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1. Introduction

Nanobubbles (NBs) are generally considered to be bubbles with 
diameters less than 103 nm. Due to the unique features of NBs, 
such as high internal pressure, large surface-to-volume ratio, 

Nanotechnology currently enables the fabrication of uniform solid nanoparti-
cles and liquid nano-emulsions, but not uniform gaseous nanobubbles (NBs). 
In this article, for the first time, a method based on microfluidics that directly 
produces monodisperse NBs is reported. Specifically, a two-component gas 
mixture of water-soluble nitrogen and water-insoluble octafluoropropane as 
the gas phase are used in a microfluidic bubble generator. First, monodisperse 
microbubbles (MBs) with a classical microfluidic flow-focusing junction is 
generated, then the MBs shrink down to ≈100 nm diameter, due to the dis-
solution of the water-soluble components in the gas mixture. The degree of 
shrinkage is controlled by tuning the ratio of water-soluble to water-insoluble 
gas components. This technique maintains the monodispersity of the NBs, and 
enables precise control of the final NB size. It is found that the monodisperse 
NBs show better homogeneity than polydisperse NBs in in vitro ultrasound 
imaging experiments. Proof-of-concept in vivo kidney imaging is performed in 
live mice, demonstrating enhanced contrast using the monodisperse NBs. The 
NB monodispersity and imaging results make microfluidically generated NBs 
promising candidates as ultrasound contrast and molecular imaging agents.
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and high chemical and bio-activity,[1] NBs 
find utility in many important fields such 
as surface physics[2] and chemistry,[3,4] 
water treatment,[5] surface cleaning,[6] food 
processing,[7] and nanomedicine.[8] Among 
these applications, one significant utility 
of NBs is in clinical diagnostics,[9] where 
NBs are introduced into blood vessels as 
ultrasound contrast agents (UCAs),[10] for 
contrast-enhanced ultrasound (CEUS) 
imaging.[11] Due to their ability to extrava-
sate out of the bloodstream, NBs may also 
be well-suited for ultrasound molecular 
imaging.[12]

Specifically, NBs show greater promise 
than microbubbles (MBs) in molecular 
imaging of diseases, such as cancer 
imaging.[13] MBs are intravascular contrast 
agents because of their larger size, while 
NB can in principle penetrate through 
blood vessels to target cells directly, owing 
to their smaller size and ability to extrava-
sate in tissues due to the enhanced perme-

ability retention (EPR) effect.[14–16]

The ability to produce monodisperse NBs for drug delivery 
may achieve significantly improved dose precision.[17] Thera-
peutic agents can be loaded on, or conjugated to, the surfaces of 
NBs, and released via ultrasound-induced cavitation. The size 

Small 2021, 17, 2100345

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202100345&domain=pdf&date_stamp=2021-04-02


2100345 (2 of 12)

www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH

www.small-journal.com

of bubbles in a monodisperse population of drug-conjugated 
NBs may be tuned to maximize the NB response to the ultra-
sound exposure parameters, such as pressure and excitation 
frequency, to optimize the efficiency of drug delivery.

It has been shown that monodisperse MBs have a more uni-
form acoustic response and increased imaging sensitivity com-
pared to polydisperse MBs.[18,19] Therefore, it is expected that 
a similar effect would also apply to monodisperse NBs when 
compared to polydisperse NBs. However, despite the potential 
applications of monodisperse NBs in medicine, to date, there 
are no reports of the generation of monodisperse NBs that can 
simultaneously meet the requirements of simplicity, monodis-
persity, and high throughput (i.e., ≈103 s−1).[10] Current methods 
for producing NBs have various limitations.

High-frequency mechanical agitation at the gas/water 
interface of a surfactant solution is the most commonly used 
method to produce bulk NB solutions for ultrasound imaging 
applications.[20] While simple and effective, this protocol pro-
duces a polydisperse mixture of MBs and NBs.[21] The use of 
these heterogeneous bubbles requires further centrifugation[22] 
for isolation of bubbles of the desired size range.

Solvent exchange technique,[23–25] which is used to generate 
surface NBs, relies on the difference in gas solubility in water 
versus in organic solvents to precipitate gas out of the solution 
and form NBs. This technique produces a trace number of poly-
disperse NBs, and lacks the ability to sustain production. Thus, 
this approach is limited to the generation of NBs for static and 
qualitative surface characterization studies.

A similar problem exists in the method of degassing and 
temperature change,[26] which relies on the differences in gas 
solubility corresponding to pressure or temperature changes. 
The electrochemical method[27,28] achieves stable generation of 
NBs; however, the method relies on the reduction of protons or 
oxidation of precursor molecules, which limits its universality 
and production throughput.

Plasmonic NBs generated in tissues in situ, is a recent devel-
opment of nanosurgery and detection.[17,29,30] This method 
requires the delivery of nanoparticle clusters and follow-up 
laser perturbation to generate NBs, which only have a lifetime 
of around several milliseconds, rendering it a complex and inef-
ficient protocol. In summary, while many approaches are pro-
posed and utilized to make NBs, creating monodisperse NBs 
with tunable sizes continues to be challenging.

Microfluidics (MF) is utilized as a tool to generate mono-
disperse MBs at high throughput, and customize MB size,[31] 
especially for ultrasound imaging applications.[32,33] Generally, 
the size of a bubble generated in a microfluidic flow-focusing 
geometry is proportional to the size of orifice, gas flow rate, and 
gas–liquid interfacial tension, and the bubble size is inversely 
related to the liquid flow rate and viscosity.[10,34]

However, due to the resolution limitations[35] and material 
properties used in soft lithography,[36] simply “scaling down” or 
“splitting”[37] from MBs to NBs is not trivial. To date, the min-
imum size of bubbles produced by microfluidics is still far above 
the nanoscale, at around a few microns.[38–40] Efforts have been 
made to produce NBs indirectly by first generating nanodroplets 
through a microfluidic nozzle, and then vaporizing the nanodro-
plets.[41] Although this approach results in a relatively high bubble 
concentration (i.e., ≈108 mL−1), this method does not enable 

control of the size distribution at the nanoscale. Furthermore, 
the mechanism of thermally-induced phase change limits usage 
to gases with boiling points close to room temperature, which 
prevents application of the approach as a universal method.

Here, we describe a microfluidic approach to first generate 
monodisperse MBs, then shrink the MBs into monodisperse 
NBs. Our technique draws inspiration from earlier work[42–46] 
showing that dispersions (i.e., emulsions and bubbles) that 
contain highly-soluble components in the discontinuous phase, 
can shrink significantly as the highly-soluble component leaves 
the dispersions and dissolves in the continuous phase. Fol-
lowing this concept, we design a gas mixture of two compo-
nents: a high aqueous phase solubility gas, and a low aqueous 
phase solubility gas. With precise regulation of the ratio of high 
and low solubility gases, and optimized control of flow rates, 
gas pressure, and gas solubility, we achieve tunable NB sizes.

Notably, we achieve an MBs-to-NBs volume shrinkage ratio 
of up to 107, and obtain both monodispersity and relatively high 
throughput. In in vitro phantom models, the monodisperse 
NBs exhibit comparable stability, and improved contrast homo-
geneity, compared to polydisperse NBs. Finally, in in vivo proof-
of-concept tests of the monodisperse NBs in mice, the NBs 
demonstrate good utility as UCAs.

2. Experimental Section

2.1. Fabrication of Microfluidic Devices

The microfluidic geometry was designed using AutoCAD 
(AutoCAD 2010, Autodesk, Inc., Dan Rafael, CA, USA) and 
printed onto a transparent photomask (25400 dpi, CAD/ART 
Services Inc., Bandon, OR, USA). Then a 50 µm thick film of 
SU-8 2050 (MicroChem, MA, USA) was spin-coated on a sil-
icon wafer, which was then patterned by UV light through the 
photomask using conventional soft lithography techniques. A 
5 mm thick layer of PDMS (polydimethylsiloxane, Sylgard 184 
silicone elastomer kit, Dow Corning, Midland, MI, USA) was 
poured onto the patterned wafer, which was then baked in an 
oven at 70 °C for 2 h. After curing, the pattern on the wafer was 
transferred to the PDMS slab.

A gas inlet, lipid solution inlet, and an outlet were punched 
on the PDMS slab using a 1-mm diameter biopsy punch 
(Integra Miltex, Inc., Rietheim-Weilheim, Germany). After 
oxygen plasma (Harrick Plasma, Ithaca, NY, USA) treatment 
for 60 s, the PDMS slab was bonded to a glass microscope slide 
to complete the microfluidic chip (Figure 1a–b).

2.2. Preparation of Lipid Solutions

The basis of the lipid formulation was a solution that was origi-
nally optimized for the high-frequency mechanical agitation 
NB formation method, described in the existing literature.[11,47] 
This formation was modified to satisfy the interfacial tension 
and viscosity requirements for microfluidic bubble generation.

The modified lipid mixture was prepared in a glass vial by 
mixing 60.1  mg of 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC), 10  mg of 1,2-dipalmitoyl-sn-glycero-3-phosphate 
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(DPPA), 20  mg of 1,2-dipalmitoyl-sn-glycero-3-phosphoeth-
anolamine (DPPE), and 10  mg of 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] 
(DSPE-mPEG-2000). DPPE was purchased from Corden-
Pharma, Switzerland, and other lipids were purchased from 
Avanti Polar Lipids, Inc., Alabama, USA. 15  mL of Dichlo-
romethane (MilliporeSigma Canada Co., Ontario, Canada) was 
added to thoroughly dissolve the lipids, and then all solvents 
were evaporated overnight. The amorphous lipids formed a 
thin white film in the glass vial.

An aqueous solution (PGPP, PBS + Glycerol + Propylene 
glycol) was prepared by mixing 90  mL of phosphate-buffered 
saline (PBS) solution (Thermo Fisher Scientific Inc., Ontario, 
Canada), 5 mL of glycerol (MilliporeSigma Canada Co., Ontario, 
Canada), 2.5  mL of Pluronic F-68 (Thermo Fisher Scientific 
Inc., Ontario, Canada), and 2.5  mL of propylene glycol (Milli-
poreSigma Canada Co., Ontario, Canada).

Finally, the lipid mixture was dissolved in the PGPP solution 
and sonicated in a 50 °C water bath for 2 h. A filtration mem-
brane (Acrodisc Syringe Filters, 3 µm pore size, VWR, Ontario, 
Canada) was used to remove undissolved lipids and aggregates 
from the solution.

2.3. Preparation of Gas Mixtures for the Generation  
of NBs in Microfluidics

In the experiments, gas mixtures of octafluoropropane 
(C3F8) and nitrogen (N2) were used at various ratios. An 
in-house method (see Figure 2) was utilized to create the gas 
mixtures used in initial experiments that demonstrated the 

proof-of-concept of bubble shrinkage (see for example Figure 3). 
This enabled easy and inexpensive, albeit less accurate, adjust-
ments to the gas mixture ratio, compared with purchasing 
industrially-made gas mixtures.

As shown in Figure 2, first a 500 mL measuring cylinder was 
filled with water, and then inverted to immerse the opening in 
a water-filled beaker. Then, by using control valves, different 
amounts of N2 and C3F8 (Synquest Labs, Inc., Florida, USA) 
were sequentially added, at approximately equal pressures, 
into the measuring cylinder to create mixtures of 0.42, 4.2, and 
42 wt.% C3F8. The volume measurements in the cylinder were 
used to approximate the amount of gas infused. For example, 
a mixture of 42 wt.% C3F8 was prepared by mixing 270 mL of 
N2, and 30 mL of C3F8 in the measuring cylinder. The gas mix-
ture in the measuring cylinder was extracted by inserting Tygon 
tubing that was also attached to a 50 mL syringe.

In subsequent experiments, where the focus was on detailed 
characterization of the NBs (Figure 5), and in both in vitro and 
in vivo experiments (Figures  6 and  7, respectively), an indus-
trially made gas mixture of 99.83 wt.% N2 and 0.17 wt.% C3F8 
(Synquest Labs, Inc., Florida, USA) was used. This low mixing 
ratio was chosen such that the MB generated in the microflu-
idic device shrank down to sub-micron sizes.

2.4. Generation of NBs by microfluidics

2.4.1. Proof-of-Concept Experiments with the In-House Made Gas Mixture

In the initial proof-of-concept microfluidic NB generation 
experiments, the in-house gas mixture was supplied to the gas 
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Figure 1. Schematic diagram of the microfluidic NB generator. a) An MB generation platform with a serpentine shrinkage channel. There are 50 turns 
in the serpentine channel, and the total serpentine channel length L = 620 mm; b) Dimensions of the MB generation orifice: orifice width w = 20 µm, 
channel height h = 50 µm, and serpentine channel width W = 350 µm; (c) Illustration showing MBs shrinking down to NBs (see Video S1, Supporting 
Information). Dissolution of N2 from the mixed gas-core MBs leads to the shrinkage of the MBs down to the nanoscale. Insoluble C3F8 constitutes 
the final equilibrium gas core of NBs. d) Examples of NB solutions collected from the outlet. Glass vials numbered 1, 2, and 3 represent a blank lipid 
solution (as a control group), NB solution containing ≈100 nm diameter NBs, and NB solution containing ≈200 nm diameter NBs, respectively.
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inlet of the device through a control valve, using Tygon tubing 
(Saint-Gobain S.A., Courbevoie, France) and a syringe pump 
(Harvard Instruments, Holliston, MA, USA). For these proof-
of-concept experiments, the syringe pump flow rate was fixed 
at 30  mL h−1. It was noted that since gas was compressible, 

the flow rate value on the pump did not represent the actual 
flow rate of the gas. Nevertheless, this injection rate, deter-
mined experimentally, was sufficiently stable to achieve a steady 
bubble generation regime, with approximately constant initial 
bubble size throughout the experiments. The continuous phase 
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Figure 3. Proof-of-concept shrinkage of MBs of different gas-core compositions using an in-house gas mixture. a) Experimental images of the shrinkage 
of 4.2 wt.% C3F8 MBs within the serpentine channel. High speed images are taken by a brightfield microscope to track the evolution of MBs. The photos 
are taken in the serpentine channel after turns 10, 20, 30, 40, and 50. Each position is converted to its corresponding bubble traveling time, with the 
starting time at the bubble generation orifice. b) A plot of the ratio of the normalized final bubble volume Vf/Vi, versus the dissolution time of the 
bubbles. Here, Vf and Vi are the final and initial bubble volume, respectively. c) A plot of the final bubble diameter Df versus the mass ratio of C3F8 in 
the gas mixture. The final diameter Df of 0% C3F8 is not shown because the bubbles are completely dissolved. All of the bubbles have initial diameter 
of ≈50 µm, and are generated at a constant bubble generation rate of ≈100 bubbles s−1. The diameter of MBs is measured using ImageJ software with 
the microscope photos. Each experiment is repeated three times to obtain an average and SD.

Figure 2. Schematic illustration of the in-house gas mixture created with BioRender.com. a) A 500 mL measuring cylinder is fully filled with water, 
before inverting to immerse the cylinder opening into a water-filled beaker. b) N2 gas is infused into the measuring cylinder, followed by c) C3F8 gas, 
in a sequential manner, so that the gases mix at the top of the cylinder.
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containing the lipid solution was supplied into the liquid inlet 
at a flow rate of 1 mL h−1 using another syringe pump.

Videos of MBs at the flow-focusing orifice, and at dif-
ferent positions in the serpentine channel, were captured 
by a high-speed camera (Miro M110, Vision Research, 
USA) attached to an inverted brightfield microscope 
(Axio Observer 7, Zeiss, Germany). The bubble sizes were 
measured using ImageJ software. Each measurement 
was repeated three times to obtain average diameters and 
standard deviations (SDs).

2.4.2. Experiments with the Industrially Made Gas Mixture

In later experiments, where more accurate gas mixture ratios 
were needed, the gas mixture was purchased from a com-
mercial vendor, Synquest Labs Inc., Florida, USA. Here, the 
industrial gas mixture was supplied (0.17 wt.% C3F8) to the gas 
inlet of the device through a control valve using Tygon tubing 
(Saint-Gobain S.A., Courbevoie, France). The control valve was 
coupled to a pressure gauge which allowed to precisely control 
and monitor the gas pressure at the gas inlet. The continuous 
phase containing the lipid solution was supplied by a constant 
flow rate syringe pump through the liquid inlet at a flow rate of 
1 mL h−1.

MBs in the serpentine channel were imaged using the same 
approach as in the earlier proof-of-concept experiments with in-
house gas mixtures. After MB shrinkage in the microchannel, 
the resulting NBs were collected from the outlet with a 3  mL 
glass vial (Figure 1d), and stored in a fridge at 4 °C before trans-
mission electron microscopy (TEM) or resonant mass measure-
ment (RMM) characterization.

2.5. Generation of NBs by High-Frequency Mechanical 
Homogenization

High-frequency mechanical homogenization was also applied 
to create polydisperse NBs (bulk-NBs), for comparison with 
the microfluidic monodisperse NBs. Bulk-NBs were generated 
using the same lipid solution as MF-NBs, which consisted of 
modifications to a previously reported protocol[48,49] as described 
earlier.

3  mL of the hydrated lipid solution was transferred into a 
5 mL glass vial, which was then sealed with a rubber septum 
cap. Air from the vial was removed by creating a vacuum 
using a 20 mL empty syringe connected to a 25G needle. The 
vacuum process was repeated three times to remove most of 
the air from the vial. C3F8 gas was injected into the vial with a 
10 mL syringe, prefilled with C3F8 gas, and a 25G needle, until 
the pressure in the vial was equalized. Then, another needle 
was immediately attached to the vial as a pressure vent and the 
rest of the C3F8 was injected to ensure the gas exchange was 
completed.

The glass vial containing the lipid solution and C3F8 gas 
was shaken vigorously at a frequency of 4 530 ± 100 min−1 for 
45 s, using a mechanical shaker (VialMix, Bristol Myers Squibb, 
Ontario, Canada). This step generated a milky mixture of MBs 
and NBs.

The bubble mixture was then inverted with the rubber 
septum facing down and centrifuged at 500 rpm for 2 min. A 
1 mL syringe and a 21G needle was used to slowly remove 1 mL 
of the milky solution from the bottom of the vial, where the 
solution consisted mostly of NBs. Finally, the NBs solution was 
further diluted with PBS as needed for experiments.

Importantly, polydisperse bulk-NBs by high-frequency 
mechanical agitation was used in the work to compare with 
the monodisperse MF-NBs. The same chemical formulation 
was utilized in both microfluidic and mechanical agitation 
processes. It was therefore important to recognize that the sta-
bility and ultrasound results for bulk-NBs were not generaliz-
able to all mechanical agitation NB generation schemes, since 
the chemical formulation used here was not optimized for 
mechanical agitation. Results of mechanical homogenization 
using optimized formulations were different than in the litera-
ture.[47,49] For example, the polydisperse bulk-NBs used in the 
experiment exhibited different sizes and concentrations than 
the previously reported NBs made by mechanical homogeniza-
tion,[49] and this difference was most likely due to the modifi-
cation of the lipid solution formulation for the convenience of 
microfluidic bubble generation.

2.6. Characterization of NBs by TEM

For TEM imaging, a solution of 2% uranyl acetate in distilled 
water was used for negative staining, and the carbon-coated 
TEM grid was first cleaned by plasma cleaner. A 20 µL drop of 
NBs solution and three drops of DI water were pipetted onto 
a 30  cm long parafilm sheet. The liquid droplets formed the 
sample and dilution reservoirs, respectively. The TEM grid was 
gently placed on the NBs drop to contact the top of the drop and 
left for 2 min. The grid was then transferred to contact with the 
DI water drops for dilution. During each dilution step, the grid 
was gently placed to contact the top of the DI water drop, and 
kept there for 1 min. After the sample was fully diluted, 20 µL 
of 2% uranyl acetate was applied on the grid as a stain. Negative 
staining was typically done for 1 min in the dark. Excess stain 
was then blotted out by filter paper and the grid was air-dried 
before imaging.

2.7. Characterization of NBs by RMM

For quantitative NB characterization by RMM, 1  mL of NBs 
solution was utilized in an Eppendorf Safe-Lock microcentri-
fuge tube (2  mL, Eppendorf Canada, Ontario, Canada). The 
NB size and buoyant mass were measured using RMM (Archi-
medes, Malvern Instruments, UK). Specifically, an RMM 
nanosensor with a measurement range of 100 nm to 2 µm with 
a resolution limitation of 10 nm was used. The sensor was cali-
brated using NIST traceable 500  nm polystyrene beads (Ther-
moFisher 4010S, Waltham MA, USA) in water solution. The 
calibration was complete after 100 particles were detected.

Before sample measurements, a blank water solution was 
run through the RMM instrument for 5 min to ensure that the 
system fluidics and sensor were free of particles. It was found 
that a dilution with a factor of 1000 in PBS was required for the 
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bulk NBs to result in an acceptable limit of detection (LoD) of 
0.01  Hz, and coincidence of <10%. Samples were loaded into 
the system for 90 s at a pressure of 10 psi and then analyzed at 
a relatively low pressure (i.e., 5  psi). Between measurements, 
the sensor and microfluidic tubing were rinsed for 30 s with 
water, followed by two “sneezes”. In each sneeze step, the flow 
direction in the bypass and sensor channels were repeatedly 
reversed.

Data from the Archimedes software (version 1.2) was ana-
lyzed for positive and negative counts. Density values of 
0.008  g mL−1 was used for positively buoyant particles (i.e., 
NBs) and 1.3 g mL−1 was used for negatively buoyant particles 
(i.e., lipid aggregates)[49] in the Archimedes software to convert 
the measured masses to particle diameters. These values were 
estimated experimentally using the densities of the octafluoro-
propane-gas-filled bubbles and the non-buoyant lipid particles, 
respectively.

RMM technology has intrinsic detection limitations. There-
fore, in addition to the mean diameter, the final uncertainty, κ, 
of the size measurement was reported by combining the SD 
and the measurement uncertainty, Δε.

Here, the mean of three replicates, ε  = (ε1 + ε2 + ε3)/3, where 
ε1, ε2, and ε3 were measured NB diameter values from each 
replicate. The measurement uncertainty Δε  = resolution/2 = 
5 nm for an RMM resolution of 10 nm. The final uncertainty 

( )2 2SDκ ε= + ∆

2.8. Test of Long-Term Stability of NBs

The stability of MF-NBs and bulk-NBs during storage was com-
pared. Two batches of 10 mL MF-NBs and 10 mL bulk-NBs were 
prepared individually per the protocols as described above, and 
stored at 4 °C in a fridge. At 1, 24, 48, and 72 h, 2  mL of the 
MF-NBs and bulk-NBs solutions were taken out from the batch 
and measured by RMM, respectively. Each size measurement 
was repeated three times. NB size measurements were reported 
as mean diameter plus final uncertainty, κ, to account for the 
resolution limitations of RMM.

2.9. In Vitro Experimental Setup

Two groups of NBs were prepared for the determination of 
their in vitro echogenicity. The first group consisted of micro-
fluidically-generated NBs (MF-NBs), which were generated 
using the microfluidic shrinkage platform. The second group 
was high-frequency mechanical homogenization made NBs. 
These bulk-made NBs were further diluted by 1000 times so 
that the concentrations of MF-NBs and bulk-NBs were of the 
same order-of-magnitude. The bubbles were introduced into 
a thin ultrasound phantom (10% (w/v) gelatin) that was sub-
merged inside a water tank. The phantom had a length of 
50 mm and a diameter of 0.25 mm.

The ultrasound enhancement signals from a blank lipid solu-
tion, MF-NBs solution, and bulk-NBs solution were measured 
and compared. The phantom was fixed over an 18 MHz linear 
array transducer with 256 elements, and imaged using a pre-clin-
ical ultrasound scanner (VisualSonics 2100, Fujifilm, Canada). 

System acquisition parameters were set to nonlinear contrast 
harmonic imaging (CHI) with 18 MHz central frequency, 35 dB 
dynamic range, and 40 dB gain. The power setting for the con-
trast mode was 4%, and power for B-mode was 1%.

2.10. In Vivo Experimental Setup

Animal experiments were conducted in compliance with St. 
Michael’s Hospital’s Animal Ethics Committee, and conformed 
to the Canadian Council on Animal Care guidelines.[50] In all 
procedures, the mice (16 weeks old, CD1 background) were 
anesthetized with 3% isoflurane with 1 L min−1 oxygen. The 
skin of the mouse belly was removed carefully to expose the 
kidney to the transducer directly, with the protection of an 
imaging gel.

100  µL of MF-NBs bubble solution was used in each tail 
vein injection, at a flow rate of 10  µL s−1. CEUS images were 
acquired with a Vevo 2100 (Fujifilm VisualSonics) at 1 fps and 
18 MHz. The power used in contrast mode and B-mode are 4% 
and 1%, respectively. Images were acquired from post-injection 
for both B-mode and non-linear mode.

3. Results and Discussions

3.1. Microfluidic Shrinkage of MBs with Gas Mixtures

We choose N2 as the high solubility gas component, and C3F8 
as the low solubility component. C3F8 is used commercially 
as the core gas of several UCAs.[30] MBs are first generated 
using a conventional PDMS microfluidic chip equipped with 
a flow-focusing geometry located upstream of a long serpen-
tine channel (Figure  1a). The in-house gas mixture of N2 and 
C3F8, introduced through the gas inlet, is pinched off at the 
orifice due to the viscous forces exerted by the aqueous phase. 
Since the aqueous phase is a lipid solution, lipid-shelled MBs 
are generated at the orifice (Figures  1b and    2a). The water-
soluble N2 component in the gas-core of MBs diffuses into the 
surrounding aqueous phase, which initiates the shrinkage of 
the MBs, while most of the water-insoluble C3F8 component 
remains undissolved inside the shrinking bubbles (Figure  1c). 
By tuning both the fraction of C3F8 in the gas mixture, and 
the flow parameters, MBs shrink down to NBs of a control-
lable size (Figure  1d; see Video S1, Supporting Information). 
We note that the collected NB solutions appear different, from 
mostly transparent to mostly opaque, with increasing bubble 
size. This appearance is most likely due to the reduction in 
scattering strength with a decrease in bubble size. The degree 
of shrinkage of MBs can be tuned by controlling the fraction 
of C3F8 in the gas mixture. With an in-house gas mixture of 
4.2  wt.% C3F8, we observe a significant decrease in MB size 
along the channel (Figure 3a). We find that the time it takes for 
the MBs to reach a stable value of Vf/Vi increases with a higher 
fraction of C3F8 in the gas mixture (Figure 3b).

Figure 3c shows a plot of the final bubble diameter Df versus 
the mass ratio of C3F8 in the gas mixture. Here, we determine 
the final bubble diameter, Df, by measuring the bubble diameter 
in the serpentine channel, after the shrinkage has stopped. This 

Small 2021, 17, 2100345



2100345 (7 of 12)

www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH

www.small-journal.com

occurs after most of the N2 component of the gas mixture has 
dissolved into the liquid, such that the gas remaining in the 
bubble is mostly C3F8.

The final diameter of NBs shows a positive correlation with 
the fraction of C3F8 in the gas mixture, which is reasonable 
given that C3F8 is supposed to a major component of the insol-
uble NB core. This approach is theoretically applicable to any 
gas mixture comprised of multiple components of different sol-
ubilities. By selecting gases of appropriate properties and con-
trolling their mixing ratio, we can build MBs or NBs featuring 
different gas cores and sizes.

3.2. Shrinking MBs to NBs

We also tune the shrinkage process of MBs of fixed gas com-
position by controlling their initial size, which is accomplished 
by adjusting the gas pressure. In these experiments, we use an 
industrial gas mixture of 0.17 wt % C3F8. The evolution of MBs 
along the serpentine channel is shown in Figure 4a. In these 
experiments, the mass ratio of C3F8 in the mixture is very low, 
and the shrinkage of bubbles is faster than earlier experiments 
with higher C3F8 content. Figure  4b shows that bubbles with 
different initial sizes exhibit similar and approximately con-
stant shrinkage rates. This observation is consistent with pre-
vious reports of dissolution of soluble gas bubbles.[51]

We obtain a maximum NB generation frequency of 105 s−1 
with a gas pressure of 15 psi and a liquid flow rate of 3 mL hr−1, 
which leads to a final bubble concentration of ≈108 mL−1. Fur-
ther scale-up of the production throughput is possible by opti-
mizing the microfluidic design, employing higher flow rates 
and gas pressures, parallelizing flow-focusing orifices,[52] and 
concentrating MBs with microcavity trapping structures,[53] 
followed by subsequent shrinkage to NBs. Importantly, this 
method generates NBs without significant changes to typical 
microfluidic bubble preparation methods, and without needing 
to improve the manufacturing resolution of microfluidic 
devices.

NBs are collected for further characterization. We use 
RMM technology to obtain size distributions. We confirm 

that MF-NBs have smaller sizes and better monodispersity 
compared to bulk-NBs made by high-frequency homogeniza-
tion, even after some post-processing by centrifugation (see 
Figure 5a and Experimental Section).

With the assumption that most of the N2 gas dissolves in 
the liquid, and most of the C3F8 gas remains in the bubble, 
we expect that Df ∝ Di, and this is supported experimentally 
in Figure 5b. This relationship indicates that with a fixed gas 
mixture composition, monodispersed NBs of specific sizes 
can be obtained by tuning the initial size of the MBs, which 
can be easily achieved with a typical flow-focusing microflu-
idic device.

We choose RMM as the primary measurement technique 
because it is the only method[49] capable of distinguishing 
between NBs of positive buoyancy[54,55] and lipid particles or 
surfactant aggregates of negative buoyancy. In contrast, char-
acterizations based on dynamic light scattering cannot easily 
distinguish between these two groups. The RMM results in 
Figure  5a are also supported by TEM imaging (Figure  5c), 
which shows clear differences between MF-NBs, bulk-NBs, and 
the lipid solution background. Specifically, the MF-NBs exhibit 
better monodispersity than the bulk-NBs.

We note a sharp cutoff in the RMM measured size distribu-
tion observed for buoyant NBs, and attribute this result to the 
LoD of the RMM sensor (see for example Figure 5a). The cutoff 
observed in the graph occurs at the smallest size in the dis-
tribution, which corresponds approximately to the LoD of the 
sensor. The LoD is automatically determined by RMM system 
at the start of each measurement and accounts for the baseline 
noise. We do not use any thresholding or post-processing to 
reject smaller-sized particles.

3.3. NB Stability

The stability of NBs in solution is investigated by tracking their 
size changes over time (Table  1). We note that the measure-
ments here are near the LoD of RMM, which likely truncates 
the size distribution. However, the impact of systematic errors 
should be the same for both MF-NB and bulk-NB samples. The 
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Figure 4. Shrinkage of MBs of different initial sizes, with the same industrially made gas mixture. a) Experimental images of different initial size MBs 
along the serpentine channel. The leftmost images are taken at the orifice, and the labels 3.24s, 6.48s, 9.72s, 12.96s correspond to time in the channel 
after serpentine channel turns 5, 10, 15, and 20. Experiments a1, a2, and a3 have initial bubble diameters, Di = 28.3, 24.6, and 21.5 µm, respectively.  
b) A plot of instantaneous bubble diameter D versus evolution time. The flow rate of the lipid solution is constant at 1 mL h−1, and the bubble genera-
tion rate of ≈103 s−1 is maintained approximately constant. Diameter of MBs is measured using ImageJ software according to the microscope photos. 
Each experiment is repeated three times to obtain an average and SD.



2100345 (8 of 12)

www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH

www.small-journal.com

Small 2021, 17, 2100345

Figure 5. Characterization of NBs shrinking from MBs of different initial sizes, with the same industrial gas mixture. a) Size measurements of final 
NBs of experiments a1, a2, and a3 by RMM. Bulk-NBs are prepared using high-frequency homogenization as the control group. b) A plot of final bubble 
diameter Df versus initial diameter Di. c) Morphology characterization of MF-NBs and bulk-NBs by TEM. The MF-NBs, bulk-NBs, and blank background 
as control are shown as labeled. The NBs in a1, a2, and a3 have initial bubble diameters, Di = 28.3, 24.6, and 21.5 µm, respectively, as demonstrated in 
Figure 4. Diameter of NBs is measured using RMM. Each experiment is repeated three times to obtain an average and SD.

Table 1. Evolution of NB sizes over time. The sizes and concentrations of 2 mL of MF-NBs and bulk-NBs at 1, 24, 48, and 72 h are measured by RMM. 
Each size measurement is repeated three times. NB size measurements are reported as mean diameter plus final uncertainty, κ, to account for the 
resolution limitations of RMM. The concentrations of both MF-NBs and bulk-NBs remain within the same order-of-magnitude over 72 h. Each experi-
ment is repeated three times to obtain an average and SD.

MF-NBs 1 h 24 h 48 h 72 h

Mean Diameter [nm] ±κ 156 ± 7 148 ± 6 146 ± 5 152 ± 13

Polydispersity ± SD 0.11 ± 0.04 0.08 ± 0.02 0.07 ± 0.03 0.15 ± 0.04

Concentration ≈107 mL−1

Bulk-NBs 1 h 24 h 48 h 72 h

Mean Diameter [nm] ±κ 223 ± 11 202 ± 9 227 ± 13 188 ± 6

Polydispersity ± SD 0.32 ± 0.14 0.26 ± 0.07 0.39 ± 0.02 0.3 ± 0.05

Concentration ≈108 mL−1
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results show that MF-NBs and bulk-NBs exhibit similar sta-
bility over 72 h without significant change of bubble concen-
trations. However, MF-NBs maintain lower polydispersity than 
bulk-NBs over the same duration. This is likely due to NBs of 
approximately equal sizes in a monodisperse population being 
less susceptible to Ostwald ripening than those in a polydis-
perse population.[56]

3.4. In Vitro Ultrasound Imaging

We evaluate the echogenicity of the NBs in in vitro imaging 
experiments (Figure  6a). Here, monodisperse MF-NBs are 
generated using the industrial gas mixture (0.17  wt.% C3F8, 
see Video S2, Supporting Information). We make polydisperse 
bulk-NBs using the modified bulk mechanical homogenization 
approach[49] followed by centrifugal size isolation[57] and dilute 
the sample to a similar NB concentration as MF-NBs. We use 
two common ultrasound imaging modes, brightness (B)-mode, 
and non-linear CEUS mode, to compare the echogenicity of 
MF-NBs and bulk-NBs. Specifically, B-mode records and pro-
cesses the echo of a tissue/organ to form a gray-scale image of 
the internal structure,[58] while the non-linear CEUS mode is 
based on an amplitude modulation that forms images by sub-
tracting signals obtained under low and high pressures. In non-
linear CEUS, echoes from linear scatterers are predominantly 
canceled, while echoes from non-linear scatterers (such as NBs) 
appear.[59]

Figure 6b shows the results of in vitro ultrasound imaging of 
blood vessel phantoms. We observe that monodisperse MF-NBs 
exhibit an enhanced signal homogeneity compared to polydis-
perse bulk-NBs, with comparable brightness. We attribute this 
improvement to the better monodispersity of MF-NBs, which 

can be hard to achieve by traditional bulk preparation methods 
even with extensive filtration and differential centrifugation. 
The monodisperse MF-NBs scatter ultrasound waves more 
uniformly than the polydisperse bulk-NBs (Figure  6b). This 
difference is likely due to the wider range of bubble sizes in 
bulk-NBs (Table  1). We also observe that MF-NBs exhibit a 
comparable non-linear contrast enhancement to bulk-NBs 
(Figure 6c), at 1 min post-injection. This result suggests that the 
MF-NBs are usable as contrast agents with good signal homo-
geneity and enhancement.

3.5. In Vivo Ultrasound Imaging

In in vivo imaging experiments of mouse kidneys (Figure 7a) 
the brightness of the non-linear contrast mode images is sig-
nificantly enhanced (Figure  7b). Like in artificial blood vessel 
phantoms, MF-NBs show good signal uniformity in the live 
mouse kidney, which indicates that the MF-NBs remain stable 
and monodisperse in the physiological environment.

Qualitatively, we observe that the signal intensity increases 
significantly starting at ≈6–7 s post-injection, which shows 
MF-NBs arriving at the kidney region (see Figure  7c). An 
enhancement intensity peak is achieved between 9 and 10 s 
post-injection (see Video S3, Supporting Information), which 
corresponds to the time the injection is completed, and the 
intensity enhancement from MF-NBs stabilizes after this initial 
peak.

The MF-NBs in this experiment exhibit shorter imaging 
lifetime than more conventional polydisperse bulk NBs, made 
by mechanical homogenization using an optimized lipid mix-
ture, and at much higher bubble concentration.[49] However, we 
note that the MF-NBs exhibit an obvious signal enhancement 
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Figure 6. In vitro CEUS imaging with NBs. a) Illustration comparing the ultrasound echoes of MF-NBs (left) and bulk-NBs (right) in blood vessels 
created with BioRender.com. b) Representative in vitro ultrasound images of NBs under different contrast modes: B-mode (left), and non-linear mode 
(right), in a blood-vessel-like phantom filled with saline. The white dashed rectangle represents regions of interest (ROI) for quantitative analyses.  
c) Plot of non-linear CEUS signal intensity enhancement (post-injection intensity minus pre-injection intensity) at 1 min post-injection from blank 
lipid solution, bulk-NBs, and MF-NBs. The NBs are characterized by RMM: MF-NBs have diameter 328 ± 49 nm (n = 3), concentration ≈107 mL−1, and 
polydispersity (PDI) 0.148; Bulk-NBs have diameter 418 ± 121 nm (n = 3), concentration ≈107 mL−1, and PDI 0.288. Scale bar represents 1 mm.
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despite having a lower bubble concentration. One explanation 
for the stronger echo activity of the MF-NBs may be the non-
linear scattering enhanced by shell buckling of NBs that may 
increase echogenicity.[60] The non-linear contrast imaging mode 
uses multiple ultrasound pulses for which the amplitude of 
the pulse is modulated to detect the non-linear response of the 
bubbles. Another possibility is that, for monodisperse MF-NBs, 
constructive interactions of the collective nonlinear behavior of 
interacting bubble clusters may be more likely to happen com-
pared to bulk NBs.[61]

A current limitation of the microfluidic approach is the 
resulting NB concentration, which is ≈108 mL−1. However, 
the system geometry and flow conditions can still be opti-
mized to produce higher concentrations and throughput, for 
example, via parallel flow focusing.[62] In clinical situations, 
tissues such as tumors may have various depths or vascu-
larity that can lead to a choice of NB concentration based on 
the imaging goals. For example, one may wish to achieve spe-
cific target echogenicities at different imaging depths. The 
results here demonstrate advantages of microfluidically made 

monodisperse NBs, which may find applications in diag-
nostic ultrasound imaging, therapeutic ultrasound, and in situ 
micro- or nano-surgery.

4. Conclusion

We describe, for the first time, size-tunable and monodisperse 
NBs generated using a simple microfluidic approach. Control-
ling the fraction of insoluble and soluble gas components of the 
bubble gas core and tuning the initial size of bubbles generated 
at a flow-focusing microfluidic geometry enables the produc-
tion of NBs of different target sizes. Compared to NB produc-
tion protocols that generate polydisperse NBs, our microfluidic 
method improves controllability and uniformity of NBs and 
retains a tunable concentration (up to 108 mL−1) of bubbles. 
MF-NBs show better signal uniformity than polydisperse NBs 
in in vitro ultrasound imaging experiments, and result in good 
signal homogeneity as well as contrast enhancement in in vivo 
ultrasound imaging experiments.

Figure 7. Proof-of-concept in vivo CEUS imaging with MF-NBs. a) Schematic diagram of the experimental setup created with BioRender.com. b) Rep-
resentative images from in vivo ultrasound imaging experiments of a mouse kidney, with NBs, under B-mode and non-linear mode. The red dashed 
ellipses represent the ROI for quantitative analyses. The images are taken at 0 s and 9 s after the injection of the MF-NBs solution. c) Plot of real-time 
ultrasound signal intensity enhancement (post-injection intensity minus pre-injection intensity) versus time from MF-NBs in non-linear CEUS mode. 
The MF-NBs in the in vitro and in vivo imaging experiments are from the same batch, with diameter 328 ± 49 nm (n = 3), concentration ≈107 mL−1, 
and polydispersity (PDI) 0.148. The ultrasound transducer is applied directly to the surface of mouse kidneys for imaging. Scale bar represents 3 mm.
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This work may enable new opportunities for ultrasound 
imaging and therapy. Unlike intravascular contrast agent MBs, 
which are currently used clinically, NBs in principle can exit 
the vasculature and extravasate into certain tissues due to the 
EPR effect[63] around intermittently permeable tumor regions. 
Since tissues do not produce sub-harmonic or super-harmonic 
signals as NBs do, NBs that extravasate into tissues can be con-
sidered UCAs suitable for molecular imaging.
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