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Abstract: Phospholipid-stabilized microbubbles are utilized as contrast agents in medical ultrasound
imaging, and researchers are currently investigating their potential as theranostic agents. Due to the
inadequate water solubility and poor stability of numerous new therapeutics, the development of
stable microbubbles with the capacity to encapsulate hydrophobic therapeutics is necessary. Herein,
we proposed a flow-focusing microfluidic device to generate highly monodispersed, phospholipid-
stabilized dual-layer microbubbles for theranostic applications. The stability and microstructural
evolution of these microbubbles were investigated by microscopy and machine-learning-assisted
segmentation techniques at different phospholipid and gold nanoparticle concentrations. The double-
emulsion microbubbles, formed with the combination of phospholipids and gold nanoparticles,
developed a protective gold nanoparticle shell that not only acted as a steric barrier against gas
diffusion and microbubble coalescence but also alleviated the progressive dewetting instability and
the subsequent cascade of coalescence events.

Keywords: microbubbles; drug delivery; theranostics; double emulsion; microfluidics; machine
learning; segmentation

1. Introduction

Cancer is the second leading cause of death in the United States. According to the
American Cancer Society, in 2022 alone, 1.9 million new cancer patients were likely to be
identified, and nearly 609,360 cancer-related deaths were expected in the United States [1].
Chemotherapy is one of the primary treatment methods used either by itself or in con-
jugation with another treatment approach, such as radiation and surgery, depending on
the type and the stage of the disease. However, chemotherapeutics are mostly adminis-
trated through intravenous and oral routes, which limits the effectiveness and the safety of
this approach due to the lack of specificity, drug resistance, and high toxicity in healthy
tissues [2,3]. Serious adverse effects, such as cardiotoxity, neurotoxicity, nephrotoxicity, and
severe liver and bone-marrow toxicity have been reported in the literature [4,5]. In the past
decade, a lot of effort has been made to realize alternative innovative therapies that can
lessen the adverse effects of chemotherapy, among which, targeted and trigger-release drug
delivery approaches have attracted the attention of many researchers [6,7]. The goal of this
method is to encapsulate the active agent inside a protective carrier, such as liposomes,
to minimize the exposure of the healthy tissue to the drug and only release the drug at
the specific tumor site. Mechanical- and thermal-based trigger-release mechanisms such
as ultrasound (US) [8] and lasers [9] have been investigated. US is especially appealing
because of its non-invasive nature, universal availability, and imaging capabilities that
allow for real-time monitoring of the drug release, as well as adjustments to the treatment

Colloids Interfaces 2023, 7, 34. https://doi.org/10.3390/colloids7020034 https://www.mdpi.com/journal/colloids

https://doi.org/10.3390/colloids7020034
https://doi.org/10.3390/colloids7020034
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/colloids
https://www.mdpi.com
https://orcid.org/0000-0001-8378-6616
https://doi.org/10.3390/colloids7020034
https://www.mdpi.com/journal/colloids
https://www.mdpi.com/article/10.3390/colloids7020034?type=check_update&version=1


Colloids Interfaces 2023, 7, 34 2 of 16

protocol [7]. Microbubbles (MBs) are widely used as ultrasound contrast-enhancing agents
(UCAs) in ultrasound imaging, and recently, researchers have considered their poten-
tial use as theranostic agents [10,11]. MBs consist of a gas core, coated with a lipid [12],
polymer [13,14], or protein [15] shell to stabilize the structure. Different configurations
can be adapted to incorporate the drugs inside the MBs, such as direct attachment to the
MB shell [16], the attachment of the drug-loaded liposomes to the MB shell [17–19], or the
incorporation of an intermediate drug-loaded oil layer between the gaseous core and the
lipid shell [20]. The encapsulated drug can be released upon enhancing the US intensity.
The rapid mechanical oscillation and later destruction of the MBs via US can enhance
sonoporation in cell membranes and, thus, enhance the drug uptake by the cells [21,22]. It
is important to note that the impact of sonoporation on the cells and the potential negative
consequences of ultrasound and nanomaterials on biological systems are not completely
understood. The failure of cells to recuperate from the potential adverse biological affects
of the sonoporation can be detrimental to the cells and their genetic material. Therefore, it
is important to find the optimal US parameters (energy and exposure duration) required to
induce the enhanced uptake of therapeutics into cells while minimizing the sonoporation
impact on cell viability [23,24]. Additionally, MB shells can be further functionalized to en-
hance their capabilities. For example, MBs could be functionalized with magnetic and gold
nanoparticles (GNPs) to enable visualization in magnetic resonance imaging (MRI) [25] and
photo-acoustic imaging [26,27], respectively. In order to maximize the MBs’ contrasting
and therapeutic capabilities, it is crucial to generate a stable and monodispersed population
of MBs [28]. This is a major challenge that researchers have yet to overcome to realize
the successful implementation of MBs in theranostic applications. One effective solution
to this problem was demonstrated using microfluidic devices for the production of MBs.
Hettiarachchi et al. [29] first proposed microfluidics as a new manufacturing method
back in 2007 to produce a highly monodispersed population of MBs. Shih et al. [30] later
explored the one-step generation of drug-loadable microbubbles using microfluidics. Al-
though the successful generation of oil-shell microbubbles was demonstrated in this work,
the stability and microstructure evolution of the oil-shell microbubbles has not yet been
fully characterized. In 2018, Churchman et al. [31] utilized a hybrid microfluidic self-
assembly approach to achieve the formation of oil-shell microbubbles. While this technique
resulted in the formation of a uniform oil layer around the microbubbles, it required the
extra steps of making homogeneous lipid-oil nano-droplets (LONDS) and washing away
the excess LONDS after bubble preparation. Moreover, the stability of the oil layer around
the bubbles over time was not determined.

One major challenge that researchers face when making double emulsions is dewetting
instability, as this determines the structural configuration of the double emulsion [32].
Therefore, to determine double-emulsion microbubble stability, the simple tracking of
microbubble size over time is not sufficient, as it is crucial to study the morphologies of
the oil-shell microbubbles, as well. In this paper, we reported the stable production of
monodispersed double-emulsion microbubbles (DEBs), as lipophilic drug-delivery vehicles.
The DEBs were produced using a microfluidic flow-focusing (FF) device, and their stability
and morphological evolution were investigated with and without GNP functionalization.
Although prior works in the literature reported the generation of multilayer microbubbles
with microfluidics, to the best of our knowledge, there have been no investigations into the
functionalization of double-layer microbubbles with GNPs, or concerning the stability or
morphological evolution of the DEBs, before or after their functionalization with GNPs. In
order to ensure safety and efficacy of the usage of DEBs in theranostic applications, it is
critical for DEBs to preserve their structural stability and monodispersity over the period of
the treatment. This study used GNP functionalization of the treatment agents and a stable
one-step microfluidic production workflow to address the aforementioned challenges in
order to realize the successful implementation of DEBs in theranostic and drug-delivery
applications. Moreover, our approach resulted in the production of multi-modal agents.
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This was a desired characteristic, as it enhanced the capability and controllability of these
agents in theranostic application.

2. Materials and Methods
2.1. Microfluidic Device Preparation

A two-layer microfluidic flow-focusing device was designed in AutoCAD and printed
as a transparency mask (Cad/Art Services). The device was designed so the height of
the gas inlet microchannel was 10 µm, while all the other microchannels had heights of
30 µm. This would help confine the gas stream inside the other fluid streams for the stable
production of double-emulsion microbubbles.A silicon mold was fabricated in a class
1000 cleanroom using two-step photolithography, according to MicroChem’s SU-8 protocol.
Microfluidic devices were fabricated using a soft lithography approach [33]. Since PDMS is
inherently hydrophobic, the external phase channels and post-junction area were selectively
treated with PVA (polyvinyl alcohol, average MW 30,000–70,000, 87–90% hydrolyzed,
Sigma Aldrich, St. Louis, MO, USA), similar to the method applied by Vallejo et al. [34],
immediately after plasma-bonding to make the channels permanently hydrophilic.

2.2. Material

The 10% pluronic F-68 non-ionic surfactant and 1× phosphate-buffered saline (PBS)
were purchased from Thermofisher Scientific (Waltham, MA, USA). Lipid powders were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Octafluorocyclobutane C4F8
was purchased from Airgas (Radnor, PA, USA). Oleic acid, Nile red (lipophilic fluorescent
die), and 5 nm gold nanoparticles were purchased form Sigma Aldrich. CY3-functionalized
5 nm gold nanoparticles were purchased from Nanopartz Inc. (Loveland, CO, USA)

2.3. Phospholipid Formulation

The lipid mixture was prepared in a manner similar to Segers et al. [35]. The DPPC,
DPPA, and DSPE-PEG5000 lipid powders were dissolved in chloroform in an 80:10:10
molar weight ratio. For the fluorescent studies, 0.05 mg/mL of NBD-DSPE was also added
to the lipid mixture. The mixture was then dried on the wall of a glass vial under gentle
nitrogen stream. The vial containing the lipid film was then placed inside the vacuum
overnight to completely dry. The next day, the lipids were re-suspended in PBS, for a total
lipid concentration of 5 mg/mL. The stock lipid solution was then diluted with PBS to
the desired lipid concentration before each experiment. No lipid co-solvents or viscosity-
increasing agents, such as propylene glycol or glycerol, were added to the formulation, as
they have been reported to degrade the monodispersity and the stability of the resulting
microbubble suspension [36]. For the formulations containing gold nanoparticles, the
desired amount was added to the stock lipid solution. Before each experiment, the 10%
pluronic F-68 solution was mixed with the lipid solution at 5% of the prior volume to
prevent microbubble coalescence. The lipid solution was then sonicated in a water bath at
60 °C for 20 min and was then saturated with C4F8, as described by Kwan et al. [37].In order
to ensure a similar level of gas saturation between different groups, a custom-made portable
automatic gas-saturation device was designed and built via 3D printing. The device was
equipped with an Arduino and a servo motor, which was connected to a three-way valve.
The servo would change the valve position according to the degassing program fed into
the Arduino, allowing for the multiple cycles of degassing and gas injection involved in
the gas-saturation process. The phospholipid formulations tested in this study are listed in
Table 1.

2.4. Experiment Setup and Bubble Production

Oleic acid was used to create an oil shell around the microbubbles. For the fluorescent
studies, the lipophilic fluorescent probe Nile red was added to the oil phase at a concen-
tration of 1 µL/mL to visualize and study the oil layer. Oil-and-lipid solutions were each
loaded in a syringe tipped with a 23-gauge needle (BD) to fit the tubing and was then
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delivered to the microfluidic device at a constant flow rate using a digitally controlled
syringe pump (Pico Plus, Harvard Apparatus, Holliston, MA, USA). C4F8 was supplied
directly from a pressurized tank connected to a primary regulator into a custom-made
secondary regulator (Wika); this secondary regulator was used to control the gas pressure
inside the microfluidic channel. The outlet of the secondary regulator was connected to
flexible Tygon microbore tubing (0.020” × 0.060”OD, ColeParmer, Vernon Hills, IL, USA),
which was placed inside the microfluidic gas inlet to deliver the gas phase. After the bubble
production had been stabilized, the microbubbles were collected into a 2 mL screw-cap vial,
and its headspace was filled with C4F8 gas and contained 1 mL of the C4F8 saturated lipid
solution. The optimized flow rates and pressure to produce the microbubbles are presented
in Table 2. A schematic of the setup is shown in Figure 1.

Figure 1. Experimental setup demonstration of the DEB production. The liquid phases were delivered
using syringe pumps, while the gas phase was directly delivered from a pressurized cylinder;
two regulators were attached for precise pressure control. The microfluidic device was positioned
on an inverted microscope attached to a high-speed camera for real-time observation of the DEB
generation. The DEBs were collected in a vial attached to the outlet of the FF device.

Table 1. Different lipid phase formulations.

Formulation Reference Total Lipid Concentration GNP Concentration

F1 0.83 mg/mL 0 Particles/mL
F2 1.19 mg/mL 0 Particles/mL
F3 1.19 mg/mL 1013 Particles/mL
F4 1.56 mg/mL 0 Particles/mL
F5 1.56 mg/mL 1013 Particles/mL
F6 2.45 mg/mL 0 Particles/mL
F7 2.45 mg/mL 1013 Particles/mL

Table 2. Microbubble production parameters.

Solution Pressure/Flow Rate

Lipid phase 40–45 µL/min
Gas phase 27.5–34.5 KPa
Oil phase 0.1 µL/min

2.5. Imaging Setup

Microbubble production was monitored with a Nikon 100S inverted microscope, and
high-speed images were captured by a phantom high-speed camera (Vision Research,
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Wayne, NJ, USA). The images were then used to conduct the statistical analysis of the mi-
crobubbles inside the microfluidic chip. For post-production imaging of the microbubbles,
10 µL of the bubbles were loaded onto a Countess slide and placed on an Olympus IX51
inverted microscope.

Fluorescent and bright-field images were then captured using a camera connected to
the microscope. The excitation and emission of the fluorophores used in this study are
listed in Table 3.

Table 3. Purpose of the fluorophore study and their excitation/emission wavelengths.

Fluorophore
Type Fluorophore Purpose Excitation/Emission

Wavelength (nm)

Nile red Visualization of the oil layer, Wavelength and
DEB structural integrity 559/635

CY3 Visualization of the GNP protective
Wavelength shell on the GNP-DEBs 555/570

2.6. Image-Processing Pipeline
2.6.1. Statistical Analysis Pipeline

An automated image-analysis pipeline was developed using MATLAB R2021b soft-
ware to identify microbubbles based on their unique features, such as their size, shape, and
color. The algorithm would then measure and report the bubbles statistical attributes, such
as their diameter, distribution, and polydispersity index (PDI).

PDI = 100 × std
avg

(1)

where std and avg denote the standard deviation and average diameter, respectively. In
order to measure the growth rate of the microbubbles, images of the microbubbles were cap-
tured at various time intervals (0, 10, 20, and 30 min) and then processed by the algorithm.
The extracted statistical attributes of the microbubble images were subsequently recorded
and analyzed. To calculate the dimensionless average diameter of the microbubbles over
time, the average diameter at each time point was divided by the initial average diameter
at time zero. Three experiments were conducted for each formula, and the mean value
and standard deviation of the samples were used to report the dimensionless average
diameter of the microbubbles over time. In each experiment, more than 90 microbubbles
were analyzed.

2.6.2. Fluorescent Intensity Measurement

We used ImageJ to measure the fluorescent intensity along a specific region-of-interest.
Firstly, we loaded the image into ImageJ, and then we used the built-in ROI tools to draw
the region-of-interest. After adjusting the background and reducing noise, we measured
the fluorescent signal along the ROI. The measurement data were saved in a CSV file and
then imported into Python to plot the intensity along the ROI line. Overall, by using these
steps, we were able to accurately measure and analyze the fluorescent intensity of the
region-of-interest in our image.

2.6.3. Segmentation for Identification of Dewetting Using Machine-Learning Techniques

Ordinary circular-object-detection algorithms are ill-equipped for microbubble dewet-
ting characterization, as they lack the specificity and sensitivity to only detect the oil
droplets that are separated from the microbubbles. Moreover, it would be very difficult
and time-consuming for the operator to manually perform this characterization. This made
the characterization of microbubble dewetting a challenging task. In order to address
this issue, we developed a machine-learning-based segmentation method to detect the
dewetted droplets. Segmentation is a process used to divide an image into multiple regions
or segments, based on their shared features, such as color and texture attributes. Each
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region is then classified into one of the pre-defined categories, resulting in a segmented
image. This process has been essential for numerous applications in image-processing,
including object detection, medical image analysis, and scene-understanding [38–40]. We
leveraged Labkit, an open-source software tool to achieve image segmentation. Labkit
provides an intuitive interface for users to annotate images and train machine-learning
models for segmentation tasks [41].

The fluorescent images of the microbubbles were first fed into an image-processing
pipeline, developed in Python, to apply pre-processing steps, such as smoothing, noise
removal, and thresholding, to enhance the microbubble visibility. The images were then
sliced into smaller regions. This approach offered benefits by reducing the computational
resources needed for the segmentation step, making the overall image-processing pipeline
more efficient. Three random regions of the image were then input into Labkit software to
undergo segmentation. Briefly, the Labkit annotation tools were used to manually annotate
a few examples of the foreground (dewetted oil droplets) and background in an image.
These examples were then used to train a random forest-based pixel classifier within Labkit.
The pixel classifier was capable of automatically segmenting the entire image by classifying
each pixel into one of the predefined categories, based on the learned decision rules from the
annotated examples. This approach leveraged the power of machine-learning algorithms to
achieve efficient and accurate segmentation of complex images. In Labkit, the performance
of a classifier could be assessed by overlaying the segmentation results on the original
image. By this process, areas where the classifier could have been misclassifying pixels or
objects were identified. The classifier’s performance and accuracy could be improved by
providing more labeled examples in these areas. Overall, the classifier could be iteratively
refined and optimized until the desired level of accuracy for a specific application was
achieved through this approach. Finally, the segmented image was analyzed to count the
number of dewetted oil droplets [41,42].

2.7. Microbubble Concentration Detection

The videos of the microbubble production inside the microfluidic device were recorded
by a high-speed camera. The videos were then carefully analyzed to determine the number
of microbubbles generated per unit-of-time. The initial concentrations of the DEBs were
calculated by taking into account the total time of the experiment and the final volume of
the solution in which the DEBs were suspended. To calculate the concentration 60 min
after generation, we loaded 10 µL of the sample into the hemocytometer and counted the
DEBs under the microscope. Based on this result, we calculated the total number of bubbles
remaining in the sample.

3. Results and Discussion
3.1. Formation of phospholipid-shell DEBs

DEBs were formed in a microfluidic FF device, using the setup that is illustrated
in Figure 1. The device was designed such that the W/O/G (water/oil/gas) double
emulsions were produced at a single flow-focusing junction. The aqueous phase channel
surface was selectively modified to be hydrophilic with a PVA, solution as described in the
experimental section, while the oil and gas-phase microchannels remain hydrophobic. This
surface treatment proved to play a crucial role in the stable and monodispersed production
of the DEBs, as well as the prevention of the formation of secondary satellite oil droplets
at the junction, as it ensured proper wetting of the FF device walls by the aqueous phase
at the junction.The inclusion of a step in the gas-phase microchannel was another crucial
factor in the stable generation of the DEBs. This structure ensured that the gas phase was
properly sheathed by the oil phase before reaching the pinch-off junction.

The F1, F2, F4, and F6 phospholipid formulations listed in Table 1 were tested to
find the total lipid concentration that would result in the most stable and monodispersed
population of DEBs. Our observations suggested that the F1 formulation (total lipid
concentration of 0.83 mg/mL) increased the coalescence of the DEBs inside the FF device,
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hindering the collection of the monodispersed DEBs. Therefore, this concentration was
excluded from future experiments and characterizations. The F2, F4, and F6 phospholipid
formulations demonstrated monodispersed productions of DEBs inside the FF microfluidic
device. Figure 2a represents the size distribution of the DEBs generated inside the FF
device using the F2 lipid solution. A mean diameter of 20.6 µm and a polydispersity
index (PDI) of 2.96% were obtained for the DEB produced with this formula, based on a
sample size of 132 microbubbles. Previous attempts to generate double-emulsion bubbles
using a single-junction FF device had achieved an initial PDI of 10% [30]. A similar initial
distribution was observed for the F4 and F6 lipid formulations.

Figure 2. Initial size distribution of the microbubbles generated inside the microfluidic device,
using the (a) F2 and (b) F3 lipid solutions. The legend shows the polydispersity index of the
respective populations.

3.2. Morphology and Stability of Phospholipid-Shell DEBs

Figure 3a,c demonstrate the production of the DEBs inside the microfluidic device.
In order to examine the morphologies and the distributions of the DEBs, a sample was
collected from the outlet of the flow-focusing device and loaded onto a Countess slide
before being observed under a microscope. The existence of the oil layer was proved by
both bright-field and fluorescent imaging. However, as opposed to observing a uniform oil
shell surrounding the gas core, oil droplets were observed on the surface of the DEBs, as
shown in Figure 3d.

Figure 3. (a) Schematic demonstration of the FF device used for DEBs generation (gray: internal gas
phase; yellow: oil (oleic acid) phase; blue: external aqueous phase containing phospholipids and sur-
factant in PBS). (b) Schematic illustration of off-chip dewetting and its attributed features. (c) Snapshot
of the microfluidic device during DEB production.(d) Off-chip dewetting of the microbubbles.

This phenomenon had previously been observed by researchers and attributed to
oil-bead formation on the DEB shell from the excess oil in the shell. [30].However, in the
aforementioned study, researchers did not report on the evolution of the morphologies of
these microbubbles or their stability. The results of the current study suggested that the
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formation of the oil beads on the shell of the microbubbles was due to the onset of the
dewetting process. In other words, the DEB morphology transitioned from a complete-
engulfment state to a partial-engulfment state within a few minutes after generation. This
phenomenon has been observed in many double-emulsion systems and is dictated by the
interfacial tensions at the contact lines and the spreading coefficients [32,34,43]. Figure 3a–d
demonstrates the production of DEBs and subsequent onset and progress of dewetting for
our double emulsion system off-chip.

Dewetting is a dynamic phenomenon. In the water/oil/water (W/O/W) double
emulsions, if the complete engulfment and partial engulfment configuration are not ther-
modynamically stable, the system gradually moves toward the non-engulfment state and
two separate droplets are formed. [44]. This approach has frequently been used to make
highly controlled vesicles and artificial membranes using W/O/W double-emulsion tem-
plates for applications such as drug delivery [34,44]. However, since the three-phase system
presented in this work consisted of a gas core, other phenomena such as Ostwald ripen-
ing and gas dissolution also affected the stability and the configuration of the W/O/G
double emulsions. Previous studies on single-layer microbubbles, stabilized with a lipid
membrane, have established that the lipid membrane packing density played a vital role
in the formation of a stable and monodispersed MB population. According to these stud-
ies, the lipid shell framing the newly formed MBs would be in a disordered state with
a low packing density, thus facilitating Ostwald ripening between the MBs. As the MBs
continued to dissolve due to Laplace overpressure, the lipid membrane was compressed.
This process continued until a terminal size was reached for the bubbles, at which the
surface pressure from the mechanical compression of the MBs was balanced by the surface
tension.Additionally, the compression of the microbubbles increased the lipid packing
density at the interface, creating a barrier for the diffusion of the gas molecules outside the
MBs and, thus, further stabilizing the population [28,35,45–47].

In the DEBs presented in this paper, it had been hypothesized that the spontaneous
onset of the oil-shell dewetting would form an advancing oil droplet that would further
stretch the monolayer and thus prohibit the formation of a fully condensed lipid monolayer
that could act as an effective diffusion barrier for the gas molecules.Therefore, the DEBs
were more susceptible to gas dissolution and Ostwald ripening, which would then affect the
population monodispersity and stability.In order to compensate for this effect, more lipid
molecules would need to be absorbed at the interface, and given the stationary environment,
this process would be diffusion limited.It was worth noting that the diffusion was further
hindered due to the fact that bubbles are buoyant and were closely packed at the top of the
storage vial, whereas the lipid molecules resided inside the aqueous medium.

Bright-field and fluorescent microscopy techniques were used to characterize the
morphologies of DEBs. Figure 4 illustrates the results of this characterization for DEBs
made with different lipid formulations, at various points in time. Both bright-field and
fluorescent images of the DEBs are incorporated. However, it is important to note that the
microbubbles may experience movement during imaging, which can result in discrepancies
between the fluorescent and bright-field images, depending on various factors such as the
time taken to find the correct focus plane, settings, and region of interest. Therefore, while
we have included both image types for completeness, there may be variations between
them that should be taken into consideration.

The further examination of the DEB fluorescent images highlighted the presence of the
oil remnants in the periphery of the MB shells (marked with solid yellow circles in Figure 4).
Several studies reported that fatty acids (FA) were miscible in lipid membranes and tended
to form FA-rich micro-regions upon insertion inside the membrane. Furthermore, FA
incorporation inside the membrane enhanced the lipid membrane fluidity, lateral diffusivity,
and permeability [48,49].
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Figure 4. Morphologies of the dual-layer microbubbles created with F2 (a–f), F4 (g–l), and F6 (m–r)
lipid formulations, after 10, 20, and 30 min. The solid white circles mark the dewetted microbubbles,
the dashed white circles mark the capillary bridge formation between microbubbles, solid yellow
circles mark regions with dewetted oil droplets, and the dashed yellow circles mark FA-rich micro-
regions. The scale bar is 25 µm.

In particular, Kurniawan et al. [49] studied the interaction of oleic acid with the
DPPC membrane and showed that the oleic acid was, indeed, miscible in this type of
membrane, and upon its incorporation, the stiffness of the membrane was lowered. [49].
Given that the lipid monolayer surrounding the DEBs in this study was rich in DPPC, the
formation of oleic acid rich microdomains was attributed to the miscibility of the oleic
acid inside the monolayer. It was speculated that these microdomains created defective
areas and destabilized the ordered structure of the lipid membrane, increasing its lateral
diffusivity and permeability, thus promoting gas dissolution. This further supported our
hypothesis that the lipid membrane surrounding the DEBs presented in this study would
not reach a closed-pack state. Moreover, these FA-rich microdomains could also form
protrusions in the DEBs, creating a morphological characteristic similar to a raspberry-like
emulsion system.The oily protrusions on the surfaces of the DEBs could further contribute
to bubble coalescence and dissolution. When two or more oil drops were near each other,
they were only separated by a thin film of the continuous phase. Once this film broke,
the two oil drops merged together and formed a larger oil droplet to reach the lowest
Laplace pressure [50]. This formed a capillary bridge between the otherwise separated
microbubbles and constantly reduced the distance between the DEBs, which increased
the probability of their coalescence. The white dashed circle in Figure 4 highlights the
formation of a capillary bridge between three neighboring DEBs. The capillary bridge
formation between the neighboring droplets had also been observed in other raspberry-like
oil/water/oil-emulsion systems [51]. If a capillary bridge formed between similar size
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DEBs, it could lead to the direct coalescence of the DEBs. However, if the capillary bridge
formed between bubbles with large diameter ratios, Ostwald ripening would become the
dominant mechanism, which involved diffusion of the gas molecules from the smaller to the
larger bubble. Since the DEBs in the current system were densely packed, it was speculated
that direct coalescence and Ostwald ripening could coexist together and reinforce each other,
leading to a cascade of coalescence events. Figure 5 represents the dimensionless average
diameters of the microbubbles over time. It can be seen that over time the population mean
is only increasing, which further supports the occurrence of a cascade of coalescence events,
leading to the loss of microbubbles and their population monodispersity.

Figure 5. Dimensionless average diameter of the DEBs over time in different lipid formulations. For
each formula, three experiments were conducted, and the solid shape in the graph represents the
mean value. The error bars on the graph indicate the standard deviation of the sample.

Although Figure 5 suggested that the increase in the lipid concentration decreased the
growth rate of the microbubbles, the morphological studies of these structures (Figure 4)
suggested that the increase in the lipid concentration tended to speed up the dewetting
process. The number of dewetted oil droplets was a valuable metric for evaluating the
dewetting process. However, accurately determining this number was a challenging task
because conventional circular-object-detection algorithms could not differentiate between
dewetted oil droplets and those still attached to the microbubble shell. Therefore, we
developed a machine-learning-assisted segmentation method, as was elaborated in the
Methods Section, to automate the detection of the dewetted oil droplets. The results
depicted in Figure 6 show the total count of dewetted oil droplets for various phospholipid
formulations. The results suggested that increasing the phospholipid concentration from
1.19 mg/mL (F2) to 1.56 mg/mL (F4) or to 2.45 mg/mL (F6), led to an increase in the total
number of dewetted oil droplets by 1.5% and 3%, respectively. Therefore, as opposed to
single-emulsion microbubbles, increasing the concentration of the phospholipids did not
lead to more stable double-emulsion microbubble configurations.

It was, therefore, fair to conclude that this DEB system was inherently unstable due to
the lack of an effective protective shell and spontaneous dewetting. Moreover, the formation
of the raspberry-like structures and the uncontrolled dewetting made it difficult to optimize
and calculate the amount of cargo that could be delivered via the DEBs. In order to prevent
or slow the the dewetting process, the interfacial tensions could be modified by changing
the type of solution or the kind/concentration of the phospholipids and other surfactants
present in the system [34]. However, in the current study, we wanted to explore the effect
of the addition of a protective gold nanoparticle shell around these double emulsions as a
way to control the dewetting process.
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Figure 6. The total number of dewetted oil droplets identified in DEB samples after 30 min post-
production, using various lipid formulations.

3.3. GNP-Functionalized Phospholipid-Shell DEBs

The nanoparticles were initially introduced as a substitute for surfactants for the
stabilization of the droplets because they could accomplish three goals: (1) extend the
stability of the aqueous droplets; (2) prevent leakage without altering the composition
or the properties of the aqueous phase; and (3) establish a strong interface for cellular
attachment and growth [52,53]. Over the past decade, the use of nanoparticles (NPs) with
single-layer microbubbles has attracted interest, as NPs can stabilize the MBs by modifying
the interfacial tension and diffusivity of the gas throughout their shell. The mechanism
behind this stabilization has been speculated to be related to the steric barrier provided by
the solid particles being adsorbed at the interface. Moreover, the incorporation of NPs in the
MBs made them a great candidate for multi-modal imaging contrast agents and theranostic
applications [54–59]. In this work, the effect of incorporating gold nanoparticles on the
stability and the morphologies of the DEBs was investigated. To achieve the production
of GNP-functionalized double-emulsion bubbles (GNP-DEBs), GNPs were added to the
phospholipid formulations before being fed into the microfluidic device (F3, F5, and F7
formulations in Table 1). Figure 2b demonstrates the size distribution of the DEBs made
using the F3 formulation. The figure shows that, based on a sample size of 91 microbubbles,
these DEBs had a mean diameter of 20.8 µm, a PDI of 1.93%, and a narrower size distribution,
as compared to the group without GNP functionalization, as shown in Figure 2a). A similar
trend was observed in the DEBs made using the F5 and F7 lipid solutions.

Figure 7 highlights the influence of the GNPs on the morphological evolution of
the GNP-DEBs after 10, 20, and 30 min for the 3 different lipid formulations studied.
The microstructures of the GNP-DEBs (Figure 7) was compared to the DEBs (Figure 4),
and a marked improvement was observed in the dynamic and extent of the dewetting
process. As compared to the non-functionalized DEBs that had developed raspberry-like
microstructures; suffered spontaneous dewetting and severe Ostwald ripening; and a
cascade of coalescence events, the GNP-DEBs exhibited an acorn-like microstructure and
formed a distinct oil pocket on one side (solid yellow circles in Figure 7). It was speculated
that the change in the morphology was due to the modification of the surface energy
provided by the GNPs. Moreover, the steric barrier provided by the GNPs slowed the
advancement and the separation of the side-pocket oil from the structure and increased the
stability of the DEBs by alleviating other destructive mechanisms, such as capillary bridge
formation and coalescence. It was found that the side-pocket oil remained connected to the
structure for up to 30 min. After 30 min, the microbubble population became polydispersed,
and the dewetting increased. Even with the acorn microstructure, the bubbles constantly
underwent dissolution and Ostwald ripening, as artifacts, such as FA-rich microdomains
and advancing oil drops, were still present in the lipid monolayer. As compared to single-
emulsion bubbles, the GNP-DEBs did not reach a terminal size or a long stabilization period.
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However, the addition of the GNPs slowed the detrimental mechanisms and elongate the
lifetime of the DEBs for up to 30 min, which was an acceptable window for achieving
targeted drug delivery. After comparing the microstructure and the growth rate of the GNP-
DEBs prepared with different lipid concentrations (as presented in Figure 7 and Figure 5,
respectively), the GNP-DEBs prepared with the F7 formulation underwent slower Ostwald
ripening, dissolution, and growth rate, leading to a more uniform population. Figure 8
illustrates how the GNPs mitigated the destructive mechanisms, as previously discussed,
and the findings indicated that incorporating GNPs into the lipid solution mixture led to a
more than a 17-fold increase in the concentration of DEBs remaining in the sample after
60 min. Moreover, the results depicted in Figure 6 showed that the number of dewetted
oil droplets decreased by over 50% after the GNPs had been added to the phospholipid
mixture. Specifically, in the F7 formulation, approximately 74% fewer oil droplets were
detected, as compared to the F6 formulation. This result further confirmed that the the
steric barrier provided by the GNPs slowed the advancement and the separation of the
side-pocket oil from the structure and, thus, increased the stability of the DEBs.

Figure 7. Microstructural evolution of the GNP–phospholipid-stabilized dual-layer microbubbles
created with F3 (a–f), F5 (g–l) and F7 (m–r), after 10, 20, and 30 min. The dashed white circles mark
the capillary bridge formation between microbubbles, and solid yellow circles mark regions with
advancing oil droplets. The scale bar is 25 µm.
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Figure 8. Concentration of DEBs (a) immediately after generation and (b) after 60 min, using F6 and
F7 formulations.

To confirm the localization of the GNPs on the DEB shell, a fluorescent study was
conducted utilizing the GNPs functionalized with CY3 fluorescent probe. Figure 9 shows
the microbubbles that were generated using the aforementioned GNPs. In this study, the
oil and lipid shells were not stained with fluorescent probes to avoid cross-talk. The bright
red shell of the DEBs under the fluorescent microscope confirmed that the GNPs formed a
steric barrier around the microbubble shell. In addition, a region-of-interest was selected
in the fluorescent picture (orange line in Figure 9b), and the fluorescent intensity signal
was measured along that line. The resulting fluorescent signal profile in Figure 9c showed
distinct peaks at the locations where the line crossed the microbubble shell, which further
confirmed that the GNPs had been localized on the DEB shell. It was worth mentioning that
although the fluorescent signal in the DEB core was zero, the background fluorescent signal
could not be at zero since the GNPs had been mixed into the lipid solution. Therefore,
they could be present as free particles or residue on the surface of the liposomes that
spontaneously form inside the lipid solution.

Figure 9. (a) Bright-field and (b) fluorescent image of the DEBs made using CY3-functionalized
GNPs. The yellow line annotated as "ROI" marks the region-of-interest. (c) Fluorescent intensity
measurement along the ROI, as marked on the fluorescent image. The scale bar is 50 µm.
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4. Conclusions

In this work, a facile methodology was presented to achieve the one-step stable
production of double-emulsion microbubbles using a FF microfluidic device with a PDI
of less than 3%. The microstructure of the DEBs was characterized using microscopy and
machine-learning-assisted segmentation of the resulting images. The analysis revealed that
the lipid-shell DEBs suffered from severe dewetting instability and were prone to forming
raspberry-like structures, making them inefficient as drug delivery vesicles.In addition,
it was shown that the addition of the GNPs could substantially delay the onset and the
progress of the dewetting instabilities and stabilize the DEB structures by modifying the
surface energies and providing a steric barrier. Albeit, only 5 nm GNPs were considered
in this study; it is anticipated that nanoparticles of different sizes, compositions, and
geometries could be used on the DEBs shell to generate multi-functional and multi-modal
contrast agents for theranostic applications. The GNP-DEBs presented herein could be
used for applications such as ultrasound-guided photothermal therapy and photo-acoustic-
guided ultrasound-mediated drug delivery. While the sizes of the microbubbles presented
in this study were large for in vivo applications, they are excellent candidates for in vitro
theranostic studies. Particularly for evaluating the delivery of therapeutics to cells or tissue
models and their associated biological effects.Our future work will address the generation
of DEBs with clinically relevant sizes. The simplicity of the FF microfluidic device makes
it easy to scale up, adjust the DEBs size, and produce custom-designed DEBs for drug
delivery at the patient’s bedside.
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