental evidence of viscoelastic co-encapsulation of par-
ticles in microfluidic devices, being the existing literature on
the topic of controlled co-encapsulation focusing on inertial
ﬂOW.23’34

In summary, we here demonstrated controlled encapsula-
tion and co-encapsulation of particles in flow focusing geome-
tries using viscoelastic fluids, achieving efficiency up to 2-fold
larger compared to the Poisson value. The results presented
here are an extension of our previous work on T-junction
geometries.”® Future work should extend our findings further
to include different particle diameters as well as experiments
on cells. With regards to the second point, this is not straight-
forward as cells require phosphate buffer saline (or cell media)
to survive in solution: being HA a polyelectrolyte, addition of
salt to a fixed polymer concentration would alter the rheological
properties by decreasing both the elasticity and the shear-
thinning properties:*>*® both conditions are required to
observe self-assemble of viscoelastic particle trains in
microchannels.® It is important to stress the fact that similar
results may potentially be achieved using a different set of
polymer solutions, including polyethylene oxide and polyacryl-
amide, as long as the resulting solutions display shear-thinning
properties to enable particle ordering.’® In such cases, the
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experimental parameters to obtain a controlled encapsulation
are likely to be different from the ones employed here due to
the complexity of the droplet formation mechanisms® and of
the ordering phenomenon.*®
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