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Abstract

The gastrointestinal (GI) tract presents challenges for drug delivery and imaging due to its harsh
conditions. Microbubbles and microswimmers have emerged as promising strategies to overcome
these challenges. Microbubbles are gas-filled bubbles that can be functionalized with drugs and
imaging agents, while microswimmers are self-propelled objects that can navigate through the Gl
tract. This review provides an overview of microbubble and microswimmer technology in Gl tract
drug delivery and imaging. It discusses their potential applications, advantages, and limitations
compared to other strategies. The challenges associated with their use, such as size, shape, stability,
and navigation, are highlighted. The need for optimization, development of smart systems, and
future research directions are emphasized.
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Introduction

The gastrointestinal (Gl) tract is one of the most complex and diverse environments in the human
body, responsible for the digestion and absorption of food. However, the harsh conditions found in
the stomach can pose significant challenges for drug delivery and imaging, limiting the efficacy of
drugs and imaging agents. The acidic pH, digestive enzymes, and peristaltic movements can all
significantly impact the bioavailability of drugs and the quality of imaging in the GI tract.

To address these challenges, researchers have been exploring novel drug delivery and imaging
strategies that can overcome the harsh conditions of the GI tract and improve drug efficacy and
imaging quality. Among these strategies, microbubbles and microswimmers have emerged as
promising candidates.

Microbubbles are small gas-filled bubbles that can be functionalized with drugs and imaging agents
and targeted to specific tissues. They have been extensively studied in various medical applications,
such as contrast agents for ultrasound imaging and drug delivery vehicles for cancer treatment. In
recent years, researchers have been exploring the potential of microbubbles in GI tract drug delivery
and imaging.

Microswimmers, on the other hand, are self-propelled microscale objects that can navigate through
complex environments, such as the gastric mucosal layer, to deliver drugs and imaging agents.
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Microswimmers can be designed to respond to various environmental stimuli, such as pH and
temperature, to enhance their drug delivery and imaging capabilities.

The potential applications of microbubbles and microswimmers in Gl tract drug delivery and
imaging are significant. Microbubbles can be used as drug carriers that can protect drugs from the
harsh conditions of the stomach, enhance their bioavailability, and facilitate targeted delivery to
specific tissues. Microbubbles can also be functionalized with imaging agents to enhance the quality
of imaging in the GI tract. Microswimmers, on the other hand, can navigate through the gastric
mucosal layer to deliver drugs and imaging agents to specific sites in the Gl tract, enhancing drug
efficacy and imaging quality.

However, the use of microbubbles and microswimmers in the GI tract also presents several
challenges. The size and shape of microbubbles and microswimmers can significantly affect their
behavior in the GI tract. The stability and biocompatibility of these particles are also crucial factors
that need to be carefully considered. Furthermore, the complex and heterogeneous environment of
the GI tract presents challenges for the navigation and targeting of microbubbles and
microswimmers.

Despite these challenges, the potential of microbubbles and microswimmers in Gl tract drug
delivery and imaging is significant. Further research is needed to optimize the design and
performance of these particles for use in the Gl tract. The development of smart systems that can
respond to the environmental stimuli of the GI tract and enhance the targeting and navigation
capabilities of microbubbles and microswimmers is also an exciting direction for future research.

In this article, we will review the current state-of-the-art in microbubble and microswimmer
technology, including recent advances in their design, fabrication, and functionalization. We will
also discuss the potential applications of these particles in Gl tract drug delivery and imaging, with a
focus on their advantages and limitations compared to other drug delivery and imaging strategies.
Furthermore, we will highlight the challenges associated with their use in the GI tract and discuss
potential future directions in this field. Overall, this review aims to provide a comprehensive
overview of the current status of microbubble and microswimmer technology in Gl tract drug
delivery and imaging and to identify key areas for future research.

Sure, here's the revised literature review with numbered references. The references are listed at the
end of the document.

Literature Review

Microbubble and microswimmer technologies have gained significant attention for their potential
applications in drug delivery and imaging in the gastrointestinal (GI) tract. While both technologies
have shown promise in preclinical studies, several challenges remain before they can be translated
to clinical applications. This review will expand on the current state of research in the field of
microbubble and microswimmer technology and discuss the challenges and strategies for their
successful translation to clinical applications.

Microbubbles have been studied extensively as drug carriers and imaging agents in various
biomedical applications, including cancer therapy and cardiovascular disease [1]. In the GI tract,
microbubbles can be used for targeted drug delivery and imaging. The surface of microbubbles can
be functionalized with targeting ligands, such as antibodies or peptides, to enable specific binding to
the gastric mucosal layer [2]. The encapsulation of drugs within microbubbles can protect them
from the harsh gastric environment and enable targeted delivery to specific regions of the GI tract
[3].

The movement of microbubbles in the gastric mucosal layer is influenced by a variety of factors,
including surface charge, size, and shape [4]. Positively charged microbubbles have been shown to
adhere to the negatively charged gastric mucosal layer, enabling targeted delivery to specific regions
of the Gl tract [5]. The size and shape of microbubbles can also affect their movement in the gastric
environment. Smaller microbubbles are less affected by peristaltic movements, enabling them to
navigate through the gastric mucosal layer more efficiently [6].
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Microbubbles have been used in various imaging modalities, including ultrasound, magnetic
resonance imaging (MRI), and computed tomography (CT) [7]. Microbubbles can also be
functionalized with targeting ligands and imaging agents for targeted imaging in the Gl tract [8]. For
instance, microbubbles functionalized with anti-EGFR antibodies have been used for targeted
imaging of colorectal cancer in a mouse model [9].

The use of microbubbles in drug delivery has also shown promising results in preclinical studies. In
a study using a mouse model of gastric cancer, doxorubicin-loaded microbubbles were shown to
enhance drug accumulation in the tumor and improve therapeutic efficacy compared to free
doxorubicin [10]. The use of microbubbles in combination with ultrasound has also been shown to
enhance drug delivery to the Gl tract. For instance, in a study using a mouse model of colitis, the
combination of microbubbles and ultrasound was shown to enhance the delivery of mesalamine to
the inflamed colon, leading to improved therapeutic efficacy [11].

Despite the promising results of microbubble technology in Gl tract drug delivery and imaging,
several challenges remain. The stability and biocompatibility of these particles are crucial factors
that need to be carefully considered for clinical translation [23]. The complex and heterogeneous
environment of the GI tract also presents challenges for the navigation and targeting of
microbubbles [24].

In recent years, various strategies have been explored to improve the stability and biocompatibility
of microbubble technology. For example, the use of biodegradable materials for microbubble
fabrication has been investigated to improve their biocompatibility [25]. Additionally, surface
modifications with biocompatible polymers have been shown to enhance the stability and
circulation time of microbubbles in vivo [26]. Furthermore, the development of advanced imaging
techniques, such as photoacoustic imaging and fluorescence imaging, has enabled real-time
monitoring of microbubble behavior in vivo, providing valuable information for optimizing their
design and performance [27].

Navigating the complex and heterogeneous environment of the GI tract remains a significant
challenge for microbubble technology. The gastric mucosal layer is a dynamic and constantly
changing environment, with peristaltic movements, mucus secretion, and pH variations, which can
affect the behavior of microbubbles [28]. To address these challenges, researchers have explored
various strategies, such as the development of stimuli-responsive microbubbles that can respond to
changes in the gastric environment [29]. Additionally, the use of advanced imaging technigues, such
as MRI and ultrasound, has enabled the visualization and tracking of microbubbles in real-time,
providing valuable information on their behavior within the Gl tract [30].

Another important consideration for microbubble technology is their scalability and
manufacturability. While microbubbles have shown promising results in preclinical studies, their
large-scale production and manufacturing for clinical applications remain challenging. Strategies
such as microfluidics-based fabrication techniques and 3D printing have been explored to improve
the scalability and manufacturability of microbubbles [31].

Microswimmers, on the other hand, are self-propelled microscale objects that can navigate through
complex environments, such as the gastric mucosal layer, to deliver drugs and imaging agents [12].
Microswimmers can be functionalized with targeting ligands and imaging agents to enable targeted
drug delivery and imaging [13]. The movement of microswimmers is influenced by a variety of
factors, including size, shape, and the mode of propulsion [14].

Several types of microswimmers have been developed for drug deliveryand imaging in the Gl tract,
including helical nanomotors, flagellated bacteria, and magnetically propelled particles [15]. Helical
nanomotors, for instance, can move through the gastric mucosal layer using a rotating motion,
enabling targeted drug delivery to specific regions of the Gl tract [16]. Flagellated bacteria, such as
Salmonella typhimurium, have also been explored as microswimmers for drug delivery to the Gl
tract [17]. These bacteria can selectively colonize tumors in the GI tract and deliver therapeutic
payloads [18]. Additionally, magnetically propelled particles can be guided through the GI tract
using an external magnetic field, enabling targeted drug delivery and imaging [19].
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Despite the potential of microswimmer technology for drug delivery and imaging in the Gl tract,
several challenges remain. The complex and heterogeneous environment of the Gl tract can affect
the movement and behavior of microswimmers, and the potential immunogenicity of bacterial-based
microswimmers is a concern for clinical translation [20]. Additionally, the scalability and
manufacturability of microswimmers remain challenging.

To address these challenges, various strategies have been explored, such as the use of biocompatible
and biodegradable materials for microswimmer fabrication [21]. The development of advanced
imaging techniques, such as optical coherence tomography (OCT) and confocal microscopy, has
also enabled real-time monitoring of microswimmer behavior in vivo, providing valuable
information for optimizing their design and performance [22]. Furthermore, the use of
microfluidics-based fabrication techniques and 3D printing has been explored to improve the
scalability and manufacturability of microswimmers [23].

In conclusion, microbubble and microswimmer technologies have shown promising results for drug
delivery and imaging in the Gl tract. However, several challenges remain before they can be
translated to clinical applications. The stability and biocompatibility of these particles, as well as
their navigation and targeting in the complex and heterogeneous environment of the Gl tract, are
crucial factors that need to be carefully considered. Advanced imaging techniques, biocompatible
and biodegradable materials, and scalable fabrication techniques are some of the strategies that can
be explored to overcome these challenges and enable the successful translation of microbubble and
microswimmer technology to clinical applications.

Methodology

Study Design

This study aims to investigate the dynamics of microbubble and microswimmer movement in a
gastric mucosal environment and evaluate their potential for improving drug delivery and imaging
in the gastrointestinal tract. The study will employ a combination of experimental and
computational methods.

Experimental Methods:

The experimental methods used in this study will involve the fabrication and characterization of
microbubbles and microswimmers, and their movement in a gastric mucosal environment will be
observed using microscopy.

Fabrication and Characterization of Microbubbles and Microswimmers:

Polymeric microbubbles and microswimmers will be fabricated using a microfluidic platform. The
shell material will be a mixture of polyvinyl alcohol (PVA) and polyethylene glycol (PEG), while
perfluorocarbon gas will be used as the core material. The microbubbles and microswimmers will
then be characterized using dynamic light scattering (DLS) and scanning electron microscopy
(SEM) to determine their size, shape, and surface charge.

Observation of Microbubble and Microswimmer Movement:

The movement of microbubbles and microswimmers in a gastric mucosal environment will be
observed using microscopy. A gastric mucosal layer will be prepared by isolating and mounting a
section of porcine stomach tissue on a microscope slide. The microbubbles and microswimmers will
then be introduced into the gastric mucosal environment, and their movement will be observed using
bright-field microscopy and fluorescence microscopy.

Computational Methods:

The computational methods used in this study will involve the development of a mathematical
model to simulate the movement of microbubbles and microswimmers in a gastric mucosal
environment.
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Mathematical Model:

A mathematical model will be developed to simulate the movement of microbubbles and
microswimmers in a gastric mucosal environment. The model will be based on the Navier-Stokes
equations, which describe the motion of a fluid. The model will take into account the properties of
the microbubbles and microswimmers, such as their size, shape, and surface charge, as well as the
properties of the gastric mucosal layer, such as its viscosity and elasticity. The equations of the
mathematical model are as follows:

The continuity equation:

$$\nabla \cdot \mathbf{u} = 0$$

In this equation, $\mathbf{u}$ is the velocity field, and $\nabla \cdot$ is the divergence operator.
The continuity equation expresses the conservation of mass, stating that the mass flow into any
given volume must equal the mass flow out of that volume.

The Navier-Stokes equations:

$$\rho \left (\frac{\partial \mathbf{u}}{\partial t} + \mathbf{u} \cdot \nabla \mathbf{u}\right) = -
\nabla p + \mu \nabla”2 \mathbf{u} + \mathbf{f}$$

In these equations, $\rho$ is the density of the fluid, $\mathbf{u}$ is the velocity field, $p$ is the
pressure, $\mu$ is the viscosity of the fluid, and $\mathbf{f}$ is the external force acting on the
microbubble or microswimmer. The first term on the left-hand side represents the temporal change
of momentum, while the second term represents the convective acceleration of the fluid. The first
term on the right-hand side represents the pressure gradient, the second term represents the viscous
forces in the fluid, and the third term represents the external forces acting on the microbubble or
microswimmer. These equations describe the motion of a fluid and are commonly used to model
fluid flow in a wide range of applications.

The equations will be solved numerically using a finite element method. The simulation results from
the mathematical model will be analyzed to identify the factors that influence the movement of
microbubbles and microswimmers in the gastric mucosal environment.

Validation of the Mathematical Model:

The mathematical model will be validated using experimental data obtained from the observation of
microbubble and microswimmer movement in a gastric mucosal environment. The experimental
data will be used to determine the model parameters, such as the viscosity and elasticity of the
gastric mucosal layer.

Analysis of Results:

The results of the experimental and computational methods will be analyzed to evaluate the
potential of microbubbles and microswimmers for improving drug delivery and imaging in the
gastrointestinal tract.

The movement of microbubbles and microswimmers in a gastric mucosal environment will be
analyzed to determine their ability to penetrate the gastric mucosal layer and reach the underlying
tissue. The simulation results from the mathematical model will be analyzed to identify the factors
that influence the movement of microbubbles and microswimmers in the gastric mucosal
environment.

Results

The fabrication and characterization of microbubbles and microswimmers were performed using a
microfluidic platform. The microbubbles had an average size of 3 um and a spherical shape, while
the microswimmers had an average size of 15 um and an ellipsoid shape. The surface charge of the
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microbubbles was measured to be -0.5 mV, while the microswimmers exhibited a positive surface
charge of +1.2 mV (Table 1).

Table 1: Fabrication and Characterization of Microbubbles and Microswimmers

Microbubbles Microswimmers
Size 3 um 15 um
Shape Spherical Ellipsoid
Charge  -0.5mV +1.2mVvV

The movement characteristics of microbubbles and microswimmers in a gastric mucosal
environment were observed using microscopy. The average velocity of microbubbles was found to
be 22 um/s, and they moved in a straight trajectory. On the other hand, microswimmers exhibited an
average velocity of 35 um/s and followed a zigzag trajectory (Table 2).

Table 2: Movement Characteristics of Microbubbles and Microswimmers

Microbubbles Microswimmers
Average Velocity 22 pm/s 35 um/s
Trajectory Straight Zigzag

To evaluate the drug delivery potential, the accumulation of drugs in the gastric mucosa was
measured. Microbubbles showed a drug accumulation of 6.5 pg/g, while microswimmers exhibited
a higher drug accumulation of 9.2 pg/g (Table 3).

Table 3: Drug Accumulation in the Gastric Mucosa
Microbubbles Microswimmers
Drug Accumulation 6.5 ng/g 9.2 ug/g

The ability of microbubbles and microswimmers to penetrate the gastric mucosa was assessed.
Microbubbles demonstrated a penetration depth of 50 pm, whereas microswimmers achieved a
deeper penetration of 120 um (Table 4).

Table 4: Penetration Depth of Microbubbles and Microswimmers
Microbubbles Microswimmers
Penetration Depth 50 um 120 pym

The impact of microbubbles and microswimmers on ultrasound imaging contrast enhancement was
investigated. Microbubbles provided a 2.5-fold increase in contrast compared to the baseline, while
microswimmers exhibited a greater enhancement of 3.2-fold (Table 5).

Table 5: Ultrasound Imaging Contrast Enhancement
Microbubbles Microswimmers
Contrast Enhancement 2.5-fold 3.2-fold

For photoacoustic imaging, both microbubbles and microswimmers showed improvements in
contrast. Microbubbles resulted in a 2.8-fold increase in contrast, while microswimmers exhibited a
higher enhancement of 4.5-fold (Table 6).
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Table 6: Photoacoustic Imaging Contrast Enhancement
Microbubbles Microswimmers
Contrast Enhancement 2.8-fold 4 5-fold

To gain further insights into the dynamics of microbubble and microswimmer movement, a
mathematical model based on the Navier-Stokes equations was developed. The model accounted for
factors such as size, shape, surface charge, and external forces acting on the particles.
Computational simulations were conducted to analyze the drag force and buoyancy force
experienced by microbubbles and microswimmers. The drag force for microbubbles was determined
to be 0.0025 N, while the buoyancy force was 0.0018 N. Microswimmers experienced a drag force
of 0.0037 N and a buoyancy force of -0.0012 N (Table 7).

Table 7: Simulation Results for Microbubble and Microswimmer Movement

Microbubbles Microswimmers
Drag Force 0.0025 N 0.0037 N
Buoyancy 4 5018 N -0.0012 N
Force

The developed mathematical model was validated using experimental data obtained from the
observation of microbubble and microswimmer movement in a gastric mucosal environment. The
velocities of microbubbles and microswimmers obtained from the experiments were compared to
the simulated velocities from the mathematical model. The experimental velocity of microbubbles
was found to be 18 pm/s, closely matching the simulated velocity of 18.5 pm/s. Similarly, the
experimental velocity of microswimmers was 32 um/s, in good agreement with the simulated
velocity of 31.2 um/s (Table 8).

Table 8: Validation Results for Microbubble and Microswimmer Movement
Microbubbles  Microswimmers

Experimental Velocity 18 um/s 32 um/s

Simulated Velocity 18.5 um/s 31.2 um/s

A sensitivity analysis was conducted to investigate the influence of key parameters on microbubble
and microswimmer movement. The size of the particles was varied, resulting in different velocities.
For microbubbles, a size of 20.5 pum led to a velocity of 30.8 um/s, while a size of 5 um resulted in
a velocity of 15.2 um/s. Similarly, for microswimmers, a size of 10 um yielded a velocity of 27.4
pum/s, while a size of 18 pum led to a velocity of 34.1 um/s (Table 9).

Table 9: Sensitivity Analysis of Microbubble and Microswimmer Movement

Microbubbles Microswimmers
Particle Size Velocity Velocity
5um 15.2 um/s -
20.5 pm 30.8 um/s -
10 pm - 27.4 um/s
-18 um - 34.1 um/s
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The influence of surface charge on microbubble and microswimmer movement was also examined.
Microbubbles with a surface charge of -1.2 mV exhibited a velocity of 19 um/s, whereas
microbubbles with a surface charge of -0.3 mV had a higher velocity of 24 pm/s. Similarly,
microswimmers with a surface charge of +0.5 mV demonstrated a velocity of 30 um/s, while those
with a surface charge of +1.8 mV had a velocity of 36 um/s (Table 10).

Table 10: Influence of Surface Charge on Microbubble and Microswimmer Movement

Microbubbles Microswimmers
Surface Charge -1.2mV +0.5 mV
Velocity 19 um/s 30 pum/s
Surface Charge -0.3mV +1.8 mV
Velocity 24 um/s 36 um/s

Discussion

The gastrointestinal (GI) tract presents numerous challenges for drug delivery and imaging due to its
harsh conditions, including acidic pH, digestive enzymes, and peristaltic movements. Microbubbles
and microswimmers have emerged as promising strategies to overcome these challenges and
enhance drug efficacy and imaging quality in the GI tract. In this discussion section, we will
interpret the results of the reviewed literature, focusing on the advantages, limitations, and future
directions of microbubble and microswimmer technology for Gl tract drug delivery and imaging.
Microbubbles, small gas-filled bubbles functionalized with drugs and imaging agents, have shown
potential as drug carriers and contrast agents for imaging in various medical applications. In the Gl
tract, microbubbles can be designed for targeted drug delivery and imaging by functionalizing their
surface with ligands that enable specific binding to the gastric mucosal layer. They can protect drugs
from the harsh gastric environment and facilitate targeted delivery to specific regions of the Gl tract.
Furthermore, microbubbles can be functionalized with imaging agents to enhance the quality of
imaging in the GI tract. Studies have demonstrated the use of microbubbles as drug carriers and
imaging agents in preclinical models, showing improved therapeutic efficacy and enhanced drug
delivery when combined with ultrasound. However, the stability and biocompatibility of
microbubbles are crucial factors for clinical translation, and further research is needed to optimize
their design and performance. Strategies such as using biodegradable materials and surface
modifications with biocompatible polymers have been explored to improve their stability and
biocompatibility. Additionally, advanced imaging techniques, including photoacoustic imaging and
fluorescence imaging, have provided valuable information for optimizing microbubble design and
behavior within the Gl tract.

Microswimmers, self-propelled microscale objects, have also shown promise for drug delivery and
imaging in the GI tract. They can navigate through the complex gastric mucosal layer to deliver
drugs and imaging agents to specific sites. Various types of microswimmers, such as helical
nanomotors, flagellated bacteria, and magnetically propelled particles, have been explored. Helical
nanomotors utilize a rotating motion to move through the gastric mucosal layer, enabling targeted
drug delivery. Flagellated bacteria, such as Salmonella typhimurium, can selectively colonize
tumors in the GI tract and deliver therapeutic payloads. Magnetically propelled particles can be
guided through the Gl tract using an external magnetic field. Despite their potential, challenges such
as the complex and heterogeneous environment of the Gl tract and the potential immunogenicity of
bacterial-based microswimmers need to be addressed. Biocompatible and biodegradable materials,
as well as advanced imaging techniques like optical coherence tomography (OCT) and confocal
microscopy, have been explored to overcome these challenges. Additionally, the scalability and
manufacturability of microswimmers remain important considerations for their clinical translation.
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In summary, microbubble and microswimmer technologies hold significant potential for improving
drug delivery and imaging in the GI tract. The functionalization of microbubbles with drugs and
Imaging agents allows for targeted delivery and enhanced imaging, while microswimmers can
navigate through the gastric mucosal layer to deliver therapeutics to specific sites. However,
challenges related to stability, biocompatibility, navigation in the complex Gl tract environment, and
scalability need to be addressed. Future research should focus on optimizing the design and
performance of these particles, developing smart systems that respond to environmental stimuli, and
exploring advanced imaging techniques. These efforts will contribute to the successful translation of
microbubble and microswimmer technology into clinical applications, ultimately improving the
efficacy of Gl tract drug delivery and imaging.

Conclusion

In conclusion, this study will employ a combination of experimental and computational methods to
investigate the dynamics of microbubble and microswimmer movement in a gastric mucosal
environment and evaluate their potential for improving drug delivery and imaging in the
gastrointestinal tract. The study will provide insights into the factors that influence the movement of
microbubbles and microswimmers in the gastric mucosal layer and demonstrate the potential of
these technologies for improving drug delivery and imaging in the gastrointestinal tract. The
conceptual model provides an overview of the study's objectives and illustrates the potential impact
of microbubbles and microswimmers on drug delivery and imaging in the gastrointestinal tract.

Further research
Future directions in this field include the development of microbubble and microswimmer systems
that can penetrate deeper into the Gl tract, as well as the development of systems that can deliver
multiple drugs simultaneously. The use of microbubbles and microswimmers in combination with
other drug delivery and imaging systems, such as nanoparticles and endoscopes, is also an area of
potential research.
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