
Lipid nanoparticles (NPs) have garnered signifi-
cant attention in a wide range of chemistry, me-

dicine, and drug delivery studies due to their unique 
properties [1,2]. Organic nanoparticles are excessively 
employed as drug carriers in the literature owing to 
their biocompatibility, biodegradability, and stability 
[3]. Liposomes are a kind of organic nanoparticle that 
gain undeniable attention as drug carriers due to the-
ir unique characteristics. These nanoscaled spherical 
structures are composed of a biodegradable lipid bila-
yer, making them a practical and preferred candidate 
for delivering drugs. Also, their lipid bilayer structu-
re can encapsulate both hydrophilic and hydrophobic 
drugs, which makes them versatile vehicles for drug 
delivery [4-9]. However, in order to leverage these fe-
atures, liposome nanoparticles need to be produced 
in a more controlled size and polydispersity manner. 
The characteristics of nanoparticles, such as size, 
morphology, and stability, are directly affected by the 
approach used to synthesize them [10,11]. Conventi-
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onal bulk synthesis methods often face challenges in 
generating NPs with controllable size and low poly-
dispersity index (PDI) [12]. Nevertheless, to address 
these limitations, microfluidic technologies offer an 
attractive platform for synthesizing NPs with desi-
rable properties, including various sizes and narrower 
size distributions [13]. Moreover, with microfluidic 
platforms, multiple operations on the nanoparticles 
can be done on a single chip, which is not applicable 
in conventional methods. 

Microfluidic-based nanoparticle synthesis can ge-
nerally be classified into two types: droplet-based (two-
phase) and mixing-based (single-phase) microfluidics. 
Droplet-based microfluidics enables the formation of 
monodisperse microparticles with larger sizes, pro-
viding an opportunity to load them with more drugs 
or cargo [14,15]. Mixing-based nanoparticle synthesis 
aims to achieve maximum solvent and solute mixing 
performance to facilitate homogeneous nanoparticle 
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Nowadays, lipid nanoparticles have gained profound interest in chemical and biomedical
engineering. The rapid development of therapeutic nanosystems has led to a need to 

design suitable approaches to synthesize bio-carriers for efficient drug delivery. Microflu-
idic methods provide an excellent opportunity to acquire desirable nanoparticle properties, 
including stability, size, shape, and size distribution, which are often challenging to obtain 
using conventional bulk synthesis methods. Rapid mixing is a crucial factor in the nanopre-
cipitation process as it inf luences the size and size distribution of the nanoparticles. Within 
this regard, in this work, we report an ultrafast acoustof luidic micromixer to synthesize 
liposome nanoparticles, which have been widely investigated in the literature as drug carriers 
due to their biocompatibility and biodegradability. This research has also investigated the 
inf luence of glycerol addition to the solvent to control the size of the liposomes. Our findings 
indicate that utilizing the acoustof luidic platform resulted in the production of nanoscale li-
posomes with small mean sizes compared to the hydrodynamic f low-focusing (HFF) method. 
Furthermore, the inclusion of glycerol led to a significant reduction in liposome size. These 
results emphasize the potential of the proposed approach for the efficient and precise synthe-
sis of liposome nanoparticles with improved characteristics, which can be utilized in various 
biomedical and drug delivery applications.
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then cured for a day at room temperature, peeled off from 
the master, and bonded to a glass substrate using plas-
ma treatment. The channel has a width of 600 µm and 
a depth of 50 µm, and the sharp edges of the channels 
have a tip angle of 15º, a length of 225 µm, and a width 
of 60 µm.

Mechanism of Acoustofluidic Micromixing 
Platform

As shown in the schematic in Fig. 1, both the PDMS and 
the piezoelectric transducers are bonded to the glass 
substrate. 

When the driving voltage is applied to the piezoelectric 
transducer, the vibration of its membrane is transferred to 
the PDMS chip, causing the sharp-edge patterns to oscillate. 
This oscillation generates powerful vortices in the microc-
hannel located near the sharp edges, thereby facilitating the 
mixing of the two parallel flow streams. The resulting aco-
ustic streaming can enable faster and more efficient mixing, 
improving liposome nanoparticle synthesis. Overall, the 
acoustofluidic platform offers a promising tool for enhan-
cing the efficiency and reproducibility of liposome synthesis 
processes.

Liposome Synthesis and Characterization

To synthesize nanoscale liposomes, a solution of 70% et-
hanol containing 98% sn-3-phosphocholine was introdu-
ced through one inlet of the microfluidic channel, while 
a mixture of distilled water and glycerol at three different 
concentrations of 15%, 30%, and 45% were introduced 
through the other inlet. The injection process was car-
ried out using a syringe pump, and the flow rate ratio of 
the two inlets was maintained at 1:1. Average diameter 

nucleation. This method can be divided into hydrodynamic 
flow focusing and active micromixers to form nanoparticles. 
Hydrodynamic flow focusing (HFF) merely relies on diffusi-
on for mixing to produce nanoparticles [16-19]. On the other 
hand, active methods employ external forces such as acous-
tic [20,21], electrical [22], or magnetic fields to facilitate the 
synthesis of nanoparticles. Active micromixers offer rapid 
and efficient mixing in a shorter time and length, making 
them an ideal and preferred option for achieving controllab-
le nanoprecipitation and tunable size of nanoparticles (NPs).

In this study, we introduce an ultrafast acoustofluidic 
micromixer device that enables the production of nanoscale 
liposome synthesis for drug delivery applications. We utili-
zed a piezoelectric transducer that generates bulk acoustic 
waves capable of penetrating deep into the material. These 
generated waves cause oscillatory motion of sharp edges to 
induce strong microstreaming within the microchannel, 
consequently reaching higher mixing efficiency. Additio-
nally, the study evaluated the influence of glycerol concent-
ration in the solvent on the liposome nanoparticle proper-
ties.

MATERIALS AND METHODS

Materials and Experimental Setup

Glycerol, 98% sn-3-phosphocholine from Sunflower (non-
GMO) phospholipid and ethanol were used to synthesize 
liposome nanoparticles. Also, distilled water and fluores-
cein dye were utilized for mixing characterization. 

The experimental setup used in this work consists of 
a microfluidic chip integrated with a piezoelectric transdu-
cer, a signal generator (Agilent 33220A/ Arbitrary Wave-
form Generator), a syringe pump (New Era Syringe Pump 
NE-4000), an amplifier and an inverted microscope (Zeiss, 
Axio Observer 7) mounted with a CCD camera. The syringe 
pump allows the injection of fluids at a specific flow rate 
into the channel. The signal generator produces a square 
wave signal at the resonance frequency, and this signal’s 
voltage can be increased up to 95 V by the power amplifi-
er. Later, this signal was fed to the piezoelectric transducer, 
which delivers the acoustic streaming to the microfluidic 
chip. Moreover, the flow pattern was captured by the inver-
ted microscope and the mounted CCD camera.

Device Fabrication

The standard soft-lithography method was employed to 
produce microchannels composed of polydimethylsilo-
xane (PDMS) material with sharp-edge patterns on their 
sidewalls. The PDMS base was mixed with a curing agent 
in a ratio of 10:1 and subsequently poured onto the SU-8/
silicon master, which was fabricated in the fashion deve-
loped in our previous work [23]. The resulting mold was 

Figure 1. A) Schematic of description of the acoustofluidic micromixer, 
microstreaming, and the liposome production in the microfluidic 
platform. B) An image of the acoustofluidic micromixer device.
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and size distributions of the liposomes were analyzed by 
a dynamic light scattering (DLS) device (Zetasizer Nano 
ZS). All the collected samples were loaded into the cu-
vette and put into the DLS instrument for measurement.

RESULTS AND DISCUSSION

Mixing Characterization

To trace the mixing performance, two fluids with dis-
tinct colors were used; diluted fluorescein dye and dis-
tilled water. The flow streams were monitored by an in-
verted microscope. To capture the fluorescence images, 
we utilized the FITC channel of the microscope with an 
exposure time of 100 ms. By monitoring the channel with 
the inverted microscope, visually, it is possible to capture 
incomplete or complete mixing. However, mixing effici-
ency has to be obtained numerically to get precise results. 
Mixing indexes were calculated across the width of the 
channel based on the following equation [24]:

( )21

Mixing Index (MI) 1
i avg

avg

I I
n

I

−
= −

∑

where Ii, Iavg, and n are the light intensity value of each 
point, the average intensity value, and the total number of 
pixels, respectively. A MI of 0 and 1 indicate unmixed and 
completely mixed scenarios, respectively.

Effect of the Frequency on Mixing Index

The frequency of a signal is a critical parameter that pro-
foundly impacts the intensity of acoustic streaming. It is 
essential to determine the resonance frequency of the 
piezoelectric transducer to achieve optimal efficiency. 
While every piezoelectric transducer has a unique reso-
nance frequency specified by the manufacturer within a 
range, it should be determined precisely through visual 
and quantitative observation during the experiment to 
locate its exact value to gain better performance. To ob-

tain an accurate resonance frequency, the frequency va-
ried within the range of 3.5-6.5 kHz, with increments of 
100 Hz. The captured images were used to calculate the 
mixing index at the outlet for different frequencies while 
maintaining a constant total flow rate of 40 µl/min and 
voltage of 95V. The results revealed that the resonance 
frequency of the piezoelectric transducer was 4.3 kHz, as 
depicted in Fig. 2.

Effect of the Flow Rate and Voltage on the Mixing 
Index

To explore the impact of flow rate and input voltage on 
the mixing performance, the frequency was set at 4.3 
kHz. The channel was observed under different voltages 
and flow rates using the inverted microscope, and the 
resulting images were analyzed to quantify the mixing 
index. Fig. 3 displays the results, which indicate that at 
low voltage values (up to 20V) and high flow rates, the 
acoustic streaming was not sufficiently strong to disrupt 
the background flow and induce chaotic flow, resulting in 
incomplete mixing. 

However, step-wise increasing voltage to higher valu-
es, complete mixing was achieved even at high flow rates. 
Fig. 4 demonstrates that complete mixing occurs for all flow 
rates when the input voltage is set at 95V. Moreover, it is im-
portant to note that since the mixing index varies along the 
channel, three distinct cross-sectional areas were chosen for 
the calculation of the mixing index.

Liposome Characterization

The diameter and size distribution of liposome nano-
particles are critical factors for their therapeutic appli-
cation [25], and these parameters can be controlled by 
regulating the mixing time during the nanoprecipitation 
process in microfluidic systems. The proposed acoustof-Figure 2. Mixing index at different operating frequencies.

Figure 3. Comparison of mixing performance for different voltages and 
flow rates.
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luidic system provides direct control over the size of lipo-
somes by adjusting the total flow rate, input voltage, and 
glycerol percentage in the solvent. Three distinct glycerol 
concentrations of 15%, 30%, and 45% were utilized.

To evaluate the size-tuning ability of the acoustofluidic 
platform, the average diameter of the liposomes was me-
asured using a dynamic light scattering device (DLS) at a 
total flow rate of 40 µl/min and an input voltage of 95 V for 
different concentrations of glycerol, with Acoustic and HFF 
methods. To achieve high throughput, a total flow rate of 
40 µl/min was selected as the optimal choice for the synthe-
sis of liposome nanoparticles. As shown in Fig. 5, the mean 
average size of the liposomes decreased with the implemen-
tation of acoustic pressure compared to the HFF method 
(i.e., in the acoustic-off case). It is worth noting that adding 
glycerol to the solvent reduced the average size of the liposo-
me nanoparticles, and a greater reduction in the liposome's 
average diameter was observed with increasing glycerol 
concentration.

Furthermore, the size distribution of liposomal na-
noparticles was analyzed using Dynamic Light Scattering 
(DLS), as demonstrated in Fig. 6. It can be inferred that the 
utilization of the acoustic micromixer results in the produc-
tion of nanoparticles with a lower polydispersity index in 
comparison to the scenario without acoustic mixing, which 
indicates its advantageous potential for drug delivery app-
lications.

CONCLUSION

In this study, we report a practical acoustofluidic plat-
form that achieves ultrafast and efficient mixing perfor-
mance, enabling us to synthesize nanoscale liposome 
nanoparticles with a high degree of control over particle 
size compared to the hydrodynamic flow focusing and 
conventional methods. This acoustofluidic platform le-
verages sharp-edge patterns that oscillate and vibrate 
when subjected to acoustic pressure generated by the pi-
ezoelectric transducer. This vibration creates strong and 
powerful vortices in the flow stream, which effectively 
disturb the fluids, leading to complete mixing in merely 
a few milliseconds. At the resonant frequency of 4.3 kHz 
and a voltage of 95 volts, acoustic microstreaming exhi-
bited a remarkable ability to achieve complete mixing 
of fluids with a total flow rate of 40 µl/min, which is a 
notably higher flow rate compared to the literature. The 
results indicate that the implementation of an acoustic 
micromixer in liposome synthesis resulted in the produc-
tion of highly uniform nanoparticles with reduced size 
when compared to the acoustic-off condition. Moreover, 
the impact of adding glycerol to the solvent was explored, 
revealing a significant reduction in liposome size upon its 
inclusion, producing monodispersed liposomes with an 
average diameter down to 30 nm. 

Figure 4. Comparison of mixing performance for different voltages and 
flow rates.

Figure 6. Effect of acoustic micromixer and glycerol percentage on the 
size distribution (A to D demonstrating the effect of glycerol from 0% 
to 45%).

Figure 5. Effect of acoustic micromixer and glycerol percentage on the 
mean size.
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