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Acute kidney injury (AKI) is characterized by a rapid loss of renal metabolic function and a high mortality rate.
Although significant progress has been made in developing targeted drugs for AKI treatment, issues such as
inadequate antioxidant effects and poor renal enrichment efficiency remain. Nanomotors can enhance drug de-
livery efficiency in AKI treatments through self-propulsion in the microenvironment or via external stimuli. We
reviewed recent progress in the targeted treatment of AKI with nanomotors, focusing on their contribution to

targeted drug delivery at different stages and combined treatments. Current limitations and future development

directions are also discussed.

1. Introduction

Acute kidney injury (AKI) refers to damage to kidney function within
a short period, usually within seven days. It is often caused by factors
such as infection, trauma, surgery, or medication, leading to a sudden
deterioration in kidney function. The symptoms include azotemia, water-
electrolyte and acid-base imbalance, and systemic symptoms. The inci-
dence and mortality rates associated with AKI are very high, and treat-
ments are expensive. Despite tremendous efforts by doctors and
researchers to overcome this disease, treatment efficacy remains unsat-
isfactory. Currently, AKI treatment includes symptomatic supportive
therapies and renal replacement therapies [1]. However, the main factors
limiting AKI treatments are poor bioavailability and unsatisfactory renal
targeting [2]. Therefore, determining how to transport drugs to the AKI
site is essential for improving their efficacy [3].

Blood flow is the first obstacle encountered in the body after systemic
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administration, and the clearance rate of a single kidney competes with
the drug targeting the AKI site [4-6]. As a result, escaped drugs cannot
easily reach the AKI site. The complex environment and anatomical
structure of the body prevent drugs from penetrating AKI sites [7],
reducing the efficiency of passive drug delivery through increased
permeability and retention effects [4]. Additionally, traditional drugs
exhibit poor efficacy and selectivity [8,9]. With the rapid development of
nanomaterials, nanomotors have emerged as promising drug delivery
systems. However, this technology is relatively new and faces many
challenges. For recent nanomotor prototypes, it is difficult to overcome
blood flow during the delivery process; however, due to their active
driving characteristics, they provide a new strategy for the treatment of
AKIL

Conventional drug delivery methods involve the diffusion of drug
molecules or carriers via blood or other biological fluids, resulting in low
effective drug doses in the target area and significant toxic side effects.
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Methods such as oral administration or injection rely on blood circulation
for drug delivery, and this passive diffusion is often hindered by multiple
biological barriers. This leads to a serious shortage of effective dosages,
and systemic toxic side effects, making it difficult to meet the demand for
precise drug delivery [10]. Unlike traditional nanomaterials, nanomotors
can convert chemical energy (such as hydrogen peroxide, water, glucose,
and urea) or external energy (such as magnetic fields, electrical energy,
light energy, and sound energy) from the surrounding environment into
mechanical kinetic energy, free from the constraints of Brownian motion
and low Reynolds numbers [11-16]. Nanomotor prototypes and actua-
tion methods include tubular [17], linear [18], Janus [19], spiral [20],
rod-shaped [21], and self-assembled bowl-shaped devices [22]. Unlike
traditional colloidal particles that are in thermodynamic equilibrium and
only engage in Brownian motion, nanomotors use mechanical kinetic
energy to cross internal barriers, such as the dense extracellular matrix,
blood-brain barrier, and blood-tumor barrier, rather than passively
circulating in the bloodstream [23,24].

Compared with traditional colloidal particles or nanocarriers that rely
on Brownian motion for passive diffusion, artificial micro/nanomotors
can overcome the difficulties encountered with existing colloidal parti-
cles or nanocarriers and achieve active targeted drug delivery due to their
small scale, self-propelled motion, autonomous navigation, and func-
tional diversity [25]. Their self-propelled swimming abilities allow
nanomaterials to actively deliver drugs to target areas. Currently, nano-
motors have shown positive effects in treating diseases in vivo (e.g., tu-
mors, arthritis, and heart/stomach/intestine/brain injury) [26-32].
Therefore, nanomotors have great potential for deep penetration in
AKI-targeted delivery and renal tissue damage. Additionally, the active
motion of these nanomotors enables their entry into cells. Self-driven
nanomotors exhibit chemotactic behavior at the cellular level [33,34].
The direction and speed of nanomotors can be controlled through
chemical driving, external field drive, bubble drive, self-diffusion, mag-
netic field drive, ultrasonic drive, and optical drives, accompanied by
asymmetric structures [17,35-39]. Thus, nanomotors offer unique ad-
vantages by achieving true active targeting rather than passive diffusion
seen with traditional nanomedicine carriers. Moreover, nanomotors can
be combined with other anti-AKI drugs to enhance their therapeutic
efficacy.

In this review, we introduce the therapeutic effects of nanomotors on
drug delivery to the site of AKI (Fig. 1) [40]. First, we discuss the progress
and disadvantages of traditional nanomedicines in the treatment of AKI.
Then, nanomotors are briefly introduced, categorized into chemically
driven, outfield-driven, and organism-driven nanomotors [41].

Fig. 1. The elaboration of nanomotors for drug delivery at the AKI site.
Nanomotors in AKI treatment. (Copyright Permission from Ref.40) CO-Propelled
Nanomotors for AKI Treatment.
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Subsequently, we summarize the application and system management of
nanomotors in drug delivery. Nanomotors are advantageous because
they can enter the body, rely on blood circulation, reach the AKI site, and
actively release drugs. Additionally, we discuss future combinations of
nanomotors with other drugs or methods for treating AKI. By reviewing
previous research achievements and internal factors, we address the
challenges and difficulties faced by nanomotors and future development
directions to promote better drug delivery systems for AKI treatment.

2. Progress and disadvantages of traditional nanodrugs in AKI
treatment

Currently, an important AKI treatment method utilizes targeted drug
delivery to systematically improve the body's ability to repair the kidney
and regenerate damaged kidney tissue [42-45]. In recent years, re-
searchers have made tangible progress in AKI treatment through nano-
drug delivery (Fig. 2). Fig. 2A illustrates how AKI occurs, while Fig. 2B-I
shows the effects of different traditional nanomedicine therapies
[46-53]. However, these nanoparticles are considerably more affected by
convection than by Brownian motion during their internal circulation.
Additionally, highly charged nanoparticles interact more strongly with
phagocytes and are quickly cleared from the body by mononuclear
phagocytes. Negatively charged NPs can better withstand selective
cellular phagocytosis. Research has shown that a surface charge of <15
mV results in minimal cellular phagocytosis and long-term circulation.
Additionally, the glomerular filtration barrier carries a negative charge,
which repels negatively charged proteins and nanoparticles in a healthy
state. In a diseased state, the disappearance of renal podocytes leads to
the breakdown of the barrier and urinary proteins, resulting in abnormal
osmotic membrane pores that help large and charged nanomedicines
accumulate in the renal glomeruli [54]. Although these nanodrug de-
livery systems can control drug release and regulate local drug concen-
tration, traditional carriers are based on the passive diffusion of
nanoparticles, which have no power source and must undergo Brownian
motion in solution. Therefore, these particles can only diffuse through
concentration gradients, resulting in relatively poor initiative and
selectivity [55].

3. Summary of nanomotors

In recent years, nanomotors have been rapidly developed, with sig-
nificant results. Therefore, nanomotors with motor functions are ex-
pected to achieve active drug delivery to the AKI regions and improve
kidney repair efficiency. Nanomotors are active colloidal particles that
convert energy from their surrounding environment into mechanical
kinetic energy. These materials fall within the micro-/nanoscale. Nano-
motors can use catalysis and external fields to form a surrounding
asymmetric field and achieve motion by disrupting the static balance
around the motor [55]. There are three types of nanomotors (Fig. 3A),
chemical (Fig. 3A-a), physical (Fig. 3A-b), and biohybrid (Fig. 3A—c)
[39]. Researchers have also synthesized many nanomotor shapes
(Fig. 3B), including tubular (Fig. 3B-a), spiral (Fig. 3B-b), Janus capsules
(Fig. 3B-c), self-assembling bowl-shaped vesicles (Fig. 3B-d), Janus
(Fig. 3B-e), and linear (Fig. 3B-f) [17], [19,55-60]. These nanomotors
can perform complex functions at the small or even microscale, such as
tissue collection, assisted fertilization, and drug delivery [60-70].
Nanomotors have shown outstanding advantages in the treatment of
diseases (Fig. 4) [71-82]. We investigated the role of nanomotors in the
treatment of acute ischemic stroke (Fig. 4A), diabetes mellitus (Fig. 4B),
gastric diseases (Fig. 4C), single-neuron activity (Fig. 4D), tumors
(Fig. 4E), arthritis (Fig. 4F), gliomas (Fig. 4G), and heart diseases
(Fig. 4H) [71-83]. Because of their active movement and ability to effi-
ciently penetrate tissues and be precisely controlled based on tenden-
cy/external physical fields, nanomotors can reach the lesion site,
complete active drug delivery, and achieve minimally invasive and pre-
cise treatment of diseases (Fig. 4) [33,74].
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Fig. 2. Summary of traditional nanodrugs used to treat AKI. (A) Causes of AKI occurrence. (Copyright Permission from Ref.46) and mechanism of AKI under
different conditions. (B) Effect of different nanodrugs on AKI and the advantages of different nanodrug treatments for AKI (Copyright Permission from Ref.46). (C)
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(Copyright Permission from Ref.53). (G) Treatment with different drug release systems for AKI (Copyright Permission from Ref.42). (H) Treatment of AKI with
curcumin NPs (Copyright Permission from Ref.50). (I) Treatment of AKI with PLGA NPs (Copyright Permission from Ref.51).

4. Transport of nanomotors in the kidneys

The kidney is the main organ for blood filtration and waste elimi-
nation, playing a crucial role in the transportation and clearance of
nanoparticles. The interactions between nanoparticles and different renal
compartments can be precisely regulated by adjusting their size, shape,
and surface chemistry [84]. In a normal animal model, nanoparticles
quickly filter into the renal cortex after entering the bloodstream. They
are then transported via urine to the medulla, renal pelvis, ureter, and
bladder, where they are cleared in large quantities [85]. In the AKI
model, nanoparticles can still filter into the renal cortex. However,
transport from the cortex to the medulla and renal pelvis is inhibited,
resulting in significant accumulation of nanoparticles between the me-
dulla and renal pelvis, which may be the lesion center. At the same time,
there is extensive dilation and damage to the renal tubules in the me-
dulla, and a large number of nanoparticles are deposited in the lumen of
these damaged renal tubules. Prolonged accumulation can trigger the
uptake of nanoparticles by renal tubular epithelial cells [86]. Addition-
ally, researchers have found that nanoparticles can cause endothelial
leakage [85,87]. This may occur by disrupting the homologous interac-
tion between vascular endothelial cadherin at the adhesive junction [86].
For the kidneys, nanoparticles with a diameter of <7 nm can quickly pass
through the glomerular filtration barrier (GFB) and enter the renal
tubular system under physiological conditions, thus being cleared by the
kidneys [88]. Nanoparticles with a diameter >7 nm are obstructed by the

GFB, leading to NP aggregation in the reticuloendothelial system [89].
Nanoparticles with a diameter of 20-100 nm cannot pass through the
GFB but leave the glomerular capillaries through fenestrated endothelial
cell pores, diffusing and aggregating within the mesangium in the kidney
[90]. In AKI, the structure and permeability of the GFB are altered, and
the structures of glomerular endothelial cells and podocytes are dis-
rupted, allowing nanoparticles larger than the renal filtration threshold
to pass. However, nanoparticles smaller than the renal filtration
threshold can pass through, be absorbed by renal tubular epithelial cells,
and accumulate in the kidneys [91]. Therefore, under conditions of
inflammation or hypoxia, the permeability of the vascular endothelium
increases, leading to nanoparticle leakage. For the kidneys, the clearance
of nanoparticles and their aggregation in renal tubular epithelial cells are
related to the GFB. Compared to traditional nanoparticles, nanomotors
can increase the tendency of cells to cross the GFB, actively enhance the
retention of target tissues/cells, and improve the uptake, endocytosis
efficiency, and action of drugs.

5. Nanomotors for AKI applications

Acute kidney injury (AKI) is a pathophysiological condition charac-
terized by a sudden loss of renal function, with high incidence and
mortality rates. Additionally, AKI often increases the risk of developing
chronic kidney disease (CKD) and end-stage kidney disease [92]. AKI is a
global health issue affecting approximately 20% of hospitalized patients.
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The main clinical causes of AKI include sepsis, nephrotoxic drugs, and
ischemia-reperfusion injury. Currently, the treatment methods for AKI
are supportive, with limited options and a high short-term mortality rate.
Among patients who survive AKI, 30% develop CKD, while the remaining
70% have an increased risk of developing CKD [93-95]. However, no
clear therapy is available to treat established AKI or prevent its pro-
gression to CKD [86]. Many researchers have modified nanomaterials to
increase drug penetration into kidney tissue, enhance drug accumulation
in the kidney, and promote treatment [43-53]. However, these nano-
materials lack a driving force and can only passively diffuse through
Brownian motion, with limited initiative and selectivity [55]. To address
this, we enhanced and improved the initiative and selectivity of nano-
materials in kidney tissue by generating a driving force through asym-
metric modifications [40,55]. Additionally, nanomaterials can help drugs
penetrate various biological and cellular membranes, thereby promoting
intracellular drug delivery. The surface of the nanomotors can increase
the number of targeting ligands (such as antibodies and peptides),
enhancing cell targeting [96]. Nanomotors can be incorporated into
sustained-release formulations without altering drug properties. They
can also introduce multiple molecules (drugs) into the same cell, pro-
ducing synergistic effects. Nanomotors can load DNA and/or RNA to
protect it from degradation, thus enabling gene therapy [97]. Nano-
motors can alter the treatment regimen for AKI by targeting specific
kidney cells and organelles such as mitochondria. Compared to current
nanodelivery systems, nanomotors are uniquely advantageous because of
this driving force, which enables them to actively deliver drugs, over-
come the shortcomings of passive diffusion and Brownian motion, in-
crease collisions between drugs, cells, and tissues, and improve precise
therapeutic effects [98]. Therefore, nanomotors may be attractive can-
didates for effective treatment of AKI. We introduced H»S (Fig. 5A) [35],
CO (Fig. 5B-D) [55], and O (Fig. 6)-propelled nanomotors for AKI
treatment, indicating that nanomotors significantly improved AKI ther-
apy compared to traditional nanomedicines.

6. Conclusions and future recommendations

In recent years, nanomotors have rapidly developed, particularly in
biomedical applications. Nanomotors are a highly interdisciplinary field
involving biology, materials science, physics, chemistry, artificial intel-
ligence, micro-nanoelectronics, and more. Since the beginning of the 21st
century, many different micro/nanomaterials and intricate molecules
have been synthesized. Researchers can enable these microscale artificial
molecules and particles to move autonomously under simulated condi-
tions using various methods, such as chemical energy, electrical energy,
magnetic energy, and light energy [98]. Currently, nanomotors are
mainly used to treat and diagnose tumors, gastrointestinal diseases, joint
diseases, and brain injuries [71-82,94-111]. However, nanomotors have
shown therapeutic effects in many diseases. The literature describing
their use in AKI treatment is limited, with only two articles from our team
discussing the use of nanomaterials to release H2S and CO as driving
forces for AKI treatment (Fig. 5). Future studies should examine the
application of different released fuels as power sources for the treatment
of AKI. Despite the enormous potential of nanomotors, they still face the
following difficulties and challenges. (1) The methods available for
performing internal tracking are limited. With traditional optical imag-
ing, it is difficult to image the autonomous motion of self-driving nano-
motors in a three-dimensional space; thus, self-driving nanomotors can
easily deviate from their actual motion in solution. (2) In self-driving
nanomotors, there is a lack of quantitative relationships between the
chemical reaction speed and motor motion speed. Thus, it is difficult to
control the speed from the source of the nanomotor construction. (3) In
vivo, self-driving nanomotors are affected by blood flow velocity; thus,
quantifying the relationship between blood flow velocity and nanomotor
velocity is difficult. (4) Currently, it is difficult to accurately detect the
mechanical changes caused by collisions between nanomotors, cells, and
tissues.

Additional unresolved difficulties include the complexity of the
human environment compared to small animals. Various proteins may
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adsorb onto nanorobots, “masking” some original surface targeting or
intelligent designs, thereby reducing delivery efficiency [98]. Another
challenge is the immune system's recognition of nanomotors as threats,
leading to their elimination before drug unloading [112]. Researchers
are studying materials that do not trigger an immune response to address
this issue.

With the rise of nanomotors, new advances in precise drug delivery
have been achieved. Nanomotors can autonomously flow within the
human body, break through a series of biological barriers, locate diseased
areas, and complete drug delivery, making them important components
in the era of precision medicine [25]. Nanomotors have opened new
possibilities for diagnosing and treating human diseases, especially AKI.
However, before entering clinical practice, they still face many chal-
lenges, such as safety, driving forces, and in vivo navigation. In practical
biomedical applications, nanomotors also face challenges regarding
biocompatibility, biodegradability, and control in complex biological
environments. For instance, due to their exogenous properties, nano-
motors can trigger immune responses upon entering the body. More
importantly, these nanomotors cannot accurately locate inflammatory
sites in complex bodily environments and have difficulty breaking
through biological barriers, such as the blood-brain barrier. The human
body's internal environment is not just water; it is very complex, with
various biological barriers that protect against external bacteria and

viruses but also hinder nanomotor delivery to target areas [10].

In summary, nanomotors offer therapeutic effects with significant
precision against certain diseases. However, due to the complex and
intricate environment of the human body, much work remains for
nanomotor applications, especially in AKI treatment. This review pro-
vides an overview of nanomotors for treating diseases in vivo and focuses
on the advantages of our synthesized nanomotors for AKI treatment. We
look forward to the further development of nanomotors for treating AKI
in vivo.
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