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ABSTRACT

Monodisperse lipid-coated microbubbles are a promising avenue to unlock the full potential of ultrasound contrast agents for medical diagnosis
and therapy. However, their formation by microfluidic flow-focusing is non-trivial. The lipid monolayer shell around the freshly formed bub-
bles is initially loosely packed, resulting in gas exchange between bubbles through Ostwald ripening, eventually leading to the formation of
large, potentially thrombogenic, foam bubbles. Here, we show that by formulating a gas mixture of a low- and a high-aqueous solubility gas, a
microbubble suspension can be formed that is not only monodisperse and highly stable, but it can also be synthesized without foam bubble for-
mation at clinically relevant concentrations. The optimal gas volume fraction and resulting gas composition of the stable bubbles are modeled
and were found to be in excellent agreement with the experimental data. This physics approach to an interfacial chemistry problem therefore
opens a route to bedside production of stable, safe, and readily injectable monodisperse bubbles for medical applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0003722

Control over the size distribution of ultrasound contrast agents
(UCAs) is considered as a promising pathway to unlock the full poten-
tial of microbubbles for medical applications.1 Microbubbles are resona-
tors with a characteristic eigenfrequency that is inversely proportional to
their size.2 At resonance, the relative amplitude of bubble oscillations
and the resulting nonlinear echoes are at the maximum.3 However, to
date, commercial UCAs typically contain a dispersion of lipid-coated
microbubbles with diameters ranging from 1 to 10lm. Thus, the sensi-
tivity of contrast-enhanced (molecular)4 ultrasound imaging,5–7 and the
efficacy of theranostic applications that rely on ultrasound-driven volu-
metric microbubble oscillations, such as drug and gene delivery,8–11

sonoporation,12 blood–brain-barrier opening,13 and sonothromboly-
sis,14 can be dramatically increased through the use of resonant mono-
disperse bubbles.

Polydisperse agents can be enriched through filtration and sort-
ing techniques.15–19 However, monodisperse lipid-coated bubbles can
also be formed directly in a flow-focusing (FF)-device. Here, a gas
thread is focused through a narrow orifice between an aqueous co-
flow where the gas thread destabilizes and pinches off monodisperse

bubbles [Fig. 1(a)].20–22 The aqueous flow contains the amphiphilic
coating material as 30–150nm diameter lipid-vesicles that spread and
form a monolayer at the gas–liquid interface already before the micro-
bubble pinch-off.23,24 However, the equilibrium spreading pressure is
less than 10mN/m (interfacial tension r > 60mN/m) which results in
Laplace pressure driven dissolution of the freshly formed bubbles.23,24

During dissolution, the lipid monolayer is mechanically compressed,
while the number of lipid molecules at the bubble surface remains con-
stant,23 thereby increasing its surface pressure until a final stable bub-
ble radius Rf is reached with a (near) tensionless interface (r " 0N/m)
and with a high resistivity against molecular gas diffusion.25,26

The ratio of the initial to the final bubble radius Ri=Rf is indepen-
dent of the nozzle shear rate, the initial bubble radius Ri, the bubble
filling gas, and the temperature during bubble formation.23,24,27 On
the other hand, Ri=Rf depends on the employed lipid mixture, and in
practice, it ranges from 2 to 3.24 Thus, roughly 90% of the initial gas
volume (Vi¼ 4pR3

i ) has to diffuse out of the freshly formed bubbles
during their stabilization process. However, the gas core of UCAs is
typically filled with a low aqueous solubility gas and consequently, the
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aqueous environment surrounding the freshly formed bubbles rapidly
saturates with the microbubble filling gas. Through Ostwald ripening,
the gas then diffuses into larger bubbles with a lower surface tension,
eventually forming not only the stable bubbles but also large and
unstable thrombogenic foam bubbles [Figs. 2(a) and 2(c)].23,24,28 In
this Letter, we show that by forming monodisperse multicomponent
bubbles, initially filled with a mixture of a low- and a high-aqueous
solubility gas, highly stable and monodisperse microbubble suspen-
sions can be synthesized at high production rates while preventing
foam formation.

The bubbles (Ri¼ 6.6lm) were formed in a custom-made FF-
device [Fig. 1(a)]29 with a channel depth of 16lm (w¼ 21lm,
L¼ 30lm). The employed lipid mixture was prepared as before.24

It comprised 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-5000] (DPPE-PEG5000) mixed at a 9:1 molar
ratio to a total concentration of 10mg per ml of air-saturated saline.
The composition of the lipid mixture was formulated based on our
previous studies.24,27 DSPC was selected over 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) since it results in a slightly higher
long-term bubble stability (order of days).27 The PEGylated lipid
DPPE-PEG5000, with a relatively long PEG chain as compared to the
more commonly used PEG2000,28,30–32 was selected since it dramati-
cally lowers the coalescence probability of the freshly formed bubbles
in the outlet of the FF-device. Coalescence is minimized through
repulsive steric surface forces that act between the PEGylated lipid
vesicles, and between PEGylated vesicles and the PEGylated monomo-
lecular film around the bubbles.24,33 The resulting apparent viscosity
increase in the thin liquid film between the colliding bubbles (Fig. 1) is
extremely sensitive to the PEG molecular weight Mw and the PEG

molar fraction /PEG, to the temperature during bubble formation Ti,
and to the total lipid concentration c1, as it has been shown to scale as
c21/3

PEGM
4
we

kTi (k¼ 0.047K$1).24,27 Therefore, to minimize coales-
cence, next to a long PEG chain, a /PEG of 10% was selected, which is
below the limit above which the long-term bubble stability is no longer
maintained.24 Finally, to further reduce the coalescence probability, the
FF-device was placed in a thermostatic bath controlled at Ti¼ 55 %C
[Fig. 1(b)]. While lipid adsorption to the gas–liquid interface in a FF-
device has been shown to not depend on temperature,27 bubble forma-
tion at an elevated Ti is thus only motivated by the dramatic reduction
of the coalescence probability. The combination of the parametersMw,
/PEG; c1, and Ti selected here allow for coalescence-free bubble for-
mation at a high production rate of 4 & 105 bubbles/s used in this
work. However, the employed parameter combination is not unique,
i.e., for a different lipid mixture or a different Ti, these parameters can
be tuned to keep a low degree of coalescence following to the previ-
ously obtained universal equation for the coalescence probability of
microbubbles in an FF-device.27 The formed bubbles were filled with a
mixture of the low-aqueous solubility perfluorocarbon (PFC) gas
C4F10, with a solubility of 1.4ll gas per ml water at a partial pressure
of 1 atm, and the high-aqueous solubility gas CO2, with a solubility of
0.8ml gas per ml water at a partial pressure of 1 atm (T¼ 20 %C).

It is hypothesized that in order to prevent foam bubble forma-
tion, the freshly formed bubble with an initial volume Vi needs to be
filled precisely with the amount of C4F10 gas corresponding to the vol-
ume of the stable bubble Vf. Therefore, the volume fraction of the PFC
gas /PFC required to prevent foam bubble formation equals the ratio
of the partial pressure of the PFC gas pPFC to the total gas pressure in
the bubble at pinch-off Pi, as follows:

pPFC
Pi
¼ nPFCRGTi

PiVi
; (1)

with RG being the ideal gas constant and Ti being the temperature dur-
ing bubble formation. The formed bubbles were collected at room
temperature T0 and atmospheric pressure P0 [Fig. 1(b)] such that the
molar amount of PFC gas in the final stable bubble (r¼ 0N/m) with
volume Vf equals

nPFC ¼
P0Vf

RGT0
; (2)

which is then substituted in Eq. (1) to give the optimal PFC volume
fraction in the freshly formed bubble

/PFC ¼
P0
Pi

Ti

T0

Ri

Rf

! "$3
& 100%: (3)

Ri=Rf can be calculated using the previously obtained stabilization
equation for lipid-coated bubbles24,27

Ri

Rf
¼ 1:4þ 1:6 & 10$3ð1þ 30k2PGÞMw/PEG; (4)

with kPG being the propylene glycol mass fraction in the liquid.
Equation (4) accurately predicts Ri=Rf for lipid mixtures composed of
DPPC or DSPC mixed with PEGylated DPPE. Indeed, Ri=Rf was
demonstrated to be independent of the temperature during bubble for-
mation Ti.

27 For the present lipid mixture (kPG¼ 0, Mw¼ 5000,
/PEG¼ 0.1), the ratio Ri=Rf equals 2.2.

FIG. 1. (a) Monodisperse multicomponent bubbles were formed at 55 %C in a flow-
focusing device. (b) The bubbles were filled with a gas mixture of C4F10 and CO2
and collected in a vial with a C4F10 headspace. (c) Pressure in the bubble at pinch-
off Pi normalized to atmospheric pressure P0.
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In order to calculate /PFC, the pressure in the bubble at pinch-off
Pi ¼ Ppo þ 2r=Ri needs to be known, with Ppo being the local pressure
at pinch-off and r " 60 mN/m being the interfacial tension at pinch-
off. The dependence of Ppo on the operational conditions of the FF-
device is nontrivial and to date, no analytical expression is available.
Therefore, Pi was calculated from the optically measured equivalent
bubble radius at pinch-off Ri and the bubble radius at a downstream
location in the outlet channel Rds, as follows: Pi ¼ ðPds þ 2rds=
RdsÞðRds=RiÞ3, with Pds being the pressure at the downstream location
and rds ’ri.

34 In practice, the pressure drop over the FF-device is
limited to the narrow orifice and therefore, Pds is assumed to be
atmospheric P0. Figure 1(c) shows Pi normalized to P0 as a function
of the liquid flow rate QL measured at a constant absolute gas pres-
sure PG of 2.8 atm. Note that Pi is on average 15% lower than P0 due
to the hydrodynamic pressure drop resulting from the high fluid
velocities in the narrow orifice. Using Pi ¼ 0:85P0 in Eq. (3) gives
/PFC ¼ 12%.

Experiments were performed to verify that foam-free bubble sus-
pensions could indeed be synthesized at /PFC ¼ 12%. The composi-
tion of the gas mixture was accurately controlled by two mass-flow
controllers (Bronkhorst, The Netherlands). The gas pressure at the
inlet of the FF-device was kept constant at 2.8 atm by controlling the
total mass-flow rate of the gas such that it was proportional to the dif-
ference between the measured pressure [P1, Fig. 1(b)] and the set pres-
sure. A leak valve [LV1, Fig. 1(b)] released part of the gas mixture such
that the flow rate was high enough for stable flow control. The liquid
flow rate was also mass-flow controlled for optimal flow stability, at
150ll/min. To drive the liquid flow, the reservoir with the lipid disper-
sion was pressurized by the C4F10 gas. The driving pressure Pd of the
C4F10 gas was increased to 5 atm by controlling the temperature of the
gas bottle and the mass-flow controllers at 55 %C in an oven to allow
bubble formation at a high production rate of fB¼ 4 & 105 bubbles s$1

(fBmeasured as in Ref. 24).
The bubbles were collected in a sealed glass vial that was pre-

filled with pure C4F10 gas to maintain the PFC gas in the bubbles dur-
ing their stabilization. A venting needle ensured atmospheric pressure
in the vial during bubble collection. The needle was positioned against
the bottom of the glass vial that was placed upside-down during bub-
ble collection [Fig. 1(b)]. Since C4F10 gas has a 12 times higher density
than air, it does not spontaneously drain from the vial. Bubble samples
of 1ml in volume (400 s production time) were collected at PFC vol-
ume fractions /PFC of 2%–100%. Figure 2(a) shows a photograph of a
collected bubble suspension of which the bubbles were initially filled
with pure C4F10. The photograph was taken within 10 min after collec-
tion. Note that a thick layer of foam is formed on top of the monodis-
perse bubble suspension. The micrograph in Fig. 2(b) shows that the
foam bubbles were on the order of 100lm in diameter. However, note
from Fig. 2(c) that when /PFC was decreased to 12%, no large foam
bubbles were formed. Indeed, the micrograph in Fig. 2(d) shows that
at /PFC ¼ 12%, a monodisperse bubble suspension can be synthesized
without the foam layer. The height of the foam layer relative to that of
the liquid was measured 2 h after bubble collection and it is plotted in
Fig. 2(f). The figure shows that no foam is formed for /PFC ) 12%.

For each collected bubble suspension, the size distribution and
total bubble concentration cB were measured within 2 h after bubble
collection using a Coulter Counter (Multisizer 3, Beckman Coulter).
50ll of bubble suspension was diluted in 100ml of saline. A size

distribution was measured 8 s, 2 min, and 15 min after dilution and
these were used to quantify the yield and microbubble stability in dilu-
tion. The percent yield Y was calculated from the ratio of the total bub-
ble concentration in the collected bubble suspension cB and the
concentration of bubbles produced by the FF-device, which can be cal-
culated from the bubble production rate divided by the liquid flow rate
fB=QL: Y ¼ cBQL=fB& 100%. Figure 2(f) shows that the yield was 50%
for bubbles filled with pure C4F10, indicating that half of the formed
bubbles were lost. On the other hand, when the bubbles were initially
filled with a /PFC below 12%, the yield increased to its maximum value
of 100%.

Figures 3(a)–3(c) show the number and cumulative size distribu-
tions cB of the bubble suspensions formed at /PFC ¼ 22%, 12%, and
2%, respectively. Note that the bubbles filled with 22 v% of PFC gas
decreased in size by approximately 15% and that their monodispersity
increased upon dilution. This shows that the bubbles had not fully sta-
bilized in the collection vial. Upon dilution, the excess C4F10 gas dif-
fused out of the bubbles until their stable size was reached after 2 min.
On the other hand, the bubbles filled with /PFC ¼ 12% were readily
stable, meaning that the mode and the width of the size distribution
changed over time by less than 3%. Also note that the cumulative bub-
ble concentration of 3 & 108 bubbles/ml is of the same order as that of
the clinically available UCA SonoVue.35 The bubble suspensions filled
with less than 12 v% of PFC gas were found to be unstable in dilution.
Figure 3(c) shows a typical example for /PFC ¼ 2%; the bubble con-
centration decreases to nearly zero within 15min after dilution.
This shows that bubbles filled with less PFC gas than their final

FIG. 2. (a) and (b) Large foam bubbles are formed during the stabilization of mono-
disperse lipid-coated microbubbles filled with pure C4F10. (c) and (d) Monodisperse
bubble suspensions without foam can be synthesized by forming multicomponent
bubbles filled with a gas mixture of C4F10 and CO2. (e) Relative foam layer height
and (f) bubble yield as a function of C4F10 volume fraction.
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volume Vf more rapidly dissolve in dilution due to the relatively
small CO2 molecules with a high aqueous solubility and diffusivity
present in the bubble. Thus, the optimal volume fraction of PFC
gas in freshly formed lipid coated microbubbles is well predicted by
Eq. (3).

Questions may arise regarding the gas composition of the sta-
ble bubbles. Numerically, the dissolution of a multicomponent
bubble in an unsaturated and unbounded fluid can be mod-
eled.36–38 However, in an FF-device, the formed bubbles are in con-
tact with each other and formed at high concentrations in water
that is saturated with PFC gas (at Pd¼ 5 atm) and air (at P0).
Hence, we calculate the composition of the gas in the stable bubbles
at equilibrium, i.e., when all gasses are perfectly mixed such that
the gas composition in the headspace equals that of the bubbles.
The total molar amount of gas was conserved since the venting
needle was removed after collection of the 1.0ml bubble samples.
Using Henry’s law and the ideal gas law, the molar amount of
C4F10 in the system is calculated as follows:

nPFC ¼
/PFCPiVicBVL

RGTi
þ PdkPFCVL þ

P0VH

RGT0
; (5)

with kPFC¼ 1.5 & 10$8mol Pa$1 m$3 Henry’s constant of C4F10. The
first term in Eq. (5) accounts for the PFC gas in the bubbles, the sec-
ond term for the gas dissolved in the liquid, and the third term for that
in the headspace with volume: VH ¼ Vvial $ VL. The volume of the
vial Vvial was 10ml. The total bubble volume (* 30ll) is negligible and
therefore not considered in VH. Similarly, the molar amounts of CO2

and air (kair¼ 6.3 & 10$7mol Pa$1 m$3) were

nCO2 ¼
1$ /PFCð ÞPiVicBVL

RGTi
; nair ¼ P0kairVL: (6)

The formed bubbles stabilize to reach a tensionless state with
(near) zero Laplace pressure, i.e., the pressure in the bubbles equals
that in the headspace. Therefore, the gas confined in bubbles does not
need to be considered separately from that in the headspace. At equi-
librium, the molar amount of gas j with Henry’s constant kj equals:
nj ¼ kjpjVL þ pjVHðRGT0Þ$1, which is equated to Eqs. (5) and (6),
respectively, to find the partial pressures (composition of the gas mix-
ture), as follows:

pPFC¼
/PFCPiVicBVL

RGTi
þPdkPFCVLþ

P0VH

RGT0

# $
& kPFCVLþ

VH

RGT0

# $$1
;

(7)

pCO2 ¼
1$ /PFCð ÞPiVicBVL

RGTi

# $
kCO2VL þ

VH

RGT0

# $$1
; (8)

pair ¼ P0kairVL kairVL þ
VH

RGT0

# $$1
; (9)

with kCO2 ¼ 3.4 & 10–5mol Pa$1 m$3. Equations (7)–(9) were used
to calculate the partial pressures in the headspace of 10 bubble suspen-
sions formed under typical conditions (130ll/min ) QL ) 160ll/
min, PG¼ 2.8 atm, Pi¼ 0.82P0 [Fig. 1(c)], and 1.8lm ) Rf ) 4.6lm,
1.6 & 108ml$1) cB ) 4:6 & 108 ml$1). The modeled partial pres-
sures are shown in Fig. 4(a) as a function of the total gas volume that
diffused out of the freshly formed bubbles during stabilization
(Vg ¼ cBVLðVi $ Vf Þ). The figure shows that the amount of air in the
air-saturated co-flow is negligible. It also shows that the molar amount
of C4F10 dissolved in the liquid under the 5 atm C4F10 driving pressure
Pd is negligible since the curves for zero Pd (blue dots) are indistin-
guishable from those calculated for Pd¼ 5 atm (solid blue line). Thus,
the amount of C4F10 in the headspace is much larger than that dis-
solved in the liquid. Furthermore, Fig. 4(a) shows that pCO2 increases
with Vg since more CO2 gas is injected in the system. On the other
hand, note that pPFC is independent of Vg due to the fact that the molar
amount of C4F10 in the bubbles is negligible as compared to that in the
headspace. Finally, note that pCO2 is less than 5 kPa, whereas pPFC is
100 kPa meaning that the stable bubbles are filled with at least 95 v%
of C4F10, which explains their high stability.

Figure 4(b) shows the total pressure in the headspace
(pPFC þ pCO2 þ pair). Note that it exceeds the atmospheric pressure by
up to 4.5 kPa. The pressure rise is a result of CO2 dissolved in the water
diffusing into the headspace that was initially at atmospheric pressure,
thereby increasing its pressure. The absolute pressure in the headspace
of the vials measured 2 h after bubble collection is also plotted in Fig.
4(b). The small discrepancy between the measurements and the model
results from CO2 diffusion from the liquid into the headspace that was
kept at atmospheric pressure by the venting needle during bubble col-
lection. An overpressure of 4 kPa results in a 1.3% increase in bubble
volume when the bubbles are taken out of the vial, which may seem
negligible. However, it has been shown that the viscoelastic shell prop-
erties can change as a result of these small surface area expansions29

FIG. 4. (a) Modeled partial pressures in the stable bubbles. (b) Modeled and mea-
sured absolute pressure in the headspace.

FIG. 3. Number and cumulative size distributions of bubble suspensions formed at
(a) /PFC ¼ 22%, (b) /PFC ¼ 12%, and (c) /PFC ¼ 2%.
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and the relatively high surface tension at atmospheric pressure mea-
sured in the same work may have been a result of a volumetric bubble
expansion when the bubbles were taken from the vial.

To summarize, we have shown that monodisperse suspensions of
lipid-coated microbubbles can be microfluidically formed at clinically
relevant concentrations and at a yield of 100% by filling the freshly
formed bubbles with a precisely tuned gas mixture of a high- and a
low-aqueous solubility gas. The present work therefore allows for bed-
side production of readily stable monodisperse microbubbles without
foam bubble formation.

We acknowledge Pablo Pe~nas for the fruitful discussions and
Kim Bruil for preparing the bubble suspensions characterized in
Fig. 4.
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