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A new regime of operation of PDMS-based flow-focusing microfluidic devices is presented. We show that monodisperse mi-
crobubbles with diameters below one-tenth of the channel width (here w = 50 um) can be produced in low viscosity liquids
thanks to a strong pressure gradient in the entrance region of the channel. In this new regime bubbles are generated at the tip
of a long and stable gas ligament whose diameter, which can be varied by tuning appropriately the gas and liquid flow rates,
is substantially smaller than the channel width. Through this procedure the volume of the bubbles formed at the tip of the gas
ligament can be varied by more than two orders of magnitude. The experimental results for the bubble diameter d,, as function

of the control parameters are accounted for by a scaling theory, which predicts dp/w o< (g /p1)"/1? (Qe/ Q[)S/ "2 where g and
¢ indicate, respectively, the gas and liquid viscosities and Qg and Qy are the gas and liquid flow rates. As a particularly im-
portant application of our results we produce monodisperse bubbles with the appropriate diameter for therapeutical applications

(dyp ~ 5 um) and a production rate exceeding 10° Hz.

Introduction

Microbubble formation is an area of growing interest due to its
countless applications in food processing, ! material science,?
pharmacy and medicine.? In the last decades, microbubbles
have become the most effective type of contrast agent avail-
able for medical ultrasound imaging*~® or as carriers for tar-
geted drug delivery.”® In order to ensure that microbubbles
can safely flow through the smallest capillaries, the diameter
of the microbubbles injected into the patient’s blood stream
needs to be between 1 and 10 um; the preferred diameter is
between 2 um and 5 ym. Larger bubbles may provoke edema
and smaller ones possess a poor reflectivity.

Microbubbles with sizes in the correct range for therapeu-
tical purposes can be easily produced by either sonication or
by mechanical agitation. °-!? The generation of bubbles with a
size below 1 um can be achieved through the injection of a gas
using porous membranes, which requires an extremely high
working pressure typically of the order of 10 MPa. '3 However,
all these procedures generate a polydisperse emulsion of bub-
bles in the liquid, limiting the potential use of microbubbles
in medicine. Indeed, it is of current interest for therapeutical
applications to design a simple procedure for the mass pro-
duction of microbubbles with controllable diameters ranging
from 2 to 5 um and with a low polydispersity index, typically
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PDI=s/r, <5 102, with r;, the averaged bubble radius and
s the standard deviation.® When the values of the PDI are suf-
ficiently low (say, below 5%), the bubbles are considered as
monodisperse. Perfect monodispersity PDI= 0 can obviously
never be achievable. Note that the monodispersity is essen-
tial when microbubbles are used as ultrasound contrast agents
to improve the quality of an echographical image. In the case
that microbubbles are used as drug carriers, very low values of
the PDI index are also demanded in order to precisely control
the amount of the drug delivered into the patient.

In this manuscript we will describe and characterize in de-
tail a novel process for the production of the type of microbub-
bles needed for therapeutical applications. More specifically,
we propose a novel method for the production of ~ 5 um bub-
bles with a PDI of 5% and better and at a production rate that
exceeds 10° Hz.

Probably, the simplest way of producing monodisperse bub-
bles is to inject a small gas flow rate through an underwater
nozzle.'*!5 Unfortunately, the bubbles released from a nee-
dle with a diameter of 5 microns into a stagnant reservoir of
water is ~ 50 um, much larger than the injection needle di-
ameter. Clearly, this method is not feasible for the production
of monodisperse bubbles with potential therapeutical applica-
tions. However, it is known from the early works of Bragg
and Nie!® —who modeled the dynamic structure of crystals
through a wet foam composed of monodisperse bubbles'7—
that bubbles with sizes comparable to the needle diameter can
be generated when a small amount of gas is injected within a
liquid crossflow !© or a liquid coflow. '® Since then, it has been
shown that micron-sized bubbles can be produced if a suffi-
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Fig. 1 (a) High speed photograph showing the formation of
microbubbles using our microfluidic flow-focusing geometry,

w = 50um, L/w = 30. The outer liquid flow forces the inner gas
flow to form a tiny gas ligament that detaches from the channel wall
and breaks up into microbubbles. The size of the microbubbles

dp = 7.2 ym is much smaller than the channel width. The gas and
liquid pressures are pg = 1555 mbar and py = 1597 mbar,
respectively, and the liquid flow rate is Uy = 7.67ms™!. (b)
Microbubbles immediately after exiting the channel. (c) Schematic
representation of a cross-section of the microfluidic channel
downstream the detachment line. The gaseous ligament dewets the
PDMS channel wall.

ciently small tube or channel through which a gas is injected,
is placed in a strong liquid coflow #1925 or crossflow. 2633
Usually, the liquid is forced to flow thanks to an imposed
pressure gradient. Farook ef al. and Pancholi et al.3*-3% im
plemented the coaxial electrospray configuration described by
Loscertales et al. >’ to generate 5 um bubbles. In this particular
case, the liquid coflow is induced by the electrical tangential
stresses. However, this production technique does not result in
the formation of microbubbles with a sufficiently narrow size
distribution.

An alternative way for the production of virtually monodis-
perse microbubbles at high and controlled production rates is
to use a procedure called flow-focusing.3%*! Here, a strong
coflow of liquid is created when both the liquid and gas
streams are forced to flow through a small constriction. Plac-
ing a cylindrical gas injection tube in front of an orifice of
smaller diameter, Gafian and Gordillo*> produced bubbles
with d, ~ O(10) um, which are typically smaller than the ori-
fice diameter, by simply controlling the flow rate ratio. In-
deed, the diameter d}, of the bubbles obtained in this way is
given, approximately, by d, o< (Qg/Qg)B, with f~0.38 ~2/5,

Fig. 2 The size of the microbubbles produced can be accurately
varied by adapting the gas and liquid flow rates by controlling their
driving pressures. In order for Qg /Qy < 1, the gas pressure in the
supplying vessel, pg, is chosen to be very similar to that of the
liquid, p;. The operating conditions corresponding to each of the
four images are: a) p; = 1800 mbar, py = 1757 mbar,
U=867ms !, dy, = 4.33 um, dg = 2.60 um; b) p, = 1800 mbar,
pg = 1763 mbar, U = 8.67ms™ !, dy =5.73 um, dg =2.92 um; c)
p¢ = 1410 mbar, py = 1383 mbar, U = 6.83ms ™!,

Qg = 0.0044 ml min~!, d, = 10.05 um, dg = 3.90 um; d)

p¢ = 1410 mbar, pg = 1463 mbar, U = 6.83ms~!,

Qg =0.0134 ml min~!, dy = 15.58 um, dg = 5.84 um. From this
figure note that, as expected, for a fixed value of Qy (or py), dy,
increases as pg increases.

Q,/Q¢ < 1 and with Q, and Qy indicating the gas and liquid
flow rates, respectively. 4243

However, due to the fact that the alignment of the injection
tube with the exit orifice is not an easy task, the paralleliza-
tion of this type of axisymmetric devices for the mass produc-
tion of microbubbles is not straightforward. Later on, Anna
et al.,* Gordillo et al.*> and Garstecki er al. *® circumvented
this limitation of axisymmetric flow focusing bubble makers
by implementing the same geometry in planar devices. Planar
microfluidic devices built using soft lithography techniques
and incorporating the flow focusing geometry, are nowadays
used by many research groups to produce monodisperse bub-
bles with therapeutical purposes.+’~>9

We stress that, though the flow focusing geometry in the
planar version*® is very similar to the axisymmetric one,*?
the physical mechanism leading to bubble formation is sub-
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stantially different in both types of devices. For the axisym-
metric case,*? liquid velocities are such that the dimension-
less groups We and Re satisfy We > 1 and Re > 1. Note
that the Weber number We quantifies the relative importance
of surface tension stresses with respect to liquid inertia and is
defined as We = pU?w/c, with p, U and ¢ indicating the lig-
uid density, the liquid mean velocity and surface tension co-
efficient respectively and w the transversal dimension of the
exit channel. On the other hand, the dimensionless group
that compares viscous stresses with respect to liquid inertia
is the Reynolds number, defined as Re = pUw/uy, with y, the
liquid viscosity. Due to the fact that We > 1 and Re >> 1,
bubble formation in the experiments reported by Gafidn and
Gordillo*? is controlled by liquid inertia. However, the typ-
ical liquid flow rates injected in the planar version of flow
focusing are so small (1072 to 1 e s~ 1), that We < 1 and
Re < 1 and, in addition, the capillary numbers (Ca = u,U /G)
are typically such that (Ca < 1072).46:31:52 Therefore, liquid
inertia is negligible when compared to viscous shear stresses
and viscous shear is not strong enough to overcome capillary
plressure.31 Under these conditions, bubbles block almost the
whole cross section of the exit channel, forcing the carrier
fluid to flow through thin wetting films straddling at the walls
of the device. This fact results in a significant increase of the
liquid pressure upstream of the emerging bubble, leading to
the ’squeezing’ of the gas thread.3! Except in the final stage of
the collapse, in which gas inertia accelerates the bubble pinch-
off process, >>** the mechanism of bubble formation is mainly
controlled by the gas and liquid flow rates and by the device
geometry.

A direct consequence of the geometrically controlled mech-
anism of bubble formation is that the polydispersity index of
the bubbles generated through the ’squeezing’ mechanism is
below 5%; moreover, Garstecki et al. found that the bubble
size can be expressed as a function of the ratio of gas and
liquid flow rates as d, o< (Qy/Qr)"/3. Note that the exponent
1/3, which differs from the exponent ~ 2/5 that character-
ize bubble size in the axisymmetric flow focusing devices, al-
ready reflects the differences in the way bubbles are formed in
both types of geometries. But there is an even more important
difference between the two types of implementations: since
bubbles block the exit channel in the planar version of flow
focusing, the diameters of the bubbles formed in this way are
necessarily larger than the width of the exit channel. Contrar-
ily, in the axisymmetric version of flow focusing devices, dy
is smaller than the exit orifice diameter as pointed out above.

This fact has an important consequence when bubbles are
produced using the planar flow focusing geometry, namely,
bubbles with sizes of the order of 5 um obviously require the
use of tiny microchannels of widths w =~ 5 um (see e.g. Het-
tiarachchi er al.#7). We implemented the flow focusing geom-
etry incorporating exit channels of widths of 5 um and experi-

enced that these tiny channels tend to clog very easily due to
the accumulation of impurities. Thus, we decided to find a dif-
ferent way for the production of 5 micron bubbles that differs
from the methods already existing in the literature. 463153

Here we describe a new method for the controlled produc-
tion of ~ 5 um bubbles with a polydispersity index below 5 %
at high production rates (> 10° bubbles/s) by means of a pla-
nar flow focusing device. The essential geometrical difference
of our device with respect to all previous implementations is
that the length of the exit channel L is much larger than its
width, namely, L/w > 1, as depicted in figure 1. This, to-
gether with the fact that the imposed liquid and gas flow rates
are such that Re > 10%, We > 1 and Q./Q¢ < 1, enables the
production of bubbles in water with sizes one order of mag-
nitude smaller than the channel width. In this way, we are
able to produce, in a single step, bubbles with sizes within the
range needed for therapeutical applications avoiding clogging
problems. The final result, which we present in detail in the
“Results” section and derive in the “Discussion’ section, is
that bubble size can be predicted based on the gas to liquid
flow rate ratio and the fluid properties as

dy/w ~ 2.75(ug /110)' 2 (Qg/ Q0)* 2. (1)

Equation (1) is applicable if the gas and liquid flow rates sat-
isfy the conditions Q,/Q¢ < 1 and

O (Qg > I
— >3 = , 2
Qo Qo @
where the reference flow rate Qy is given by
GW3 1/2
Qo = () : 3)
p

Note that the exponent 5/12 in equation (1), which differs
from the exponents 1/3 and 2/5 to calculate bubble diame-
ter as a function of the ratio Q,/Q; reported in previous pub-
lications*240, reveals that our method is different from those
already published. The differences can be visually appreciated
in figure 2: in our device, bubbles are formed after the forma-
tion of a long gas jet, whose diameter is much smaller than the
channel width, and bubbles breakup up from its tip. The gas
jet, which has a diameter of only a few microns, is formed at
the entrance of the exit channel, where the liquid pressure gra-
dient reaches its maximum value. To our knowledge, this is
the first time that the existence of such tiny and stable gas jets
within a microchannel is described. Note, however, that Anna
et al** report experimental evidence of the formation of very
thin liquid threads, similar to those appreciated in figure 2, but
in the case of the focused fluid is a liquid instead of a gas.
Moreover, this is the first time that bubbles with a size of one-
tenth the channel width are produced in a low viscosity liquid
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such as water. Since a long gas jet is created before bubbles
are emitted from its tip, bubbles are not formed in the way
described in Ref.#>. Clearly, since bubbles do not block the
exit channel, they are not produced in the ’squeezing’ regime
described by Garstecki er al. 31461 either. Let us point out
that the advantage of microbubble formation in the way pre-
sented in this paper as compared to the squeezing regime is
that bubbles with sizes in the range of interest for medical ap-
plications (dy, < 5um) at frequencies that exceed 10° Hz are
formed from a square microchannel of 50 x 50 um? cross sec-
tional area. This one order of magnitude reduction in bubble
size with respect to channel width, avoids the clogging of the
exit channel and enormously decreases the pressures at which
both the gas and the liquid need to be injected into the mi-
crofluidic device. Our procedure also allows to easily vary the
bubble volume over more than two orders of magnitude by
simply varying the gas and liquid flow rates.

The paper is organized as follows: in section "Materials and
methods’, we describe in detail the experimental procedure
followed to generate micron-sized bubbles. In section ’Re-
sults’ we report the bubble formation frequencies as well as
their associated PDI as a function of bubble diameter. In ad-
dition, we indicate the ranges of both the gas and liquid flow
rates needed to create bubbles of less than 10 microns. For
those readers interested in technical details, equations (1) and
conditions (2)-(3) are deduced in section ’Discussion’. The fi-
nal section of the paper is dedicated to present the conclusions
of our study.

Materials and methods

The bubble generators were produced by soft lithography
techniques. A mold was created from a negative photosen-
sitive material (SU-8 GM 1060, Gersteltec SARL) and spin-
coated on a silicon oxide substrate, to imprint a reticulable
polymer PDMS (Polydimethylsiloxane), Sylgard 184, Dow
Corning) which was irreversibly bounded to a glass cover plate
in a plasma cleaner. We placed the microbubble-generating
devices in an oven at 65° during one hour and they were used
only after 24 hours to ensure the hydrophobicity of the PDMS.
Note that, contrarily to most microfluidic applications, we im-
pose the hydrophobicity of the PDMS>? since, in our case,
the gas ligament should remain attached to the PDMS sur-
face for stability purposes. The height of the microbubble
maker is uniform and equal to 4 = 50 yum and the width and
length of the exit channel are, respectively, w = 50 um and
L = 1500 um (see Fig. 1). Note that the main geometrical dif-
ference between our bubble generator and those used in previ-
ous studies *047-31.53 g that, in order for bubbles to be formed
at the entrance region of the exit channel, our devices satisfy
the condition L/w > 1. To avoid fluctuations in the gas flow
rate, air was injected through a tube with 0.5 m in length and

50 um of inner diameter. The air pressure, p,, was controlled
through a pressure regulator (Bosch Rexroth) and was mea-
sured using a digital manometer (Digitron 2000P). The contin-
uous phase was distilled water with a 2% (w/v) of Tween 80
(Sigma Aldrich) added. The addition of the surfactant lowered
the water-air interfacial tension coefficient to ¢ ~ 40 mN/m
and the contact angles with the PDMS and glass substrates
were, respectively, Bppms = 89° and 01,55 = 39.5°. Since the
liquid was supplied from a pressurized vessel instead of from a
syringe pump, the liquid injection pressure, py, was controlled
and measured in the same way as the gas. The liquid flow rate
Q¢ was determined by measuring the volume of liquid col-
lected at the exit of the device during several minutes. The
setup was placed under an inverted microscope (3000B Leica)
which was connected to either a high-speed camera (Phan-
tom V 7.3, with a resolution of 80 x 16 pixels and a field of
view of 163 x 33 um? when operated at an acquisition rate of
2 x 107 fps) or to an Intensified Retiga Fast camera (resolution
of 1280 x 800 pixels, with a field of view of 415 x 260 ,umz).
We checked the perfect reproducibility of the experiments. To
take data, experiments were repeated twice for each couple of
values py, p,: First, the bubbling frequency ® was determined
using the high-speed camera. Second, in an independent ex-
periment for the same parameters the bubble diameter dy, was
measured from the high-resolution images taken with the in-
tensified camera. Knowing ® and dy, the volumetric gas flow
rate was determined as Qg = ndSw/ 6. We checked that the
values of Q, calculated in this way were practically identical
— albeit more accurate — to those obtained assuming Poiseuille
flow along the gas injection pipe.

Results

Figure 1 shows a global view of the microchannel entrance re-
gion, which is where the microbubbles are formed. The figure
reveals that — thanks to our choice Q, /Q¢ < 0.03 — the gas
filament contracts from the width of the gas supply channel
(400 um) to a steady ligament whose diameter is substantially
smaller than w. Due to the fact that the height () of the de-
vice is equal to the width of the exit channel (h = w > dy),
the gas thread separates from the lower glass surface at the
region indicated as detachment line in Fig. 1. Indeed, since
the PDMS substrate is less hydrophilic than the glass one
(Oppms =~ 90° and Bgjass = 39.5°), the narrow gas ligament,
of diameter dy < w, is attached to the upper PDMS surface,
as sketched in Fig. 1c. Once the steady gas ligament is formed,
it breaks into uniformly sized bubbles with diameters d}, ~ d,
as depicted in Fig. 2. In figures 3a-b we plot, as a function of
dy, the bubbling frequencies extracted from the analysis of the
high speed videos and their corresponding values of the PDI
calculated from the image analysis of the high resolution pic-
tures. Clearly, figures 3a-b reveal that our procedure enables
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Fig. 3 (a) Bubble formation frequencies as a function of bubble
diameter. Note that all bubbles with diameters below 10 um are
produced at frequencies that exceed 10° Hz. (b) PDI index, in %, as
a function of bubble diameter. Note that for many experimental
conditions bubbles with diameters d}, >~ 5 um can be produced with
values of the PDI index below 5%. The reason for which the
(apparent) PDI index is larger for some experiments is attributable
to the fact that some images are out of the focus plane and are a bit
blurred.

the production of bubbles with diameters ~ 5 um and very low
polydispersity index at frequencies that exceed 10° Hz.

We will now indicate the range of values of O and Q, for
which bubbles with sizes substantially smaller than the chan-
nel width, are produced. Note first that the mean liquid veloc-
ity along the exit channel, U = Qy/(w?), needs to be above a
certain threshold. Indeed, the liquid pressure decreases by an
amount of Ap; ~ pU? from the detachment line to the inlet of
the exit channel. Since the liquid pressure drop is much larger
than the gas pressure variation in the same region, namely,
Apg ~ s Qg / w3, the normal stress condition at the gas-liquid
interface, when evaluated at the channel inlet can be expressed
as pU? ~ 26/d,, implying We; = pU?dy /0 > Wemin ~ 2.5.
If d, is expressed as a function of the ratio Qg /Q; by means
of equation (5) — deduced in the beginning of the next section
— it is straightforward to show that the condition We; > 2.5 is
equivalent to the one given by equation (2), which expresses
that the liquid flow rate has to be above a certain threshold
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Fig. 4 Values of the liquid and gas flow rates considered in this
study. Liquid velocities were varied between 6ms~! and 8.5ms™! ,
whereas the gas flow rate varied between 4 x 10~% mlmin—! and
4% 10~2 mlmin—!. Red diamonds indicate the operating conditions
for which dy, < 10 um whereas black dots indicate d, > 10 um. Note
that the liquid and gas flow rates considered here satisfy the
condition Qg /Qy < 1 as well as the condition

Q0r/Q0 > 3(Qg/ Qg)*l/ 7 given in equation (2). This latter condition
is deduced from the fact that, in order for the gas ligament to be
formed, the Weber number based on the gas ligament diameter
namely, We; = pU 2dg /o (see figure 2 for a definition of d), needs
to be above a certain constant or order unity.

that depends on the gas flow rate. Moreover, in order to gen-
erate bubbles with sizes substantially smaller than the channel
width, we also choose to impose the condition Qg/Qy < 0.03
i.e, the liquid flow rate has to be substantially larger than
the gas one. Clearly, as depicted in figure 4, the different
experiments considered in this study satisfy the conditions
Q,/Q¢ < 1 and that given in equation (2). The data points
represented with red diamonds indicate those experimental
conditions for which bubbles with diameters below 10 um are
produced, which are of particular interest for their use as ul-
trasound contrast agents.

Discussion of the results

Scaling of the gas ligament diameter

Note first that, for the range of liquid velocities investigated
here, Re = Udy, /v, ~ O(10%) with v, =~ 1070 m? s~ the kine-
matic viscosity of water. This estimate indicates that the flow
in the exit channel is laminar. Moreover, for the range of
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Reynolds numbers considered here, the entrance length is such
that L, ~ 0.1Q; /v, ~ 1.5L. Therefore, since the gas ligament
breaks at a distance of ~ h < L, from the duct inlet (see
Fig. 2), bubbles are produced within the entrance region of
the microchannel. In this entrance region, the liquid velocity
profile is approximately uniform except at the thin boundary
layers of typical width § < w near the walls.>>

Moreover, since the gas Reynolds number is such that
Re, = Q,/(Vgdy) ~ O(1), being Vv, the kinematic viscosity
of air, the flow rate along the gas ligament can be calculated
as .
dg dpe

, 4
" @)

Qg =-K
where ug is the gas viscosity, K is a constant and dp,/dx in-
dicates the pressure gradient along the gas jet. Due to the
fact that the cross-section of the ligament hardly varies down-
stream (cf. Fig. 2), —dp,/dx approximately coincides with
the liquid pressure gradient evaluated at the channel inlet,
—dpy/dx = CupU /w?, with gy the liquid viscosity and C is
a constant that depends on the geometry of the channel and
on the width d of the liquid boundary layers at the channel
walls. Note that the smaller d, the larger C and therefore the
liquid pressure gradient is maximal at the duct entrance.>> For
instance, in the particular case of a circular channel with a
fully developed Poiseuille flow, for which & ~ w, the pressure
gradient is given by —d pg/dx = 32u,U /w?. Consequently,
since & < w, the constant C satisfies C > 32.5° Now, as ex-
pressed by equation (4), d; decreases for a fixed value of Q,
when —d py/dx = —d py/dx = CuU /w? increases. We con-
clude that, thanks to the large values of C —i.e., thanks to the
fact that bubbles are produced at the duct entrance — d,; can be
reduced down to only a few microns, as depicted in figure 2.
With —d py/d x = CyU /w? equation (4) yields the following
expression for dy:

- (ﬂg> Ry )

wo\ e

where A = Qg /Qy. Fig. 5 shows that the best fit to the exper-
imental data follows very closely the prediction dg o A4 of
equation 5, validating our physical reasoning.

Bubble size

We now must only find the size of the bubbles as a function
of dg, U, and Q. First, note from Fig. 2 that the gas ligament
breaks only slightly downstream the channel inlet. At this lo-
cation, the liquid pressure gradient is smaller than Cu,U /w?
and thus, according to equation (4), dg must increase in or-
der to keep Q, constant. Indeed, this is seen in Fig. 2. The
increase in the jet diameter triggers the bubble formation pro-
cess and also induces variations in the gas pressure gradient of

a) 02 T T
dy/ W = 0.3568).0-2582
~ 0.1} ]
'EOD
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10 107 0.01 0.1
A
b) 0.5 :
dy/ W =1.9705/12
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=
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Fig. 5 (a) Optically measured (minimal) width d; of the gas
ligament as function of the gas flow ratio A. In spite of the large
error bars associated to the fact that dg is of the order of only a few
microns, the best fit to the experimental data (straight line) closely
follows the prediction o< AL/4 given by equation 4. (b) Optically
measured microbubble diameter d}, as function of the gas flow ratio,
together with the scaling law dy, /w o< A1z following from the
presented scaling theory. Here the error bars are smaller as the
bubbles are spherical and larger than the minimal width of the gas
ligament.
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the order of A(dpg/dx) ~ 6/(dgw).* Thus, since C > 32,5
the relative variation of the gas flow rate is given by

AQ; A(dpg/dx) 1 o w
— ~ — < 1. 6
Q, dpg/dx ©

CuU dy
The condition expressed by equation (6) means that bubbles
are formed under constant flow rate conditions2! and, conse-
quently, the bubbling frequency is given by @ o< U /d,. 14,2142
Therefore, the bubble diameter can be easily calculated from
the mass balance as

ndy dg  dy Mg e 5/12
P YR J s . 7
6 “%u 7"\ A @

Figure 5b shows that once the proportionality constant is fixed
to 2.75, equation (7) predicts the size of the bubbles formed
with a maximum relative error of +10%. This maximum rel-
ative error corresponds to the minimum value of . We at-
tribute this small discrepancy between experiments and theory
to the fact that, for the smallest values of dg, the gas ligament
is embedded within the liquid boundary layer, resulting into a
smaller local liquid velocity and thus an underestimation of A.

Conclusions and Outlook

To conclude, we succeeded to produce monodisperse mi-
crobubbles in a controllable and reproducible way with mi-
crochannels with dimensions of tens of microns, avoiding
clogging problems, and easily being able to adjust the mi-
crobubble size by varying the liquid and gas flow rates. We
have provided the operating conditions in terms of the gas and
liquid flow rates for which microbubbles with dy, < 10 um and,
thus, in the size range required for medical applications, can
be produced with very low values of the PDI index at frequen-
cies that exceed 10° Hz. From the point of view of applica-
tions, our method is able to produce ~ 10'? virtually monodis-
perse microbubbles with d, ~ 5 um with a total energy con-
sumption of only ~ 2007J.

Moreover, we could theoretically account for this new
regime of operation of the coflow device: The central issues
are an extremely low gas flow rate (as compared to the liquid
flow rate) and a strong pressure gradient in the entrance re-
gion of the channel where the microbubbles form. The theory
allows to derive the correct scaling laws for the microbubble
size as function of the control parameters.

The next step will be to stabilize the formed bubbles by
phospholipids or surfactants to prevent that the bubbles dis-
solve or coalesce in the pool where they are trapped. If one
succeeds, the new device allows for an alternative way to

+ In this estimate it has been taken into account that the length of the gas liga-
ment is >~ w (cf. Fig. 2)

produce ultrasound contrast agents, with presumably a much
sharper distribution of bubble sizes, i.e., monodisperse bub-
bles. For commercial applications one obviously has to go
beyond PDMS devices (e.g., silicon), to guarantee stable long
time behavior. Another issue is the mass production for real
applications, but the fact that our devices incorporate the flow
focusing region in a planar geometry, facilitates the multiplex-
ation of these types of devices.>® Anyway, typically, the num-
ber of bubbles injected into a patient’s blood stream is ~ 10'°
bubbles. Since this is the amount of bubbles generated by just
one device during one day, one hundred of these devices work-
ing in parallel would create 100 doses a day with a power con-
sumption of only ~ 1 W.
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