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Abstract 

Non-invasive imaging in the near-infrared region (NIR) offers enhanced tissue penetration, reduced spontaneous 
fluorescence of biological tissues, and improved signal-to-noise ratio (SNR), rendering it more suitable for in vivo 
deep tissue imaging. In recent years, a plethora of NIR photoresponsive materials have been employed for disease 
diagnosis, particularly acute kidney injury (AKI). These encompass inorganic nonmetallic materials such as carbon (C), 
silicon (Si), phosphorus (P), and upconversion nanoparticles (UCNPs); precious metal nanoparticles like gold and sil-
ver; as well as small molecule and organic semiconductor polymer nanoparticles with near infrared responsiveness. 
These materials enable effective therapy triggered by NIR light and serve as valuable tools for monitoring AKI in living 
systems. The review provides a concise overview of the current state and pathological characteristics of AKI, followed 
by an exploration of the application of nanomaterials and photoresponsive nanomaterials in AKI. Finally, it presents 
the design challenges and prospects associated with NIR photoresponsive materials in AKI.
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Graphical Abstract

Introduction
Acute kidney injury (AKI) is a serious health problem 
that manifests as a rapid decline in kidney function, lead-
ing to the accumulation of metabolic products in the 
body and disorders of water, electrolytes, and acid–base 
balance [1, 2]. The AKI is based on a sustained eleva-
tion in serum creatinine (sCr) levels (a marker of renal 
excretory function) for at least 7 days, accompanied by 
decreased urine output (oliguria) as an indicator of urine 
quantification. Currently, the Kidney Disease Improving 
Global Outcomes (KDIGO) criteria are widely used for 
diagnosing AKI in adults [3–5].

The occurrence of AKI not only results in short-term 
renal impairment, but also elevates the risk of developing 
chronic kidney disease (CKD), which is characterized 
by persistent structural and functional damage to the 
kidneys caused by various etiologies (with a history of 
kidney injury lasting more than 3 months). However, 
it should be noted that AKI and CKD are not entirely 

mutually exclusive. Additionally, both conditions share 
common risk factors such as advanced age, diabetes 
and hypertension [6]. In clinical practice, patients may 
exhibit changes in renal function and structure without 
fully meeting the definition or staging criteria for either 
AKI or CKD. To address this issue, the 2012 KDIGO 
Task Force on Clinical Practice Guidelines for Acute 
Kidney Disease proposed an operational definition 
for acute kidney disease (AKD), which includes renal 
functional and structural abnormalities present for 
less than three months (Table 1). The AKI is defined as 
a subset of AKD. The updated definition and staging 
criteria can be applied to patients who do not meet the 
diagnostic criteria for both AKI and CKD, but exhibit 
renal functional abnormalities and structural anomalies. 
This definition elucidates the transitional phase from 
AKI to CKD in individuals with AKI [7]. The relationship 
between these three conditions can be summarized 
as follows (Fig.  1a). First of all, in terms of the defined 
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course and duration of illness, AKD encompasses AKI 
while remaining distinct from CKD. However, AKI/AKD 
can also manifest in individuals with underlying CKD, 
resulting in simultaneous fulfillment of the criteria for 
both AKI/AKD and CKD. Consequently, there exists 
a reciprocal relationship between CKD and these two 
conditions, whereas Non-Kidney Disease (NKD) remains 
independent from all three. After onset of AKI, if treated 
early enough it may restore normal renal function. 
However, if abnormality persists beyond seven days but 
less than ninety days it will be defined as AKD [8, 9]. If 

injury continues there will be further progression to CKD 
leading eventually to chronic renal failure and uremia. 
The ongoing advancement of AKI and the exploration of 
interventions that impede its progression require further 
investigation (Fig.  1b). It should also be noted that the 
relationship between these conditions is not always one-
way progressive. The starting point can be AKD or CKD 
rather than AKI. Additionally, AKD can develop into AKI 
reversely instead of CKD [10]. Similarly, patients with 
CKD may also experience episodes of AKI or AKD.

Table 1 Criteria for defining AKI, AKD, CKD and NKD

NKD* AKI AKD CKD

Duration NA  ≤ 7 days  < 3 months  > 3 months

Functional
criteria

GFR ≥ 60 ml/min/1.73  m2, stable GFR 
(no decrease by 35% within 3 months), 
stable sCr (no increase by 50% 
within 3 months or increase by 0.3 mg/
dl within 2 days), no oliguria for ≥ 6 h

Increase in sCr by ≥ 50% within 7 days 
or increase in sCr by ≥ 0.3 mg/dl 
(26.5 µmol/l) within 2 days or oliguria 
for ≥ 6 h

AKI or GFR < 60 ml/min/ 1.73  m2 
or decrease in GFR by ≥ 35% over base-
line or increase in sCr by > 50% 
over baseline

GFR < 60 ml/
min/1.73  m2

AND/OR AND OR OR OR

Structural
criteria

No marker of kidney damage Not defined Elevated marker
of kidney damage (albuminuria, hae-
maturia or pyuria are most common)

Elevated
marker of
Kidney dam-
age
(albuminuria 
is most com-
mon)

Fig. 1 a Relationship between AKI, AKD, CKD, and NKD. b The development of AKI over time and the outcomes that would result
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Fig. 2 a Etiology of AKI and distal multi-organ dysfunction caused by AKI. b Staging of AKI according to current KDIGO
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Causes of AKI are often multifactorial, encompassing 
environmental, socioeconomic, cultural, nursing 
process, and patient-related factors [11]. Risk factors 
for AKI include exposure to systemic infections, critical 
illnesses, shock, trauma, burns, cardiac surgeries, 
nephrotoxic medications, and contrast agents. 
Susceptibility factors include dehydration, volume 
depletion advanced age, female gender, CKD, diabetes 
mellitus, tumor, anemia, etc. [12–16]. Additionally, the 
development of AKI predisposes patients to multiorgan 
dysfunction such as cardiovascular disease, acute lung 
injury, cerebral dysfunction, hepatic dysfunction, and 
systemic inflammation which subsequently increases 
the mortality rate through systemic or organ-specific, 
hemodynamic fluid, and immunologic imbalances 
(Fig.  2a) [17]. The grading of AKI is based on the 2012 
KDIGO AKI guidelines (Fig.  2b). Clinically the typical 
course of AKI can be divided into three phases. The 
initial phase: the presentation in this phase encompasses 
a range of etiologies, including infection, ischemia, 
and nephrotoxicity, including infection, ischemia, and 
nephrotoxicity. However, there is no evident renal 
parenchymal injury observed at this time. Typically, such 

conditions persist for a duration ranging from several 
hours to a few days. The timely implementation of 
appropriate measures can effectively prevent AKI at this 
stage. However, the current clinical practice often lacks 
the ability to diagnose AKI due to its insidious onset, 
resulting in delayed initiation of optimal treatment. 
Maintenance phase: typically lasts from a few days to 
several weeks or even months, during which significant 
kidney damage occurs and glomerular filtration rate 
(GFR) decreases. Patients may exhibit oliguria or 
anuria, progressive elevation of blood creatinine and 
urea nitrogen levels, as well as disturbances in water, 
electrolyte, and acid–base balance. Severe cases may 
present with impaired consciousness, agitation, coma or 
even fatality. Recovery phase: there is a gradual increase 
in GFR leading to the restoration of renal function 
and gradual improvement in urine output. However, 
some patients may experience residual renal function 
impairment and structural damage that could eventually 
progress into CKD [18].

Fig. 3 Etiology of AKI, including pre-renal, intrinsic renal, and post-renal
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Epidemiology of AKI
The morbidity and mortality rate of AKI is significantly 
high, affecting individuals with or without pre-existing 
kidney disease. As a clinical syndrome, its incidence 
continues to rise annually in both developing and devel-
oped countries. Globally, there are approximately 13.3 
million new cases of AKI reported each year, resulting 
in nearly 1.7 million deaths due to AKI and its compli-
cations [19]. Hospitalized patients also commonly expe-
rience AKI, accounting for about 10–15% of cases and 
even up to 50% in intensive care units (ICUs) [20–22]. 
The prevention and treatment of AKI require substan-
tial resources in both developed and developing nations, 
placing a significant burden on families and society as 
a whole; for instance, dialysis costs alone exceed 6% of 
the overall health insurance budget in the United States 
[23].

According to current epidemiological studies, AKI can 
be classified into two categories: community-acquired 
AKI (CA-AKI) and hospital-acquired AKI (HA-AKI). 
CA-AKI refers to the occurrence of AKI prior to hos-
pital admission. The primary risk factors for CA-AKI 
are CKD, pneumonia, and urinary tract obstruction in 
that order. On the other hand, HA-AKI is commonly 
associated with intensive care, CKD, and cardiac sur-
gery as major risk factors in that order. CKD is a shared 
significant risk factor for both types of AKI. In rural or 
underserved areas with limited healthcare infrastruc-
ture, the etiology of AKI is commonly attributed to CA-
AKI. Young individuals, previously healthy individuals, 
or those with susceptible diseases are more prone to 
developing AKI. Common causes include infection-
induced or toxin-induced diarrhea, hemolytic uremic 
syndrome, and post-infectious acute glomerulonephri-
tis. In regions with higher levels of medical conditions, 
mild AKI is less prevalent in general wards, while severe 
AKI primarily affects critically ill patients in ICUs. It 
is often attributed to one or more etiologies, including 
postoperative hypoperfusion-induced renal ischemia, 
hemorrhage, dehydration, shock, sepsis, nephrotoxic 
effects of medications, and pigment damage induced by 
myoglobin or hemoglobin [24]. Overall, the prevalence 
of AKI is higher among men than women and increases 
with age.

The statistical data from various AKI epidemiologic 
studies at home and abroad generally exhibit significant 
variation, likely attributed to disparities in the diagnos-
tic criteria and indexes employed, the selected baseline 
creatinine values, as well as the patient populations, geo-
graphic regions, and observation time points [12, 25]. 
Nevertheless, it is indisputable that AKI currently repre-
sents a crucial global public health concern and a preva-
lent complication among critically ill patients. Moreover, 

its incidence continues to escalate annually while signifi-
cantly impacting patient prognosis.

Etiology of AKI
Contrary to the previous notion that AKI is a self-healing 
disease. Recent research has demonstrated that AKI 
can result in incomplete renal regeneration, persistent 
chronic inflammation, and progressive fibrosis, leading 
to the chronic impairment of organ function. There are 
multiple etiologies for AKI, which can be classified into 
three primary categories: pre-renal, renal, and post-
renal. Among these causes, pre-renal accounts for 
approximately 55%, renal for about 40%, and post-renal 
for around 5% (Fig. 3).

Pre‑renal kidney injury
Maintaining an optimal GFR in the kidneys requires 
adequate renal perfusion. Causes such as renal ischemia 
or renal vasoconstriction can result in a reduction in 
renal blood flow, leading to a state of hypoperfusion of 
renal blood flow, thereby compromising normal GFR 
maintenance and causing oliguria, which plays a piv-
otal role in pre-renal AKI. It is important to note that 
pre-renal AKI must be attributed to true blood volume 
depletion or fluid volume depletion, such as hemor-
rhagic shock, severe vomiting, profuse sweating, and 
burns. In the case of a young and healthy adult, sev-
eral hours of volume depletion may not have long-
term health consequences; however, at this juncture, 
they may meet the criteria for AKI. Another factor 
that can induce changes in renal blood flow is medica-
tion usage which has the potential to alter renal blood 
flow significantly, particularly certain antihypertensive 
medications (e.g., diuretics and angiotensin-convert-
ing enzyme inhibitors). These medications can either 
decrease vascular volume or constrict the renal vascula-
ture. Initially, these factors do not result in any damage 
to the renal parenchyma or functional alterations, and 
compensatory mechanisms are activated by the body’s 
self-regulatory system. However, if left untreated, per-
sistent reduction in renal blood flow can progress to 
acute tubular necrosis (ATN). Generally speaking, pre-
renal AKI is primarily caused by volume insufficiency, 
impaired cardiopulmonary function, renal vascular dis-
ease and alterations in renal hemodynamics [26].

Renal AKI
The renal AKI primarily refers to the decline in renal 
function caused by various lesions in the renal paren-
chyma or due to delayed removal of pre-renal factors and 
subsequent disease progression. Common causes include 
ATN, acute interstitial nephritis (AIN) and glomerulone-
phritis. ATN is mainly caused by renal ischemia, sepsis 
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and nephrotoxins [27]. Sepsis is a systemic inflammatory 
response syndrome triggered by infection that increases 
the risk of multiple organ failure. It is often associated 
with persistent pre-renal factors, such as hypotension 
or infectious shock leading to renal under perfusion [28, 
29]. Meanwhile the release of inflammatory mediator and 
the influence of toxin in vivo can also further aggravate 
the progress of AKI. Endotoxemia can activate vasoactive 
hormones, induce nitric oxide (NO·) synthase produc-
tion, release cytokines, and activate neutrophils. Sepsis 
can also lead to apoptosis and cell death through comple-
ment system activation and intrinsic cellular immunity 
[30, 31]. Other causes of AKI include rhabdomyolysis-
induced AKI and AKI caused by certain medications or 
radiographic contrast agents. Rhabdomyolysis results in 
hemolysis and muscle breakdown. Myoglobin, creatine 
kinase and lactate dehydrogenase are important sub-
stances released during muscle damage that can obstruct 
renal tubules, cause damage and inflammation. Myoglo-
bin also induces renal vasoconstriction which reduces 
kidney perfusion pressure and GFR. Hemoglobin and 
myoglobin can further break down into methemoglobin 
which directly damages the renal tubules [32, 33].

Post‑renal AKI
The condition is primarily observed in cases of acute 
urinary tract obstruction resulting from various causes 
and can be categorized as either functional or organic. 
Obstruction may manifest in any segment of the urinary 
system, leading to an increase in pressure above the site 
of obstruction, potentially causing pyelonephrosis as well. 
Etiologies encompass prostatic hyperplasia, renal calculi, 
and tumor compression. A significant decline in GFR 
may indicate bilateral urinary tract obstruction or unilat-
eral urinary tract obstruction in patients with a solitary 
functioning kidney. This is most attributed to prostatic 
hyperplasia or prostate cancer. Although unilateral or 
incomplete obstruction in a healthy individual can result 
in AKI, their sCr levels typically remain within normal 
range due to robust compensatory function exhibited by 
the contralateral kidney.

It is crucial to acknowledge that the pathophysiology of 
AKI is intricate, involving a complex interplay between 
pre-renal factors and renal dysfunction, making it chal-
lenging to discern the dominant factor. Consequently, 
the simultaneous possibility of overlapping and crosso-
ver effects among pre-renal, renal, and post-renal factors 
necessitates careful consideration.

Pathophysiology of AKI
The unique anatomical structure of the kidney, combined 
with a multitude of etiological factors, gives rise to a 
complex pathophysiological mechanism underlying AKI 

[34, 35]. This susceptibility primarily stems from hypoxia 
and the accumulation of detrimental toxins.

The kidneys exhibit a notably high perfusion rate, with 
a renal blood flow of approximately 1.2 L per minute, 
which is essential for maintaining a heightened GFR. 
The kidneys receive 20% of the cardiac blood supply and 
possess selective distribution of blood flow. The renal 
arteries terminate at the glomeruli and transition into 
small arteries, forming a capillary network within the 
glomeruli where filtration and purification of substances 
occur. Physiologically, the vasculature of the renal micro-
circulation consists of two separate yet interconnected 
vessels: the glomerular capillary network and the peritu-
bular capillary network [36]. This structural arrangement 
results in blockages in upper segments of the renal vas-
culature inevitably causing ischemia in downstream ves-
sels since these arterioles lack inter-arterial anastomoses 
and cannot be compensated by other renal arteries [37]. 
The oxygen delivery efficiency will gradually decrease due 
to the diffuse shunt between parallel arteriovenous ves-
sels in the cortex with opposite blood flow direction and 
between ascending and descending branches of the med-
ullary straight small vessels, simultaneously [38]. Func-
tionally, while blood primarily flows through most organs 
to provide oxygenation, it flows through kidneys mainly 
for blood purification [39, 40]. Na + -K + -ATPase located 
in proximal tubules plays a crucial role in actively reab-
sorbing sodium ions as well as transporting glucose mol-
ecules, amino acids and other solutes; being responsible 
for majority (80%) of renal oxygen demand [41]. Conse-
quently, substantial amounts of oxygen are required to 
fuel kidney’s reabsorption processes [42]. Overall, the 
intricate anatomical structure and distinctive physiologi-
cal function render kidneys highly vulnerable to hypoxia 
[43].

Accumulation of toxic substances in the bloodstream 
can also result in AKI. These harmful substances 
can be categorized into two main groups: exogenous 
toxins, such as nephrotoxic compounds and pathogen-
associated molecular patterns (PAMPs), and endogenous 
toxins, including inflammatory factors and damage-
associated molecular patterns (DAMPs) [44]. PAMPs 
are inherent molecular structures found in various 
pathogens like bacteria, viruses, fungi, and parasites; 
for instance, lipopolysaccharides in bacteria, double-
stranded RNA in viruses, and DNA in parasites. DAMPs 
are a class of substances released into the interstitial 
space or bloodstream following tissue or cellular 
stimulation caused by injury, hypoxia, stress, etc. These 
substances encompass various molecules such as small 
metabolites including nucleic acids and ATP, as well 
as calcium network proteins like calreticulin [45, 46]. 
Because of the unique physiological structure of the 
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Fig. 4 a Basic structure of the renal corpuscle and schematic diagram of the glomerular filtration barrier. b Schematic representation 
of the glomerular filtration barrier after injury
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kidneys, their high blood supply makes them vulnerable 
to harmful substances and leads to a vicious cycle [47]. 
The glomeruli bear the brunt of damage when harmful 
substances accumulate in the kidneys. AKI occurs due 
to damage to the glomerular basement membrane 
and podocytes, resulting in an enlarged barrier gap. 
Consequently, molecules that could have been blocked 
rush through the filtration membrane into renal tubules 
where they further accumulate within tubular epithelial 
cells. This accumulation leads to oxidative stress (OS), 
inflammation and even apoptosis within renal tubules 
[48–52]. Such processes constitute one of the primary 
causes for renal tubular damage and dysfunction (Fig. 4a, 
b).

The pathophysiology of AKI is intricate, with multiple 
overlapping pathological processes. However, the role 
of OS as a pivotal mechanism in the pathogenesis of 
AKI is evident across various etiologies. When the 
kidneys are exposed to various harmful stimuli such 
as ischemia-hypoxia and nephrotoxic substances, 
excessive production of reactive oxygen species (ROS) 
and reactive nitrogen radicals (RNS) occurs in different 
kidney cells including fibroblasts, endothelial cells, 
vascular smooth muscle cells, tethered cells, renal 
tubular cells and podocytes.[53–55]. These ROS and 
RNS are oxygen/nitrogen-containing free radicals or 
molecules generated by cellular organelles that can 
cause oxidative damage to lipids, proteins and DNA 
through their reactivity, which in turn leads to cell and 
tissue damage [56]. Examples of ROS include superoxide 
anion  (O2-·), hydroxyl radical (·OH), hydrogen peroxide 
 (H2O2), etc., while RNS encompass NO·, nitrogen 
dioxide  (NO2·) and peroxynitrite (ONOO-), etc. To 
counteract the detrimental effects caused by excess ROS 
accumulation within the body, there exist two intrinsic 
scavenging systems: antioxidant enzymes system and 
non-enzymatic system. Antioxidant enzymes comprise 
superoxide dismutase (SOD), catalase (CAT) and 
glutathione peroxidase (GSH-Px). SOD facilitates the 
decomposition of superoxide through the reaction: 
 2O2

− +  2H+ →  H2O2 +  O2. The enzyme CAT facilitates 
the decomposition of  H2O2 through the reaction: 
 2H2O2 →  2H2O +  O2. In the presence of glutathione, 
GSH-Px breaks down  H2O2 into  H2O (Table  2) [57]. 

Another group is the non-enzymatic antioxidant system, 
which comprises vitamin C, vitamin E, glutathione, 
melatonin, carotenoids, and trace elements such as 
copper, zinc, and selenium (Se). However, during AKI, an 
abrupt surge of ROS and RNS exhausts these antioxidant 
enzymes, disrupting cellular structural integrity and 
function ultimately leading to cellular damage and 
even death. Therefore, it is crucial to comprehend the 
production mechanism of ROS in the kidney.

Renal injury and repair are a complex and multifaceted 
process involving intricate interactions among microves-
sels, tubules, inflammatory factors, as well as various 
signaling pathways [58, 59]. Mitochondria and NADPH 
oxidase (NOX) are the primary sources of ROS in cells. 
Notably, the kidney exhibits a mitochondrial density sec-
ond only to that of the myocardium; thus, endogenous 
ROS in the kidney have an intimate association with 
mitochondria [60]. More and more researches suggest 
that aberrations in mitochondrial function play a pivotal 
role in the mechanisms underlying AKI and incomplete 
renal repair following AKI. The literature has docu-
mented that in a glycerol-induced mouse model of AKI, 
disruption of mitochondrial respiration and ultrastruc-
tural abnormalities were observed in kidneys just three 
hours after glycerol injection—prior to any evidence of 
renal injury. This implies that pathological changes in 
mitochondria can be detected before renal dysfunction 
becomes apparent [61]. Furthermore, post-AKI tissue 
analysis reveals varying degrees of swelling and fragmen-
tation within mitochondria along with disruptions in 
mitochondrial ridges, cytochrome C (Cytc) release and 
ROS production. Similar mitochondrial damage has also 
been observed in other AKI animal models such as sepsis 
models and glycerol models.

Mitochondria play a crucial role in sustaining the 
vital activities of the cell. They are responsible for 
various functions, including ROS production, calcium 
ion storage and participation in apoptosis. Most 
importantly, mitochondria serve as the primary site for 
aerobic respiration through the tricarboxylic acid cycle 
with oxidative phosphorylation. This process generates 
energy that fuels the Na + -K + -ATPase, facilitating 
the transportation of specific ions and ensuring the 
maintenance of an optimal ion concentration gradient 
across the cell membrane. (Fig.  5a). In the kidney, 
substances are filtered by passive transport, which 
comprises podocytes, tethered cells, and endothelial 
cells. The primary function of these cells is blood 
filtration, involving the removal of small molecules 
(such as glucose, urea, water, and salt) while retaining 
large molecules (like proteins). The reabsorption of ions 
in other regions of the kidney, such as the proximal 
tubule, loop of Henle, distal tubule and collecting ducts, 

Table 2 Various antioxidant enzymes in the body

Enzymes Target Reaction

Superoxide dismutase (SOD) O2
− 2O2

− +  2H+ →  H2O2 +  O2

Catalase (CAT) H2O2 2H2O2 →  2H2O +  O2

Glutathione peroxidase (GPx) H2O2 2GSH +  H2O2 → GSSG +  2H2O

Myeloperoxidase (MPO) H2O2 H2O2 +  Cl− →  HOCl− + OH
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Fig. 5 a Basic structure of mitochondria. b Endogenous and exogenous apoptotic pathways in mitochondria
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necessitates active transport. The proximal tubule renal 
cell demands a higher energy expenditure compared to 
other renal cells, as it is responsible for reabsorbing 80% 
of the glomerular filtrate, including ions, glucose, and 
essential nutrients. Consequently, this particular cell type 
possesses a higher number of mitochondria making it 
more susceptible to injury caused by ROS accumulation 
[62].

Mitochondrial damage is a common characteristic of 
renal diseases. For instance, following ischemia/reperfu-
sion (I/R), there is an immediate surge in ROS produc-
tion, leading to direct oxidative harm to mitochondrial 
proteins and lipids [63]. Inflammation represents a cas-
cade of protective response reactions triggered by tissue 
damage, with mitochondria serving as the central hub for 
pro-inflammatory signaling. Dysregulation of the inflam-
matory response induced by mitochondrial components 
or products has been demonstrated to contribute to a 
range of human diseases, spanning from those driven by 
excessive inflammation to those resulting from insuffi-
cient inflammatory responses. The onset of inflammation 
is typically initiated by the activation of pattern recog-
nition receptors (PRRs) expressed by both immune and 
non-immune cells. PRRs are a group of receptors found 
in the mammalian immune system that specifically recog-
nize and bind to PAMPs and DAMPs. The injury-induced 
changes in cell permeability enable DAMPs, which would 
otherwise be inaccessible to these subcellular regions 
under normal conditions, to enter the cell and bind to the 
PRR, thereby triggering inflammation [45, 46]. The mito-
chondria possess their own unique pattern of damage-
associated molecules in the form of formyl peptides and 
mitochondrial DNA (mtDNA). The activation of inflam-
matory vesicles by these DAMPs molecules subsequently 
triggers inflammation. The inflammasome, a complex 
composed of multiple proteins, primarily mediates the 
host’s immune reaction to microbial infection and cel-
lular damage. It is synthesized in bone marrow cells and 
serves as a crucial component of the innate immune sys-
tem. Furthermore, regarded as a trigger of inflammation 
within the body, once activated, it stimulates inflamma-
tory cells to undergo extensive secretion of inflammatory 
mediators, thereby initiating or exacerbating the inflam-
matory response. The NLRP3 inflammasome is currently 
the most extensively studied inflammasome [64]. When 
NLRP3 detects damage signals, such as mtDNA, extra-
cellular ATP, RNA viruses, etc., it triggers intracellular 
potassium ion  (K+) efflux.  K+ efflux is an essential pre-
requisite for the activation of NLRP3. Following NLRP3 
activation, conformational changes ensue [65]. Addition-
ally, it interacts with the adaptor protein apoptosis-asso-
ciated speck-like protein (ASC) to form inflammasome 
complexes. ASC recruits and activates caspase-1, which 

in turn activates immature pro-IL-1β and pro-IL-18. 
Consequently, active IL-1β and IL-18 are secreted by cells 
to induce an inflammatory response [66, 67].

Mitochondria can regulate cell death, including apop-
tosis and necrosis. Apoptosis refers to the genetically 
regulated, autonomous, and orderly process of cell death 
that maintains internal environmental stability. The pro-
cess of apoptosis differs from necrosis in that it is an 
active rather than passive phenomenon. It entails a cas-
cade of gene activation, expression, and regulation, rep-
resenting a form of programmed cell death that actively 
strives for enhanced adaptation to the survival environ-
ment [68]. The level of apoptosis can be classified into 
endogenous and exogenous apoptosis. Endogenous 
apoptosis is initiated through mitochondrial outer mem-
brane permeability (MOMP). Under normal circum-
stances, Cytc is primarily localized in the intermembrane 
space of mitochondria or anchored to the mitochondrial 
membrane via binding with cardiolipin. However, upon 
stimulation by endogenous apoptotic factors such as 
DNA damage, hypoxia, I/R injury, and ionizing radiation, 
the cytoplasm undergoes the formation of Bax/Bak oli-
gomeric complexes. The Bax/Bak oligomeric complexes 
will insert into the outer mitochondrial membrane pore, 
resulting in altered mitochondrial osmotic pressure, 
loss of transmembrane potential, and increased mito-
chondrial membrane permeability. This process leads 
to the release of Cytc from the mitochondria into the 
cytoplasm, where it binds to apoptotic protease activat-
ing factor-1 (Apaf-1) to form an apoptotic complex. The 
apoptotic complex is capable of activating the Caspase-9 
precursor, which subsequently triggers a cascade reaction 
involving Caspase-3 and Caspase-7. This cascade leads 
to the cleavage of over 100 cellular substrates, including 
α-tubulin, Actin, poly ADP-ribose polymerase (PARPA), 
Lamin, etc., ultimately resulting in apoptotic cell death. 
Inhibitor of apoptosis proteins (IAPs) can suppress the 
activation of Caspase-3 and Caspase-7 to inhibit apop-
tosis [69]. However, SMAC/DIABLO and HTRA2/OMI 
are released from the mitochondria into the intracellular 
space and bind to IAPs, thereby disinhibiting the effect 
of IAPs and indirectly promoting apoptosis [70–73]. 
Additionally, with changes in mitochondrial membrane 
potential, AIF and ENDOG are also released into the 
cytosol and then be transported to the nucleus. Once 
in the nucleus, AIF and ENDOG can initiate chromatin 
condensation and DNA fragmentation, ultimately lead-
ing to apoptosis. This signaling pathway is commonly 
known as the “caspase-dependent apoptosis pathway”. 
Correspondingly, the initiation of the exogenous apop-
totic pathway typically occurs because of the activation of 
death receptors on the cell membrane by corresponding 
ligands, such as members of TNF receptor family. Upon 
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activation of these receptors, they can induce self-cleav-
age of Caspase-8 zymogen to generate active Caspase-8, 
thereby initiating a downstream cascade reaction involv-
ing Caspases. Secondly, activated Caspase-8 cleaves the 
Bcl-2 family pro-apoptotic protein Bid, leading to the 
generation of carboxylated fragment tBID that can be 
translocated to mitochondria. Subsequently, tBID binds 
to the mitochondrial membrane and induces the release 
of pro-apoptotic substances such as Cyt C from mito-
chondria, thereby initiating apoptotic responses (Fig. 5b) 
[68, 74–77].

Overall, OS resulting from mitochondrial injury is a 
key factor in the development of AKI. Failure to restore 
mitochondrial function following various injuries may 
contribute to the progression of AKI to CKD. Therefore, 
targeting mitochondria as a therapeutic approach for 
restoring mitochondrial function and facilitating recov-
ery from AKI is necessary. However, the precise roles and 
mechanisms by which mitochondria participate in renal 
injury and repair during different forms of regulated 
necrosis remain insufficiently elucidated.

Early diagnosis and treatment of AKI
The accurate diagnosis of AKI in its early stages is 
crucial, given the high incidence and mortality rates 
associated with this condition as well as its complex 
pathophysiology. This enables timely implementation of 
renal protection interventions to prevent the progression 
of acute kidney injury into more severe complications. 
Current clinical diagnostic methods lack the ability 
to detect AKI in its early stage due to their reliance on 
measurements of sCr and blood urea nitrogen (BUN), 
which are not sensitive indicators for renal dysfunction. 
These two markers only exhibit significant changes when 
75% of renal function has been lost [78]. Furthermore, 
these two indicators are also influenced by various 
other factors, such as patients’ improper dietary habits 
and excessive food intake. Additionally, it should be 
noted that these two indicators solely reflect changes 
in renal function and do not accurately represent the 
extent of tubular damage. Inulin clearance is the gold 
standard for assessing GFR but its practical clinical 
application has certain limitations. Recent studies have 
demonstrated that bedside GFR determination based on 
visual fluorescence injection is a safe, rapid, accurate and 
reproducible method, but more validation studies are 
needed to further demonstrate the clinical applicability 
of this method [79]. As previously mentioned, there is 
not necessarily a problem with kidney function when the 
kidney structure is damaged. Therefore, early diagnosis 
of AKI is crucial. However, it remains challenging 
to promptly diagnose AKI in clinical practice. The 
emergence of new biomarkers has made this possible. 

Currently, commonly used biomarkers include kidney 
injury molecule 1 (KIM-1), liver-type fatty acid binding 
protein (L-FABP), neutrophil gelatinase-associated 
lipocalin (NGAL), soluble urokinase plasminogen 
activator receptor (suPAR), and triggering receptors 
expressed on myeloid cells (TREM). Although there 
have been numerous studies on the use of biomarkers for 
early diagnosis and prognosis of AKI, unfortunately their 
potential has not been fully tapped. These biomarkers 
have limited value in diagnosing, assessing risk, and 
predicting outcomes for AKI.

Meanwhile, currently there is a lack of effective phar-
macological interventions for the treatment of AKI, with 
hemodialysis or kidney transplantation being the primary 
therapeutic approaches. In addition to these therapies, 
supportive measures such as optimizing intravascular 
volume status, providing comprehensive nursing care, 
maintaining fluid balance, and preventing and managing 
complications are also employed. However, these treat-
ments still present several limitations including high 
financial burden, poor patient adherence, and elevated 
rates of adverse events [80]. Therefore, there is an urgent 
need for a nanomaterial that can serve both diagnostic 
and therapeutic purposes in AKI.

Progress in the application of nanomaterials in AKI
The pathogenesis of renal diseases is highly intricate, pri-
marily attributed to the multitude of factors contributing 
to AKI, including I/R, surgical procedures, nephrotoxic 
medications, sepsis, and other etiologies. This complexity 
poses a significant challenge in the current management 
of AKI [81–84]. These factors are all associated with reac-
tive oxygen and nitrogen species (RONS), thus prompt 
elimination of RONS is advantageous for the recovery of 
AKI [85, 86]. Currently available drugs in clinical practice 
possess certain clearance capabilities. However, they are 
constrained by various factors resulting in suboptimal 
therapeutic outcomes, [87–89] such as limited water sol-
ubility, inadequate renal targeting, and heightened drug 
toxicity.

In recent years, there has been significant advancement 
in the integration of nanomaterials with medicine. It 
has been reported that the size of nanomaterials plays a 
crucial role in cell targeting and uptake. Nanomaterials 
with diameters less than 500 nm are easily taken up by 
cells, and the smaller the size of the nanomaterial, the 
larger the active surface area and the higher the surface-
to-volume ratio, which implies an increased potential 
for interaction with cells and enhanced efficiency [90]. 
Particularly for the kidney, the size of nanomaterials is a 
critical factor determining their interaction. The normal 
glomerular filtration barrier (GFB) allows passage of 
small molecules such as water molecules and ions, as well 
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as nanomaterials smaller than 7 nm in size. Therefore, 
smaller-sized nanomaterials have greater favorability 
to directly pass through the GFB to reach renal tubular 
epithelial cells [91]. However, it is important to note 
that nanomaterials ranging from 3 to 7 nm exhibit an 
enhanced glomerular filtration as their size decreases. 
Conversely, nanomaterials smaller than 2 nm result in 
a reduced GFR due to stronger interactions between 
the glycosylation products of glomerular endothelial 
cells and the glomerular basement membrane (GBM) 
[92]. Furthermore, by modifying their shape, size, 
thickness, surface potential, and surface modifiers, 

nanomaterials can be tailored to prolong their half-life 
in the bloodstream while efficiently targeting therapeutic 
agents to specific tissues in a sustained and controlled 
manner. Additionally, these modified nanomaterials can 
protect active substance payloads (e.g., small molecule 
drugs) from premature degradation and elimination 
in  vivo while improving solubility and preventing 
capture by the reticuloendothelial system. Nanomaterials 
can be specially designed to enhance renal targeting 
and optimize in  vivo distribution of renoprotective 
agents [93–96], showcasing the extensive therapeutic 
potential of nanomaterials for AKI. Currently, diverse 

Fig. 6 Application of various nanomaterials in AKI
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compositions of nanomaterials with varying sizes and 
morphologies have been tailored for AKI therapy, 
including ROS nanosacrificial agents, nanoenzymes, and 
nanocarriers loaded with therapeutic agents (Fig. 6).

The current design of targeted nanomaterials for AKI 
can be categorized into two main approaches: passive 
targeting and active targeting. Passive targeting relies on 
the inherent physicochemical properties of the material, 
including its size, shape, and surface charge. On the other 
hand, active targeting involves modifying nanoparticles 
(NPs) with substances like hyaluronic acid and kidney-
targeting peptides to enhance their affinity towards spe-
cific cell surfaces. By employing meticulous design in 
both the physical attributes and surface modifications 
of these nanomaterials, they can effectively deliver anti-
inflammatory and antioxidant drugs to the site of renal 
injury for efficient and safe treatment.

Passive targeting
Size
For AKI, the passive targeting of nanomaterials is primar-
ily influenced by factors such as the material’s size, shape, 
and surface charge. In terms of size, small-sized NPs like 
nanoenzymes can easily traverse the filtration membrane 
to reach renal tubular epithelial cells due to their dimen-
sions being below the GFR (< 7  nm). Conversely, large-
sized NPs are unable to pass through due to stringent 
size screening imposed by GFB. However, in cases of AKI 
where glomerulus damage occurs and there is an enlarge-
ment in the gap between endothelial cells, basement 
membrane, and podocytes, significant structural changes 
and increased permeability allow for larger materials to 
pass through and deliver NPs to various renal cells. In 
recent years, most nanomaterials designed for AKI have 
been within a range of tens to hundreds of nanometers in 
size, mostly below 200 nm. Nevertheless, it has also been 
observed that NPs around 400 nm can accumulate in the 
kidney contradicting previous knowledge [97]. Consid-
ering the possibility that these NPs may be endocytosed 
by endothelial cells surrounding renal tubules leading to 
their long-term accumulation in proximal tubules, Han 
et  al. developed polymer-based mesoscale NPs measur-
ing 300–400 nm. These NPs exhibited localization within 
renal tubules following intravenous injection with over 
26-fold selectivity towards tubular cells compared to 
other organs [98].

Shape
The biodistribution in  vivo and the ability to pass 
through the GFB are also influenced by the morphology 
of nanomaterials. These morphologies primarily include 
spherical, tubular, rectangular, orthotetrahedral, and 
triangular shapes [99]. This is particularly applicable to 

sheet nanomaterials such as DNA rectangular origami 
and black phosphorus nanosheets (BPNS), which 
exhibit excellent renal targeting. Wang et  al. discovered 
that the unique physical geometry of BPNS, including 
their size, shape, and charge properties, ensured their 
specific accumulation in mouse kidneys while exhibiting 
high ROS scavenging ability and minimal cytotoxicity 
in  vivo. Such simultaneous achievement is challenging 
for other nanomedicines composed of metal NPs or 
polymers [100]. Carbon nanotubes (CNTs) with lengths 
ranging from 200 to 300 nm and molecular weights 
between 350 and 500 kDa (30–50 KDa for plasma 
proteins) can also be effectively filtered through intact 
GBM [101]. The enhanced renal targeting observed with 
these morphologies compared to spherical NPs may be 
attributed to the fact that on a three-dimensional scale, 
sheet nanomaterials can vertically traverse cellular 
interstitial spaces. These findings suggest that the specific 
aspect ratio of NPs plays a crucial role in facilitating their 
targeted diffusion across the GFB.

Surface charge
In addition to size and shape, the potential of NPs is 
one of the crucial factors influencing renal targeting. 
The charge of GFBs primarily originates from anionic 
proteoglycans in the basement membrane and nega-
tively charged acetylheparin sulfate embedded in the 
surface of endothelial cells and the glycocalyx of podo-
cytes [102, 103]. Consequently, positively charged 
NPs are more likely to traverse through the GFB and 
be eliminated by the kidneys. Conversely, negatively 
charged NPs face electrostatic repulsion, making them 
less prone to pass through the GFB [104–106]. How-
ever, certain recent studies have demonstrated that 
some strongly negatively charged NPs can be cleared 
by the kidneys more rapidly than weakly negatively 
charged ones [107], which contradicts prevailing per-
ception. Therefore, further research is needed to draw 
more definitive conclusions.

Active targeting
Active targeting is primarily achieved through the surface 
modification of nanomaterials, which enables them to 
possess corresponding binding sites with the kidney. In 
comparison to passive targeting, active targeting results 
in higher accumulation within the target tissue and lower 
off-target toxicity.

Many studies have been conducted to enhance renal 
targeting by designing glycoprotein-bound peptides on 
the plasma membrane of proximal renal tubules, which 
were subsequently combined with nanomaterials. He 
et  al. modified nanomaterials with the renal-targeting 
peptide LTHVVWL (PEG-LTH) [80]. In the mouse AKI 
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model, the fluorescence intensity of LTH-modified NPs 
was 1.6–1.8 times higher compared to NPs without LTH 
modification. Furthermore, in terms of biodistribution, 
NPs without LTH modification exhibited abundant dis-
tribution in the liver and spleen. The targeting efficiency 
of LTH-modified NPs was significantly superior to that 
of passive single targeting due to their ability to prefer-
entially recognize the highly expressed Kim-1 receptor in 
injured proximal tubules facilitated by LTH peptide assis-
tance. The aggregation of NPs at the renal site ensured 
drug availability for subsequent treatment purposes. 
However, some accumulation of NPs in the liver and 
spleen can be attributed to their capture by mononuclear 
phagocytes during toxin filtration from blood circula-
tion as part of their physiological function within these 
organs’ mononuclear phagocyte system (MPS). Similarly, 
other strategies such as hyaluronic acid and salivary acid 
have also been designed based on overexpression of spe-
cific proteins on renal tubular epithelial cell surfaces dur-
ing AKI [108, 109].

In recent years, the wrapping of NPs with biofilms has 
emerged as a prominent research area. This approach 
enhances the blood half-life, tissue specificity, and bio-
compatibility of NPs. Examples include using plate-
let membrane or neutrophil membrane [110, 111]. In a 
recent study by Liu et al., they successfully demonstrated 
the targeting ability of renal cell membranes to the kid-
ney [112], which is relatively uncommon compared to 
other types of cell membranes used in previous studies. 
By encapsulating NPs with renal cell membranes, not 
only can their accumulation in the kidney be increased 
but also the inherent properties of renal cell membranes 
contribute to improved biocompatibility, enhanced bio-
distribution, and reduced phagocytosis by the reticuloen-
dothelial system.

The strengths of active targeting and passive targeting 
in renal targeting have not been thoroughly researched 
and compared, despite their unique advantages. Addi-
tionally, the synergistic effect achieved by combining 
these advantages to surpass their individual benefits has 
not been explored. It is insufficient to assume that sim-
ply mixing them together will result in stronger targeting. 
Furthermore, the current study only examines the phe-
notype without investigating the underlying mechanism 
of NPs targeting renal tubular epithelial cells or exploring 
the pathway of NPs uptake.

ROS nanosacrificial agents
In recent years, ROS nanosacrificial agents have gained 
widespread usage as active reducing agents for AKI 
treatment, including DNA Origami, Mxene and other 

nanosacrificial agents. These sacrificial agents protect 
endogenous biomolecules by rapidly reacting with ROS.

DNA
DNA can serve as an efficient scavenger of ROS due to 
its abundance of nucleophilic groups and high reactivity 
towards electrophilic ROS. Moreover, DNA possesses 
excellent inherent biocompatibility and biodegradabil-
ity, being rapidly degraded by nuclease in vivo. Addition-
ally, exogenous DNA can directly interact with RONS to 
mitigate cellular damage and alleviate AKI [113, 114]. Cai 
et  al. engineered radiolabeled DNA origami nanostruc-
tures (DON) with rectangular, triangular, and tubular 
shapes [99]. These nanostructures exhibited preferential 
accumulation in the kidneys of healthy mice as well as 
rhabdomyolysis-induced AKI mice, with the rectangu-
lar DON demonstrating nephroprotective properties. 
The authors propose that this DON structure holds great 
potential for active drug delivery (e.g., Rec-don for AKI 
treatment) and as a carrier for NAC or other small mol-
ecule drugs. Subsequently, Per-Olof Berggren et al. devel-
oped a nanoscale cytokine based on precisely arranged 
interleukin 33 (IL-33) nano-arrays on rectangular DNA 
origami platforms to selectively deliver IL-33 to the kid-
neys for mitigating AKI [115]. Nanorafts carrying accu-
rately quantified amounts of IL-33 primarily accumulated 
in the kidney for up to 48 h. Prolonged release of IL-33 
from Nanoraft induced rapid expansion of type 2 intrin-
sic lymphoid cells (ILC2s) and regulatory T cells (Tregs), 
resulting in superior therapeutic effects compared to free 
IL-33 treatment alone. Thus, their study suggests that 
nanofolds could serve as structurally well-defined deliv-
ery platforms for cytokine immunotherapy targeting 
ischemic AKI and other renal diseases.

MXene
MXene materials are a type of transition metal carbide/
nitride with a two-dimensional layered structure. 
They consist of transition metal carbides, nitrides, or 
carbon-nitrides that have a thickness of several atomic 
layers. These materials possess many advantages 
commonly found in 2D nanomaterials, such as extreme 
thinness, large specific surface area, high surface-to-
volume ratio, and mechanical toughness. Due to the 
similarity between their nanosheet framework and the 
previously reported sheet DNA framework, MXenes 
preferentially accumulate in the kidneys of AKI mice and 
can be efficiently taken up by the kidneys. Additionally, 
they serve as carriers for drug molecules and exhibit 
great potential in the biomedical field as promising 
therapeutic nanomedicine [116]. Despite these excellent 
physicochemical properties that make MXenes suitable 
for various applications, there are still some drawbacks 
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when used in  vivo including poor water dispersibility, 
slow degradation rate, and toxicity. Therefore, surface 
modification and functionalization are necessary 
to enhance the properties of MXene materials and 
provide them with new functions. Yang et  al. proposed 
a novel artificial non-enzymatic antioxidant MXen 
nanoplatform for effective treatment of AKI in live 
animals [117]. Ti3C2-PVP nanosheets (TPN) were 
synthesized through polyvinylpyrrolidone (PVP) surface 
modification, demonstrating broad-spectrum redox-
mediated ROS scavenging activity against oxidative 
stress-induced injury in both in  vitro and in  vivo 
experiments. Furthermore, the TPNs exhibited enhanced 
biocompatibility and physiological stability without 
causing significant toxicity in vitro and in vivo.

Other nanosacrificial agents
Many inorganic non-metallic elements also exhibit 
different valence states and demonstrate antioxidant 
activity. Among them, Se, phosphorus, and carbon are 
essential physiological elements. NPs based on these 
elements are currently being utilized for the treatment of 
AKI with exceptional therapeutic efficacy and minimal 
side effects. Cao et al. have developed a novel composite 
nanoparticle known as Se/albumin nanomaterials (SA 
NPs) [118]. In vivo experiments have confirmed that SA 
NPs effectively treat and prevent cisplatin-induced AKI 
by inhibiting oxidation and ferroptosis. BPNS are two-
dimensional semiconductor materials composed of an 
equal number of phosphorus atoms (P), which possess 
strong RONS scavenging ability due to the easy oxidation 
of phosphorus by RONS to form non-toxic phosphate 
ions. Additionally, BPNS exhibit excellent biosafety 
properties, making them highly promising for biomedical 
applications including AKI therapy [119–122]. Wang 
et  al. have developed a novel renal therapy based on 
BPNS [100]. These BPNS can act as ROS scavengers for 
treating AKI in mice. In vivo analyses conducted in mice 
have demonstrated that the remarkable advantages of 
BPNS-directed renal therapy lie in its lamellar structure, 
high ROS scavenging capacity, and minimal cytotoxicity 
within living organisms—attributes that are challenging 
to achieve simultaneously with other nanomedicines 
made from metal NPs or polymers. The unique physical 
geometry of BPNS such as their size, shape, and charge 
ensure targeted delivery to the kidneys in mice during 
treatment procedures. Carbon quantum dots (CDs) 
represent innovative carbon nanomaterials consisting 
of dispersed spheroidal carbon particles with extremely 
small sizes (below 10 nm) along with fluorescent 
properties. It exhibits excellent biocompatibility and 
minimal cytotoxicity. CDs also have a high accumulation 
and long-term retention in the kidneys. Moreover, CDs 

are abundant in oxygen functional groups, enabling its 
utilization as an antioxidant to exert antioxidative activity 
and eliminate ROS [123–126]. Ren et  al. developed 
and synthesized kidney-cleavable quantum dot-drug 
conjugates (QDCs) [126]. These drug conjugates 
consist of CDs, DFO with iron chelating capacity, 
and polyethylene glycol (PEG) with prolonged in  vivo 
retention. They possess remarkable ROS scavenging 
activity, favorable renal biodistribution, and can be 
employed to mitigate chemotherapeutic drug induced 
AKI. The inclusion of CDs within QDCs not only confer 
a high degree of renal specificity for DFO but also 
effectively scavenges pathologically unstable iron species 
within the kidney, thereby obstructing the source of ROS 
production and exerting potent antioxidant effects while 
preventing renal oxidative damage caused by excessive 
ROS generation. In a cisplatin-induced AKI mouse 
model, QDCs effectively safeguard against oxidative 
damage in the kidneys while inhibiting ferroptosis and 
apoptosis.

Nanoenzymes
Antioxidant nanoenzymes possess renewable active 
centers that imitate endogenous antioxidant enzymes 
for continuous RONS detoxification. In contrast to 
nanosacrificial agents, nano-enzymes are not scavenged 
but rather efficiently eliminate RONS from the body 
in an ongoing manner [127]. These nanomaterials can 
be divided into two categories: (1) enzymes or catalytic 
groups modified onto nanomaterial surfaces wherein pri-
mary catalysis is derived from the enzyme itself. Through 
assistance from nanomaterials, these modified enzymes 
or their enzymatic moieties attain remarkable stabil-
ity and durability. (2) Nanomaterials inherently exhibit 
enzymatic properties enabling them to facilitate bio-
catalytic reactions akin to natural enzymes [128]. Nev-
ertheless, there remains ambiguity on the definition of 
nanoenzymes.

Metal and metal‑based nanoenzymes
Nano cerium oxide  (CeO2) is an inorganic metal oxide 
that exhibits chemical catalytic activity like peroxidase 
(POD) and oxidase (OXD). Its unique physicochemical 
properties enable nano  CeO2 to find extensive 
applications, including UV-absorbent materials, 
catalysts, and biomedicine. Recently, there have been 
numerous studies demonstrated the antioxidant, 
antitumor, antibacterial, and neuroprotective effects of 
 CeO2 NPs. The antioxidant effect of  CeO2 is attributed to 
its cyclic conversion between  Ce3+ and  Ce4+, enabling it 
to function as both an oxidation and reduction catalyst. 
 CeO2 can scavenge ·OH,  O2

− and  H2O2 in solution, 
thereby exerting its antioxidant role. When the ratio of 
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Ce (III)/Ce (IV) in  CeO2 is high, it tends to exhibit SOD-
mimicking activity:  O2

− +  Ce3+  +  2H+  →  H2O2 +  Ce4+; 
 O2

− +  Ce4+  →  O2 +  Ce3+. Conversely, when the ratio 
of Ce(III)/Ce(IV) is low, it tends to display CAT-like 
activity:  2Ce4+  +  H2O2 →  Ce3+  +  O2 +  2H+ [129–131]. 
Yang et  al. developed a pH-selective “oxidation cycle 
gas pedal” based on black phosphorus/cerium-catalyzed 
tunable nanoenzymes (BP@CeO2-PEG) [132]. The BP@
CeO2-PEG nanoenzymes exhibited diverse catalytic 
activities, including CAT, SOD, and ·OH antioxidant 
capacity (HORAC). Importantly, it also demonstrated 
pH-selective catalytic activity. Consequently, BP@CeO2-
PEG effectively and persistently scavenged ROS, thereby 
mitigating cisplatin (DDP)-induced AKI. In the neutral 
renal environment, BP@CeO2-PEG nanoenzymes can 
enhance their catalytic "oxidation cycle" by increasing 
the  Ce3+/Ce4+ ratio and promoting ATP regeneration, 
leading to efficient elimination of DDP-induced ROS. 
Furthermore, BP@CeO2-PEG nanomolecules can 
inhibit oxidative stress-induced apoptosis of tubular 
epithelial cells through suppression of the PI3K/
Akt signaling pathway. However, in the acidic tumor 
microenvironment, the presence of  H+ impedes the 
conversion of  Ce4+ to  Ce3+, disrupting the oxidative cycle 
and compromising ROS scavenging ability therefore 
ensuring DDP’s anti-tumor effect.

Similarly, numerous other metals, such as ultra-small 
gold (Au), Argentum (Ag), copper (Cu), platinum (Pt), 
manganese (Mn), iridium (Ir) and ruthenium (Ru) NPs, 
have been developed for the treatment of AKI. These 
NPs are frequently passively targeted to renal tissues to 
eliminate various RONS due to their multiple antioxi-
dant enzyme properties [133, 134]. Jiang et al. fabricated 
PVP-coated bimetallic nanoenzymes doped with diverse 
metals including Ru, Mn, Fe, Cu, Ni, Zn and Au using Pt 
as a catalyst [135]. They assessed the free radical scav-
enging activity of these metallo-nano-enzymes which 
led to the identification of a potent in  vitro antioxidant 
capacity in RuPt nano-enzyme. The subsequent modifi-
cation of the compound involved quercetin coordina-
tion (QCN), which enabled obtained QCN to effectively 
scavenge a wide range of ROS both in vivo and in vitro, 
thereby exerting a therapeutic effect against glycerol-
induced and DDP-induced AKI. The protective effect of 
QCN on  H2O2-induced HEK293 cells was attributed to 
its excellent biocompatibility and antioxidant properties. 
On the other hand, nanoenzymes composed of small-
sized RuPt particles played a protective role in preventing 
AKI occurrence. As a nano-antioxidant, QCN has great 
potential for mitigating the effects of rhabdomyolysis 
and DDP-induced AKI. Guo et  al. synthesized Mn3O4 
nanoflowers (Nfs) with dual abilities to scavenge ROS 
and adsorb cfDNA for AKI treatment [136]. Importantly, 

Mn3O4 Nfs exhibited both SOD and CAT activities, 
enabling cascade ROS scavenging. Mn3O4 Nfs provided 
effective protection against both DDP-induced and I/R-
induced AKI mouse models. Additionally, Mn3O4 Nfs 
allowed T1 magnetic resonance imaging (MRI) for moni-
toring renal function during AKI treatment, providing a 
nano-enzymatic therapeutic strategy for treating AKI.

Non‑metallic nanoenzymes
For non-metallic substances, their participation in the 
catalytic process is challenging due to the absence of 
empty orbitals. However, advancements in nanoscience 
have enabled the modification of non-metallic materi-
als’ surface and nanostructure, thereby allowing them 
to exhibit catalytic activity. Carbon nanomaterials such 
as fullerenes, CNTs, graphene, graphene oxides (GO), 
CDs and graphene quantum dots (GQDs) have gained 
widespread usage across various research fields owing to 
their exceptional physical and chemical properties. Xu 
et  al. developed metal-free and phenolic functionalized 
CDs that mimic intracellular antioxidant defense sys-
tems [137]. These CDs demonstrate SOD, GPX and CAT 
activities. The SOD activity of the CDs was found to be 
remarkably high (18,187 U/mg). The bond dissociation 
of phenol on the CDs was significantly lower than that of 
natural GPx’s selenocysteine residue, facilitating peroxide 
intermediate formation for initiating GPx-like reactions. 
Consequently, CDs possess excellent mimetic activity 
resembling intracellular antioxidant systems while exhib-
iting selective enrichment in the kidney and inhibiting 
iron metamorphosis. They exhibit significant therapeu-
tic effects in AKI mice models. Phenolic functionalized 
CNTs prepared herein hold immense potential for nano-
catalytic treatment against DDP-induced AKI.

In addition, several other antioxidant nanoenzymes, 
such as melanin NPs, Prussian blue nanoenzymes and 
molybdenum (Mo)-based polyoxidized metal clus-
ters (POM) have also been reported [133, 138]. Overall, 
despite the advantages of low cost, high stability and 
durability possessed by nanoenzymes that overcome 
many disadvantages of natural enzymes, there are still 
some challenges to address. For instance, the catalytic 
activity of most nanoenzymes remains significantly lower 
than that of their corresponding natural enzymes. Fur-
thermore, poor substrate selectivity is a common issue 
faced by nanoenzymes. Although certain nanomateri-
als exhibit multi-enzyme activities like natural enzymes’, 
these activities sometimes interfere with each other. 
Researchers have dedicated considerable efforts to study-
ing the catalytic mechanisms of nanoenzymes; however, 
only a few mechanisms have been reported thus far while 
many others remain unclear. Understanding the catalytic 
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kinetics and mechanisms can potentially aid in regulating 
the activity of nanoenzymes.

Nanomaterials loaded with therapeutic agents
Due to the unique physiological structure and function 
of the kidneys, certain traditional drugs such as ampho-
tericin and NAC exhibit suboptimal renal accumulation, 
thereby diminishing their therapeutic efficacy. Addition-
ally, some drugs suffer from poor water solubility, low 
bioavailability and heightened adverse reactions and 
side effects, posing challenges for clinical medication in 
AKI. In recent years, there has been rapid progress in 
combining nanomaterials with medicine as a promising 
approach to address these issues. Loading drugs onto 
nanomaterials offers a viable solution by enabling effec-
tive drug delivery. These drug-loaded nanomaterials can 
be broadly classified into three categories: nucleic acid 
nanomaterials, protein nanomaterials and small molecule 
drug nanomaterials.

Nucleic acid nanomaterials
RNA interference (RNAi) is considered a significant 
technological advancement that holds promise for novel 
therapeutic strategies through gene regulation. One of 
the mechanisms of interference involves sequence-spe-
cific targeting of messenger RNA (mRNA) using com-
plementary small interfering RNAs (siRNAs), resulting 
in mRNA degradation. Although RNAi has immense 
potential for treating various diseases, its realization has 
been hindered primarily by challenges such as poor tis-
sue and cell specificity, adverse off-target effects, and 
limited serum stability in  vivo. However, with advance-
ments in nanomedicine, these barriers to in vivo siRNA 
utilization can be overcome by integrating siRNAs with 
nanomaterials [139–142]. Michael R. McDevitt et  al. 
employed an ammonium-functionalized carbon nano-
tube (fCNT) platform to specifically deliver Trp53- and 
Mep1b-targeted siRNAs to proximal renal tubular cells 
for prophylactic mitigation of AKI in an animal model 
[143]. Compared to the delivery of siRNA alone, fCNT 
facilitated enhanced siRNA delivery to renal tubular cells 
and effectively reduced the expression levels of several 
target genes including Trp53, Mep1b, Ctr1 and EGFP.

MicroRNAs (miRNAs) are short non-coding RNAs 
that participate in the post-transcriptional regulation of 
target gene expression by binding to the 3′ untranslated 
region (3′UTR) of downstream target genes, leading 
to their degradation or repression. The utilization of 
miRNAs for kidney disease treatment represents a 
fascinating and emerging area of research. MiRNAs 
function as key regulators of gene expression and play 
critical roles in various molecular processes across 
multiple organs, including the kidney. However, 

one limitation associated with miRNAs is their high 
susceptibility to enzymatic degradation and instability 
within the systemic circulation. To enable successful 
clinical application of miRNAs, it is imperative to design 
a stable drug delivery system. Nanoparticle-based 
drug delivery systems offer an intriguing approach for 
targeted delivery of therapeutic drugs to specific body 
regions [144–146]. Zhang et  al., through electrostatic 
interactions, encapsulated miR-500a-3p within cationic 
liposomes on their surface to enhance therapeutic 
efficacy against AKI [147]. Their study demonstrated that 
miR-LIP directly regulates the expression levels of RIPK3 
and MLKL (a necrosis regulator), thereby mitigating 
the severity of kidney injury. Compared to DDP-treated 
HK2 cells, miR-LIP effectively modulated MLKL 
phosphorylation levels. Similar results were observed 
for RIPK3 as well. Additionally, miR-LIP was found to 
regulate inflammatory responses in renal tubular cells. 
Western blot analysis revealed that the phosphorylation 
of P-65 was the primary instigator of the inflammatory 
response, and miR-LIP significantly attenuated CDDP-
induced NF-kB phosphorylation.

Protein nanomaterials
Several pro-inflammatory mechanisms have been 
observed following the development of AKI, including 
elevated levels of cytokines such as TNF-α, IL-18 and 
IL-1β, as well as activation of pro-inflammatory pathways 
like NF-κB and Toll-like receptor. Inflammatory factors 
play a crucial role in initiating and progressing fibrosis, 
leading to renal tubular epithelial cell activation and infil-
tration by inflammatory cells. Recently, there has been 
renewed interest in certain proteins or peptides with 
anti-inflammatory and tissue protective properties in the 
kidney through their binding to nanocarriers. Liu et  al. 
developed a self-assembling peptide/heparin (SAP/Hep) 
hydrogel [148]. This SAP/Hep hydrogel encapsulates two 
drugs, TNF-α neutralizing antibody (anti-TNF-α) and 
hepatocyte growth factor (HGF). The physical mixing of 
these substances leads to an accelerated release of anti-
TNF-α and a sustained release of HGF. This mechanism 
facilitates tissue repair following I/R injury. Compared 
to SAP or Free-drug alone, the combination of SAP/Hep 
demonstrated superior efficacy in reducing inflamma-
tion and apoptosis, improving renal function and tubular 
regeneration, as well as attenuating chronic fibrosis after 
I/R injury. SS-31 peptide is an inhibitor of cardiolipin 
POD that specifically targets mitochondria and possesses 
therapeutic properties for I/R injury. Du et  al. synthe-
sized a renal-targeted chitosan drug carrier called SC, 
which exhibits rapid and efficient accumulation in AKI 
kidneys, particularly within the renal tubules [149]. The 
mitochondria-targeted antioxidant SS31 was synthesized 
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as a precise stepwise-targeted prodrug (SC-TK-SS31) by 
conjugating it to SC through a ROS-responsive TK linker. 
SC-TK-SS31 accumulates in AKI kidneys (organs), subse-
quently localizes within renal tubules (tissues), and finally 
internalizes into injured renal tubular cells (cells). The 
reactive release of SS31 within these cells further targets 
the mitochondria (organelles), alleviating mitochondrial 
damage and ultimately ameliorating AKI. Based on its 
precise accumulation and sensitive release mechanism, 
SC-TK-SS31 significantly enhances the therapeutic effect 
of SS31.

Small molecule drug nanomaterials
The clinical application of certain small molecule drugs, 
such as resveratrol (RES) and curcumin, is severely 
limited due to their inadequate water solubility, weak 
renal targeting, and low bioavailability. Combining 
nanomaterials with small molecule drugs can provide a 
promising solution to address these challenges. Zhang 
et  al. developed a HA-based self-assembled melanin 
NPs covalently linked with DXM (HA-MNP-DXM) 
for the treatment of I/R-induced AKI. This system 
effectively scavenges excessive RONS while attenuating 

inflammatory damage [150]. Upon targeting the lesion 
microenvironment, the assembled NPs degrade into 
ultrasmall melanin NPs and release free DXM. The 
HA-MNP-DXM NPs exhibit excellent antioxidant 
properties, targeted delivery capabilities and demonstrate 
significant accumulation in the renal tissue of an AKI 
mouse model. Importantly, administration of HA-MNP-
DXM NPs improves renal function and mitigates tubular 
apoptosis through anti-inflammatory and antioxidant 
mechanisms. Zheng et al. reported a novel nanomedicine 
for the treatment of AKI utilizing polyursolic acid (PUA) 
as a bioactive nanocarrier and RES as a model drug 
[151]. PUA NPs effectively encapsulate hydrophobic 
antioxidant and anti-inflammatory drugs, such as RES, 
demonstrating excellent stability and displaying potent 
in  vitro antioxidant and anti-inflammatory effects. 
Moreover, PUA NPs significantly enhance the renal 
accumulation of RES while exerting their inherent 
antioxidant properties, thereby further enhancing the 
therapeutic efficacy of RES in AKI treatment. Su et  al. 
developed Garcinic acid NPs (GA-NPs) modified with 
PEG [152]. These GA-NPs exhibit prolonged drug 
retention time within the body in both DDP-induced 

Fig. 7 Different types of NIR Photoresponsive nanomaterials
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and rhabdomyolysis-induced AKI models, consequently 
augmenting the therapeutic effect of garcinia cambogia 
extract. Collectively, these examples highlight the 
promising potential of nanomaterials loaded with small 
molecule drugs for AKI therapy.

However, there are several limitations in the thera-
peutic application of nanomedicine for AKI. On the one 
hand, a lack of comprehensive understanding regarding 
the physiological structure of the kidneys and the patho-
logical mechanisms of AKI among nanoresearchers has 
resulted in the development of materials that deviate 
from clinical relevance. Consequently, these materials 
often remain at conceptual stages, lacking effective solu-
tions to safety, efficacy, and administration protocol-
related issues. On the other hand, biomedical researchers 
solely focused on biological aspects lack sufficient inter-
disciplinary knowledge in nanomaterials, leading to an 
inadequate recognition of the therapeutic potential of 
nanomaterials in AKI [23].

Application of optical diagnosis and treatment 
in AKI
Most of the nanomaterials currently utilized for AKI 
treatment only possess therapeutic effects and lack 
diagnostic capabilities. Additionally, early diagnosis plays 
a crucial role in determining the prognosis of AKI. To 
address this issue, integrating nanomaterials with optical 
imaging techniques holds great promise. The commonly 
employed medical imaging modalities in clinical practice 
today primarily involve tomography methods such as 
MRI, X-ray computed tomography (CT) and positron 
emission tomography (PET). These techniques rely on 
deep-penetrating radiation, including electromagnetic 
waves and moving subatomic particles to capture 
both structural and functional information about the 
imaged object. Subsequently, collected data is processed 
using computer algorithms to construct spatial signal 
distributions within the human body [153]. This method 
has certain limitations, including the presence of ionizing 
radiation, limited spatial resolution and low temporal 
resolution. In recent years, optical imaging diagnosis 
and treatment have made significant advancements 
compared to traditional imaging methods. It does not 
possess the drawbacks associated with tomography but 
offers several advantages such as high sensitivity, high 
SNR, superior spatial and temporal resolution, and 
cost-effectiveness. Consequently, it has witnessed an 
increasing utilization in disease diagnosis and treatment. 
Among these optical imaging methods is NIR imaging 
diagnosis and treatment which holds great promise for 
both basic science research and clinical practice. The 
most widely used biomedical fluorescence imaging 
technique operates in the NIR-I window (700–1000 nm) 

[154], although there is a growing focus on imaging in 
the NIR-II window (1000–1700 nm) [155]. Compared to 
NIR-I imaging, NIR-II imaging offers enhanced imaging 
depth and resolution while minimizing light scattering 
and absorption. In recent years, there has been a growing 
interest in combining NIR technology with nanomaterials 
for disease treatment. Currently, reported nanomaterials 
for therapeutic applications encompass both inorganic 
and organic materials. In terms of inorganic materials, 
this includes nonmetallic compounds such as carbon (C), 
silicon (Si), phosphorus (P), upconversion nanoparticles 
(UCNPs), and composite nanomaterials known as 
MXenes. Additionally, precious metal NPs like Au and 
silver, along with other metal NPs including iron (Fe), 
Cu, tungsten (W), and niobium (Nb) are also considered 
inorganic options. On the other hand, organic NIR 
nanomaterials mainly consist of small molecules that 
respond to NIR light and polymer NPs based on organic 
semiconductors referred to as SPNPs. Examples of these 
include indocyanine green (ICG), phthalocyanine NPs, 
borondipyrromethane (BODIPY) NPs, among others 
(Fig. 7).

Inorganic non‑metallic materials
Carbon NPs primarily encompass CNTs, graphene 
nanomaterials, and carbon dots (CDs) among others. 
They exhibit excellent biocompatibility, water solubility, 
low biotoxicity, and stable optical properties while con-
tinuously and consistently generating localized thermal 
effects under NIR light irradiation [156]. For instance, 
CDs represent a novel class of fluorescent carbon nano-
materials typically characterized by their sub-10-nm 
size. These CDs are commonly composed of amorphous 
and crystalline carbon nuclei adorned with diverse oxy-
gen-containing functional groups on the surface such as 
hydroxyl and carboxyl groups [157]. Currently, there is 
only one study available on the direct utilization of car-
bon dots for AKI imaging. In 2022, Tian et al. synthesized 
NIR-CDs through one-pot pyrolysis using glutathione 
and urea as precursors [158]. The resulting NIR-CDs 
exhibited NIR fluorescence (696 nm), ultra-small size 
(1.8 ± 0.3  nm), low toxicity, and high renal clearance 
(97.84%). This NIR-CDs can be employed for imaging 
analysis of impaired renal function, providing valuable 
insights into novel applications of NIR-CDs in this con-
text. Most other studies primarily focus on the direct 
treatment of AKI using CDs alone. For instance, wu 
et  al. developed a novel selenium-doped carbon point 
(SeCD) [159]. SeCD effectively eliminates broad-spec-
trum ROS and significantly enhances GPX4 expression 
by releasing selenium, thereby considerably mitigating 
iron-induced apoptosis and cisplatin-related AKI in renal 
tubular epithelial cells without compromising the efficacy 
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of cisplatin chemotherapy. In general, their applications 
primarily encompass the following aspects: Firstly, they 
can serve as fluorescent probes for precise disease locali-
zation, enabling early diagnosis and disease monitoring, 
and even facilitating integrated diagnosis and treatment. 
Secondly, they can function as targeted drug carriers for 
site-specific drug delivery and lesion treatment. Thirdly, 
they can act as photosensitizers (PS) or sound sensitiz-
ers to generate heat and energy upon light activation or 
ultrasonic stimulation, allowing non-invasive disease 
therapy.

As previously mentioned, black phosphorus (BP) is a 
distinctive allotrope of phosphorus with a layered struc-
ture that exists in single- and multilayer forms. Com-
pared to graphene, BP exhibits remarkable prospects in 
the field of photodynamic therapy (PDT) and photother-
mal therapy (PTT), owing to its exceptional efficiency 
in generating singlet oxygen (1O2) and strong NIR light 
absorption capability [160]. Tian et  al. investigated the 
synthesis and surface modification of BPQDs with renal 
clearance capability [161]. The resulting PEG-BPQDs 
exhibited an ultra-small hydrodynamic diameter of 
1.74 ± 0.23 nm and demonstrated strong PA signals upon 
near infrared excitation. Real-time monitoring of kid-
ney injury can be achieved by utilizing PEG-BPQDs as a 
PA imaging agent. However, BP is highly susceptible to 
oxidation in the presence of air, leading to a reduction 
in its photothermal conversion performance due to the 
formation of insulating phosphorus oxide on its surface. 
Despite demonstrating favorable biocompatibility and 
light stability in biomedical applications, practical utili-
zation of BP faces two main challenges. Firstly, achieving 
large-scale and uniform production remains unattain-
able. Secondly, there is a need for further research on fine 
functional modification strategies to enhance its target-
ing efficiency in disease tissues.

UCNPs are lanthanide metals, transition metals, 
or actinide doped ions fixed in the main lattice of an 
inorganic crystal. It has the characteristics of deep 
tissue excitation, high resolution, minimal light damage, 
light stability and a variety of excitation wavelengths 
[162]. UCNPs are different from traditional contrast 
agents. Conventional contrast agents exhibit Stokes shift 
luminescent emission, which emits longer wavelengths 
and lower energies after they are illuminated by a laser 
[163]. UCNPs can convert low-energy photons (such 
as NIR light) into ultraviolet or visible light. This is 
an anti-Stokes shift. In recent years, researchers have 
mainly used UCNPs for PDT, as well as for cell, tissue, 
animal imaging, and biological detection. Compared to 
conventional fluorophores, organic dyes have excitation 
wavelengths in the ultraviolet and visible light regions. 
So it’s limited by the depth of the organization. UCNPs 

can overcome this shortcoming by using the anti-
Stokes shift for upconversion photoluminescence 
imaging in the NIR range. Zhou et  al. proposed an 
upconversion luminescence (UCL) sensing system 
utilizing upconversion nanoparticles, which consists of 
three components: mesoporous silicon dioxide  (mSiO2) 
coated UCNPs (NaYF4: 20 mol% Yb, 1.8 mol% Er, 0.5 
mol% Tm) as the carrier and energy donor. This system 
is capable of monitoring endogenous CO fluctuations 
such as hypoxia, acute inflammation or ischemic injury 
and evaluating HO-1 expression in  vitro and in  vivo, 
providing a valuable tool for detecting disease-associated 
ions and biomolecules [164]. However, UCNPs still 
exhibit certain limitations, including a low energy 
transfer efficiency between UCNPs and PS, as well as 
elevated tissue temperatures. Additionally, there are 
challenges in imaging such as limited imaging modes and 
weak fluorescence intensity. The composite nanomaterial 
MXenes has been previously discussed (refer to 
Sect. 6.3.2).

Inorganic metal materials
Au NPs are particles of gold with diameters ranging from 
1 to 100  nm. As a crucial member of the nanotechnol-
ogy family, Au NPs possess several advantages including 
low toxicity, facile surface modification, strong biocom-
patibility, unique optical properties, and the ability to 
finely adjust their size, shape, and surface characteristics 
[165]. Notably, they exhibit local surface plasmon reso-
nance (LSPR), which refers to the collective oscillation of 
electrically conductive band electrons in metal NPs when 
exposed to electromagnetic excitation from incident light 
[166]. These exceptional optical properties have led to 
widespread applications in photoacoustic imaging for 
cancer detection, atherosclerotic plaque visualization, 
brain function analysis, and image-guided therapy. By 
accumulating at lesion sites and combining with pho-
toacoustic imaging technology, high-contrast and high-
resolution images can be obtained. Liu et  al. designed 
renal-clearable NIR-II emitting AuNPs co-coated with 
both pH-responsive 2,3 dimethylaleic anhydride (DMA) 
modified β-mercaptoethylamine (CA) ligand (CA-DMA) 
and ionized 2-diethylami- noethanethiol hydrochlo-
ride (DAT) groups (p-AuNPs), which incorporated both 
charge-reversal and self-assembly abilities toward renal 
acidic microenvironments to enhance renal tubular inter-
actions and retention of the particles, thereby generat-
ing amplified fluorescence signals in the injured kidneys 
[167].

Silver NPs are a type of precious metal nanomaterials 
that can be synthesized easily and at a low cost. They 
exhibit various shapes, including spherical, rod-like, 
and tetrahedral structures. By altering the synthesis 
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conditions, controlled self-assembly and nanostructure 
regulation of silver NPs can be achieved. Moreover, 
they possess exceptional optical properties such as 
strong surface plasmon resonance effects, which render 
them highly suitable for applications in optical sensing, 
imaging, and therapy [168–170]. Currently, there is no 
existing literature reporting the direct utilization of silver 
NPs for NIR diagnosis and treatment of AKI. However, 
it has been scientifically demonstrated that silver NPs 
possess anti-inflammatory properties, antibacterial 
activity, and regenerative potential. For example, Mou 
et  al. proposed a novel approach for the preparation 
of highly biocompatible Ag/pda nanoplatforms for 
wound treatment utilizing AgNPs and pda [171]. 
This nanoplatform not only exhibits broad-spectrum 
antibacterial properties against diverse planktonic 
bacteria, but also possesses the ability to disrupt bacterial 
biofilm formation by dismantling the biofilm structure 
under 808 nm laser irradiation. Furthermore, this 
nanoplatform demonstrates anti-inflammatory effects 
and facilitates wound healing through regulation of 
macrophage polarization. We anticipate an increased 
research investment and clinical translation of silver NPs 
in the NIR diagnosis and treatment of renal conditions in 
the future.

Other metal nanoparticles
Mo based NPs, as outstanding representatives of tran-
sition metal semiconductors, have set off a research 
upsurge in the field of phototherapy due to their excellent 
biocompatibility, high PCE and excellent NIR absorption 
characteristics. However, the utilization of these transi-
tion metal NPs in NIR phototherapy for AKI is relatively 
uncommon, primarily limited to therapeutic applica-
tions. For instance, Cai et  al. reported the discovery of 
molybdenum-based polyoxometalate (POM) nanoclus-
ters that exhibit preferential renal uptake, making them 
promising nanoantioxidants for renal protection [133]. 
POM nanoclusters demonstrate a broad spectrum of 
antioxidant activities against various reactive oxygen spe-
cies. Additionally, dynamic PET imaging revealed their 
remarkable affinity for renal accumulation.

Organic nanoparticles
Organic NPs primarily consist of organic small mol-
ecules and organic semiconductor polymer NPs that 
exhibit NIR response. Small molecule photothermotro-
pic agents, such as porphyrin, phthalocyanine, BODIPY, 
and squaraine dye, are commonly used. However, despite 
their relatively excellent light stability and PCE, these 
dyes have certain limitations. For instance, porphyrins 
are a class of macromolecular heterocyclic compounds 
formed by connecting the α-carbon atoms of four pyrrole 

subunits via a methyl-bridge (= CH–). The absorption 
peaks of porphyrins may include 1627.83  cm−1 (benzene 
ring stretching), 1311.48  cm−1 (amide bond stretching), 
1088.6  cm−1 (benzene ring bending inside), and 892.472 
 cm−1 (benzene ring bending outside) [172, 173]. The 
infrared spectrum characteristics of porphyrins can be 
influenced by various factors such as the type and loca-
tion of substituents and the choice of solvents; therefore, 
it is essential to comprehensively consider these factors 
when analyzing and interpreting the infrared spectrum 
to obtain accurate results [174]. Akimitsu Narita et  al. 
reported that the fusion of π-extended porphyrins with 
one or two nanographene units (GPP-1 and GPP-2) can 
serve as a new class of NIR-responsive organic reagents, 
which show absorption of ≈1000 and ≈1400 nm in the 
NIR window. Under 808 nm and 1064 nm laser irradia-
tion, the PCE reached 60% and 69%, respectively [175]. 
However, porphyrins exhibit inherent drawbacks such as 
low aqueous solubility and facile self-aggregation, which 
impede their drug absorption in phototherapy. Moreover, 
their limited tissue penetration restricts their application 
to superficial diseases exclusively. It is noteworthy that 
sodium porphyrin  (Photofrin®) stands as the pioneer-
ing clinically approved PS [176]. In the course of long-
term treatment, it exhibits reduced incidence of adverse 
effects, excellent reproducibility, and absence of drug 
resistance. However, its current application is primarily 
limited to cancer patients rather than those with kidney 
injury. Additionally, it is associated with cutaneous pho-
tosensitivity issues and metabolic disorders.

Similarly, phthalocyanine is a compound possessing 
an extensive conjugated system comprising 18 electrons. 
Its structural composition bears striking resemblance to 
that of porphyrins, which are abundantly present in the 
natural world. Phthalocyanine has exhibited remarkable 
potential in the fields of bioimaging and disease treat-
ment [176]. Wang et  al. prepared a unique nano-sized 
hypoxia-sensitive coassembly (Pc/C5A@EVs) by molecu-
lar recognition and self-assembly [177]. The coassembly 
consists of macrocyclic amphiphilic C5A, commercial 
dye sulfonated aluminum phthalocyanine, and mesen-
chymal stem cell-excreted extracellular vesicles (MSC-
EVs). The administration of Pc/C5A@EVs in a mouse 
model of renal injury enhances their in  vivo circulation 
time, facilitates targeted delivery to the kidney through 
integrin receptors α4β1 and αLβ2, and enables hypoxia-
sensitive NIR fluorescence imaging. Although it exhibits 
superior thermal stability, a high extinction coefficient, 
and strong absorption in the NIR region, its wide applica-
tion in the biomedical field is limited due to its slow met-
abolic rate in vivo, propensity for aggregation, inadequate 
targeting ability, suboptimal "normal open" photosensi-
tivity, and unsatisfactory therapeutic efficacy.
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Organic semiconductor polymer NPs possess 
an alternating structure of single, double, or triple 
bonds along their main chain, endowing them with 
semiconductor properties. Organic semiconductor 
polymer NPs are polymers that exhibit extended 
conjugation through donor–acceptor connections, 
thereby enhancing their light absorption capabilities. 
Additionally, they demonstrate remarkable 
characteristics such as strong photostability, rapid 
radiation transition rates, and a large Stokes shift [178]. 
The emission wavelength of such materials is generally 
limited to less than 900 nm due to the challenges in 
molecular design and synthesis. Hence, the advancement 
of NIR two region imaging holds greater significance.

The application of NIR light-responsive nanomaterials in 
AKI holds significant therapeutic potential given the cur-
rent challenges associated with this condition. However, 
currently there is a paucity of studies focusing solely on 
nanomaterial therapy in AKI, let alone the utilization of 
combined NIR and nanomaterials for optical diagnosis in 
AKI. Such reports are scarce. This paper will then provide 
a concise introduction to optical bioimaging modalities, 
elucidating their underlying physical principles, relative 
advantages, and synergistic capabilities. Additionally, it will 
outline the current advancements and applications of NIR 
diagnosis and treatment for AKI, while addressing poten-
tial future challenges pertaining to NIR photoresponsive 
nanomaterials. These insights are expected to offer novel 
perspectives for the diagnosis and treatment of AKI.

Physical mechanisms of fluorescence imaging
Fluorescence is a prevalent luminescent phenomenon 
observed in nature, arising from the interaction between 
photons and molecules. It involves the emission of light 
at a different wavelength (emitted light) by a fluorescent 
molecule upon absorption of specific wavelength light 
(excitation light). This process primarily entails inter-
nal electron transfer, which can be illustrated using the 
Jablonslc molecular energy level diagram. According to 
the law of conservation of energy, during energy trans-
formation, its magnitude remains constant and energy 
cannot be created or destroyed. When a molecule in its 
ground state receives external energy (such as light, elec-
trical, or chemical stimuli), electrons surrounding the 
nucleus transition from the ground state energy level S0 
to higher-energy excited states (first or second excited 
state). However, an electron in an excited state is unsta-
ble and subsequently returns to its ground state through 
radiative and non-radiative decay processes. Radia-
tive decay occurs via photon emission to release energy 
(including fluorescence, phosphorescence and delayed 
fluorescence processes), while non-radiative decay does 
not involve photon emission but rather dissipates excess 

energy as heat or undergoes internal conversion into 
other forms [179, 180].

Application of NIR imaging in clinical settings
The visible spectrum spans from 350 to 700 nm, while the 
NIR window is further divided into NIR-I (700 nm-1000 
nm) and NIR-II (1000 nm-1700 nm), with the latter being 
subdivided into NIR-IIa (1000 nm-1400 nm) and NIR-IIb 
(1500 nm-1700 nm). Compared to visible light, NIR-I has 
deeper tissue penetration depth and relatively lower lev-
els of light scattering and absorption. Additionally, in vivo 
imaging using NIR exhibits higher signal-to-background 
(SBR) ratio. These properties collectively enable high sen-
sitivity and resolution imaging within the NIR-I window. 
Conventional fluorescence imaging primarily utilizes the 
visible and NIR-I windows [181–184].

Over the past 50 years, the U.S. Food and Drug Admin-
istration (FDA) has granted approval for clinical use 
to two primary NIR fluorophores. These include ICG, 
which emits at approximately 800 nm, and methylene 
blue (MB), which emits at around 700 nm. Both ICG and 
MB have been utilized in NIR fluorescence-based intra-
operative imaging to visualize anatomical structures such 
as blood vessels, lymphatic vessels, gastrointestinal tract, 
bile ducts, ureters, cardiac perfusion function imaging, 
and image-guided surgical resection of diseased tissue 
[185–189]. Moreover, NIR laser technology has been 
extensively employed in the medical field for the last 
three decades with well-established safety measures and 
methodologies. Henceforth, it holds great promise for 
clinical applications [190–192]. However, there is a scar-
city of reports on the application of NIR in AKI and par-
ticularly limited clinical usage.

NIR-II fluorescence imaging is a technique that utilizes 
the emission of fluorescence within this spectral range 
to visualize anatomical structures, biomolecules, and 
functional activities in biological tissues. In comparison 
to NIR-I imaging, NIR-II not only possesses similar 
properties as NIR-I but also demonstrates enhanced 
tissue penetration capabilities due to reduced scattering 
and autofluorescence. This inherent advantage facilitates 
high-resolution fluorescence imaging of deep tissues 
such as subcutaneous lymph nodes, neurons in deep 
brain regions, deep-seated tumors, and abdominal cavity 
intestines. The ability to image these deep tissues in vivo 
is of utmost importance since many diseases cannot 
be fluorescently imaged due to their depth [193, 194]. 
The development of NIR-II nanomaterials holds great 
potential for applications in pigs, monkeys, and humans 
[195–197]. Existing contrast agents for NIR-II imaging 
encompass CNTs [198, 199], quantum dots (QDs) [200, 
201], small molecules [202–204], fluorescent proteins 
[205, 206], rare earth NPs (RENPs) [207–209], and Au 



Page 24 of 43Yao et al. Journal of Nanobiotechnology          (2024) 22:676 

nanoclusters (AuNCs) [210, 211]. The field of NIR-II 
fluorescence imaging technology has made significant 
advancements in the past decade. Several novel NIR-II 
contrast agents have emerged, including molecularly 
engineered NIR-II dyes [212–214], genetically 
engineered NIR-II fluorophores [205, 215], NIR-II J 
aggregates [216, 217], and rare-earth downconversion 
NPs [207, 218]. These fluorophores exhibit bright NIR-II 
emission along with excellent biocompatibility and a 
wide range of functionalities. However, there is still 
limited reporting on the application of NIR-II contrast 
agents in AKI. Therefore, this paper aims to describe the 
recent advances in utilizing photoresponsive materials 
within the NIR spectrum for diagnosing and treating 
AKI (Table 3).

NIR diagnosis and treatment of AKI
NIR‑I diagnosis
Extensive research indicates that OS triggered by the 
overexpression of ROS is closely related to the various 
pathological changes of AKI. ONOO- is one of the more 
prominent ROS. Therefore, establishing an efficient, 
sensitive, and real-time analytical method to detect 
changes in ONOO- is crucial for the accurate diagnosis 
and treatment of AKI. Li et  al. developed a kidney-
targeted NIR fluorescence probe—KNP-1, which is 
activated only in the presence of ONOO- [219]. With the 
progression of AKI, ONOO- gradually increases. More 
importantly, it allows the observation of the upregulation 
of ONOO- at least 24 h earlier than the clinical popular 
methods of sCr and BUN, demonstrating its clinical 
significance in the early detection of AKI (Fig.  8a, b). 
Additionally, Jiang et al. designed a highly sensitive NIRF 
probe (NFP-ONOO) [220]. This probe also exhibits good 
imaging capabilities in the physiological environment of 

Fig. 8 a Early diagnosis of AKI by designing inherently kidney-targeted NIR fluorescent probes and detecting  ONOO− rise during AKI. b The probe’s 
mechanism for detecting  ONOO−.  Reproduced from ref [219] with permission. Copyright (2020) Springer. c The mechanism of  ONOO− production 
in ferroptosis-mediated AKI. Reproduced from ref [220] with permission. Copyright (2023) Springer. d The NRN probe attenuates fluorescence 
by responding to  ONOO−, while reduced glutathione reduces it to restore fluorescence. The probe enables diagnosis and treatment of DIAKI 
by simultaneously detecting two redox biomarkers in the kidney. Reproduced from ref [221] with permission. Copyright (2022) Springer

(See figure on next page.)

Table 3 A summary of NIR-I and NIR-II fluorescent probes for AKI in recently year

Probe Size Analyte Spectral Region λex λem Kidney‑targeting strategy Refs.

FDOCl-22 / HOCl NIR-I/PA 620 nm 680 nm / [222]

KNP-1 / ONOO − NIR-I 640 nm 679 nm Nile red derivative [219]

NFP-ONOO / ONOO − NIR-I 500 nm 654 nm / [220]

NRN / ONOO − /GSH NIR-I 683 nm 766 nm GFR decline [221]

Kim-TDF17 10.10 nm / NIR-I 745 nm 790 nm Kim-1/DNA structure [223]

NIR-CDs 1.8 ± 0.3 nm / NIR-I 420 nm 696 nm GFR decline [158]

1-DPA2 / caspase-3 NIR-I 790 nm 808 nm phosphatidylserine [224]

DDAV / Vanin-1 NIR-I 605 nm 660 nm / [225]

DSMN / SO32− NIR-I 580 nm 710 nm / [226]

NAC-AuNCs  ~ 2 nm ONOO − NIR-II 808 nm 1050 nm AuNC aggregation/GFR decline [227]

TPPTS-AuNPs 4.3 ± 1.0 nm GSH NIR-II 488 nm 1026 nm small size/Zeta potential [228]

MHA/Cystm-Au NCs 2.82 ± 0.04 nm 1064 nm laser NIR-II 1000 nm 1045 nm GFR decline [229]

GNP-KTP5-ICG 5.8 nm ROS NIR-II 805 nm 1105 nm KTP [230]

PEG3-HC-PB / H2O2 NIR-II/3D-MSOT 808 nm 950 nm renal clearance [231]

BOD-II-NAG 30 ± 10 nm NAG NIR-II 710 nm 1000 nm small size [232]

PLK3-LIP 187 nm / NIR-II 1080 nm / PLK3 [233]

CB[7]/CRGD-AuNPs 3.3 ± 0.5 nm / NIR-II 488 nm 1050 nm small size/Zeta potential [234]

Au24Cd1 clusters 1.9 nm ROS NIR-II 808 nm 1020 nm GFR decline [235]

BPQDs 3.5 nm ROS NIR-II 808 nm 1050 nm small size/Zeta potential [236]

rDONs@AuNR dimer 60 nm miR-21 NIR-II/PA 1060 nm / DNA structure [237]

CDIA 58.3 ± 1.9 nm •OH NIR-I/PA 650 nm 720 nm Low molecular weight chitosan [238]
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Fig. 8 (See legend on previous page.)
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ONOO-, and reveals the dynamic changes of ONOO- 
flux in an AKI model mediated by ferroptosis. NFP-
ONOO can serve as a reliable tool to aid in the diagnosis 
and treatment of AKI mediated by ferroptosis (Fig.  8c). 
Cheng et al. also reported a reversible NIRF probe based 
on ONOO-/GSH changes, which has a large Stokes shift 

(83 nm) and exhibits good selectivity and sensitivity with 
detection limits of 418 nM and 0.28 mM, respectively 
[221] (Fig. 8d).

Recent research indicates that numerous ROS-
activated probes have been developed for diagnosing 
related diseases. However, many of them rely only rely 

Fig. 9 a FDOCl-22 reacts with HOCl and provides early diagnosis of AKI by NIR and PA imaging. b Renal PA imaging maps of mice at different 
times after intravenous injection of FDOCl-22 in a cisplatin-induced AKI mouse model. (200 μL × 0.5 mM); the histogram is the PA intensity 
of kidneys at different time points (PA2: PA intensity at different time points; PA1: PA intensity at 0 min; n = 3 per group).  Reproduced from ref [222] 
with permission. Copyright (2020) Springer

Fig. 10 a Design and characterization of the engineering TDF nanodevice (Kim-TDF). The stepwise assembly of Kim-TDF was verified 
by polyacrylamide gel electrophoresis (PAGE). In vivo schematic diagrams of Kim-TDF in normal kidney and renal injury conditions.  Reproduced 
from ref [223] with permission. Copyright (2022) Springer. b An illustrative diagram detailing the process of synthesizing NIR-CDs with both NIRF 
and ultra-small dimensions. These NIR-CDs are subsequently employed in imaging studies to track the renal clearance pathway and assess kidney 
function effectively. Reproduced from ref [158] with permission. Copyright (2022) Springer

(See figure on next page.)
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on fluorescence imaging as the sole indicator. Therefore, 
it is imperative to incorporate various imaging modalities 
for comprehensive diagnostic purposes. As shown in 
Fig. 9a, Yi et al. developed a NIR probe with MB as the 
fluorophore [222]. Building on their preliminary work, 
they designed and synthesized the HOCl-activated probe 
FDOCl-22 through structural modification. FDOCl-
22 is completely soluble in water. Upon the addition 
of HOCl, it exhibits significant changes in its NIR 
emission and absorption spectra, demonstrating high 
selectivity and sensitivity. With the addition of different 
concentrations of HOCl, the fluorescence intensity of 
FDOCl-22 significantly increases in the 640–800 nm 
range. The absorption of FDOCl-22 in the 550–700 nm 
range also significantly increases, with the maximum 
absorption peak at 664 nm (an 80-fold increase) after 
adding 10 μM HOCl. Simultaneously, MB is a good agent 
for photoacoustic (PA) imaging (Fig. 9b). The advantages 
of PA imaging include increased penetration depth and 
spatial resolution within the body. In this study, FDOCl-
22 serves as a tool for detecting early AKI and assessing 
the extent of AKI damage by combining NIR fluorescence 
(NIRF) and PA imaging. The PA signal begins to be 
detected 10 min after the injection of FDOCl-22, and 
then gradually increases in 40 min. However, the PA 
signal in the kidneys of healthy mice does not change, 
even 40 min after the injection of FDOCl-22.

Recent studies have shown that dense DNA 
nanostructures possess inherent kidney-targeting 
capabilities, making them promising candidates for 
treating renal diseases such as AKI. As shown in 
Fig.  10a, Xia et  al. developed a nanodevice based on a 
tetrahedral DNA scaffold (Kim-TDF) for in  vivo NIR 
imaging and identification of the kidneys in AKI [223]. 
The nanodevice features three components: 1. A kidney-
targeting DNA framework 2. A KIM-1 module for AKI 
targeting 3. NIR fluorophores for NIR imaging. The 
design of this nanomaterial allows it to generate intense 
NIRF specifically in KIM-1-rich kidneys, enabling the 
early detection of AKI. Real-time kidney imaging is 
essential for monitoring the progress of kidney-related 
diseases and evaluating the renal toxicity of nano-probes. 
CDs, widely employed as nano-probes for image-guided 
disease diagnosis, are favored for their small size, tunable 

photoluminescent properties, and low biotoxicity. As 
shown in Fig. 10b, Tian et al. synthesized NIR-CDs using 
glutathione and urea as precursors through a one-pot 
pyrolysis method [158]. The prepared NIR-CDs exhibit 
NIR fluorescence (696 nm), ultra-small size (1.8 ± 0.3 
nm), low toxicity, and a high renal clearance rate of up to 
97.84%. In healthy kidneys, due to the high clearance rate 
of NIR-CDs, they can be quickly metabolized within the 
kidney. However, in the context of renal damage, as the 
extent of the injury increases, the residence time of NIR-
CDs in the body is prolonged. Therefore, NIR-CDs can 
be used to monitor impaired kidney function. Overall, 
in  vivo imaging studies support the feasibility of using 
NIR-CDs for real-time monitoring of kidney function.

Renally clearable and target-responsive NIR 
fluorescence imaging probes hold broad prospects 
for in  vivo diagnosis of AKI. However, designing a 
renal-clearable imaging probe that is simultaneously 
responsive to multiple molecular targets to enhance 
sensitivity and specificity for the early detection of AKI 
is challenging. As shown in Fig. 11a, Ye et al. developed a 
NIR fluorescent probe (1-DPA2) that combines receptor-
mediated binding with enzyme-triggered fluorescence 
activation, targeting phosphatidylserine (PS) and 
caspase-3 (CASP-3), two fundamental biomarkers of 
apoptosis [224]. 1-DPA2 can target externalized PS and 
active caspase-3, producing enhanced 808 nm NIRF and 
a high SBR, enabling the earliest detection of cisplatin-
induced AKI in mice.

Vanin-1 is a type of amidase with a specific function 
of hydrolyzing a carbamoyl bond in D-pantetheine. It 
plays a crucial role in various physiological and biological 
processes such as OS regulation and the accumulation of 
inflammation in various pathological states. It is widely 
expressed in different organs, especially in the kidney 
and intestine. Given Vanin-1’s significant functions and 
the increasing evidence, urinary Vanin-1 is considered 
a predictive biomarker for various kidney diseases. 
As shown in Fig.  11b, Ma et  al. developed an enzyme-
activated NIR fluorescent probe, DDAV, for the ultra-
sensitive and highly specific detection of Vanin-1 activity 
in various complex biological systems [225]. DDAV can 
diagnose kidney injury early by detecting urinary Vanin-1 

(See figure on next page.)
Fig. 11 a Schematic design of caspase-3 activatable NIR fluorescent probe. In the early stage of AKI, phosphatidylserine (PS) is flipped 
from the inner membrane to the outer membrane, and 1-DPA2 is retained in the renal tubule by binding to the flipped PS. At the same time, 
caspase-3 can cleave 1-DPA2 and then intense NIR fluorescence appears.  Reproduced from ref [224] with permission. Copyright (2021) Springer. b 
A depiction illustrating the process of DDAV mediated by Vanin-1, accompanied by the absorption and fluorescence spectra depicting the response 
of DDAV towards Vanin-1. Reproduced from ref [225] with permission. Copyright (2022) Springer. c In the drug-induced AKI mouse model, DSMN 
can diagnose AKI by detecting  SO2. Reproduced from ref [226] with permission. Copyright (2023) Springer
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activity and allows for real-time imaging of Vanin-1 both 
in vivo and in vitro.

Up to now, only a few NIR probes have been reported 
for detecting biomarkers related to AKI, such as ROS 
and some relevant enzymes. Although some fluorescent 
probes have been used to detect  SO2 in living systems, 
very few have associated  SO2 with AKI. As shown in 
Fig. 11c, Feng et al. developed a new NIR probe for AKI 

detection related to  SO2, DSMN [226]. DSMN exhibits 
high sensitivity and selectivity towards  SO2, providing 
rapid and significant fluorescence changes at 710 nm. 
Moreover, DSMN is primarily concentrated in the kid-
neys and can detect changes in  SO2 in the kidneys of AKI 
mice. The  SO2 marker is different from some of the previ-
ous markers, and this should be the first NIRF probe that 
is kidney-targeted and detects  SO2 levels.

Fig. 12 a The  ONOO−-activated AUCN is applied for efficient NIR-II fluorescence imaging of AKI.  Reproduced from ref [227] with permission. 
Copyright (2023) Springer. b TPPTS-AuNPs can be activated by GSH in the liver, while early imaging can be performed in metabolic acidosis-induced 
kidney injury. Reproduced from ref [228] with permission. Copyright (2023) Springer. c Schematic Diagram of the Dual-Ligands Stabilized Au 
NCs and NIR-II window fluorescence imaging in animal models of renal ischemia–reperfusion (RIR) and unilateral ureteral obstruction (UUO). 
Reproduced from ref [229] with permission. Copyright (2023) Springer. d Illustrations presenting the metabolic pathways of various dye-KTP 
conjugates in vivo and their application in noninvasive kidney monitoring within the NIR-II window. Reproduced from ref [230] with permission. 
Copyright (2021) Springer
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NIR‑II diagnosis
Currently, second NIR window (NIR-II, 1000–1700 nm) 
fluorescence imaging has demonstrated broad prospects 
in clinical translation, including biomedical basic 
research. In comparison to first NIR window (NIR-
I, 700–1000  nm), NIR-II imaging exhibits significant 
improvements in imaging sensitivity, penetration depth, 
and spatial resolution.

Ultra-small Au nanoclusters (AuNCs) possess unique 
particle sizes (< 3  nm), discrete energy levels, and 
intriguing photoluminescence properties. They find 
widespread applications in various in  vivo imaging 
scenarios, such as protein tracking, tumor imaging, 
and organ damage monitoring. As shown in Fig.  12a, 
Yang et  al. developed a ROS-responsive NIR-II 
phosphorescent imaging based on AuNCs [227]. They 
found that NaC-AUNC exhibits excellent response 
sensitivity and selectivity to  ONOO−. Based on the 
reduction in GFR in the damaged kidneys and the in-situ 
aggregation triggered by  ONOO−, they successfully 
conducted NIR-II imaging of AKI in mice. This approach 
proves superior to clinical blood analysis in diagnosing 
AKI. As shown in Fig.  12b, Liu et  al. also developed 
a straightforward in  vivo ligand exchange strategy to 
obtain kidney-clearable, activatable luminescent Au 
NPs (AuNPs) [228]. They coated the Au NPs with 
trisodium triphenylphosphine trisulfonate (TPPTS), 
which can undergo ligand exchange with GSH, and 
then get activated in the NIR-II (1026 nm). The TPPTS-
AuNPs, after in  vivo GSH exchange, demonstrated 
enhanced cellular interactions with acidic renal tubular 
epithelial cells. This shows tremendous potential for high 
sensitivity (CI, ~ 3.9) and long-term (> 6.5h) non-invasive 
monitoring of early kidney injury caused by acidosis. As 
shown in Fig. 12c, Xiao et al. synthesized a series of dual-
ligand stabilized AuNCs using mercaptohexanoic acid 
(MHA) or cysteamine (Cystm) as ligands [229]. These 
nanoclusters exhibit good renal clearance, along with 
NIR-II excitation and emission, high quantum yield (QY), 
as well as excellent photostability and biocompatibility. 
Under 1064 nm excitation, the Au NCs demonstrated 
deeper tissue penetration, higher imaging resolution, 
and better SBR compared to NIR-I excitation. These 
exceptional characteristics make the MHA/Cystm-Au 

NCs suitable for high-resolution fluorescence imaging to 
detect AKI caused by renal ischemia–reperfusion (RIR) 
and unilateral ureteral obstruction (UUO). Hydrophilic 
peptides can alter the biological metabolic pathways of 
organic molecules and ultrasmall NPs. Small particle 
organic molecules, which are rapidly cleared by the liver 
or kidneys, are often filtered out by the glomeruli. When 
bound to highly polar peptides, such as KTP5, they are 
reabsorbed by the tubules, leading to renal accumulation. 
As shown in Fig.  12d, Zhang et  al. designed a ROS-
responsive, activatable NIR-II probe based on a kidney-
targeting peptide [230]. The results showed that the 
probe has a good hepatic and renal clearance rate, and the 
probe coupled with peptides can accumulate and retain 
in the kidneys, allowing for long-term in vivo monitoring 
of the kidneys and ex vivo urine detection. However, the 
specific mechanisms underlying the metabolic pathway 
changes and renal retention induced by KTP5 remain 
unclear.

NIR-II fluorophores typically possess long linkages 
and hydrophobicity, making them challenging to be 
cleared by the kidneys, thus limiting their application in 
renal disease detection and imaging. To fully leverage 
the advantages of heptamethine cyanine dyes while 
overcoming their relatively poor photostability, efforts 
have been made to design an NIR-II probe for dual-
modal imaging detection and imaging of AKI. As 
shown in Fig. 13a, Wu et al. developed the Peg3-HC-PB 
probe, which features renal clearance, water solubility, 
biomarker-activatable, and good photostability [231]. 
For this probe, its fluorescence (900 − 1200 nm) is 
quenched due to the presence of electron-withdrawing 
groups, showing weak absorption with a peak at 830 
nm. Meanwhile, in the presence of overexpressed  H2O2 
in the renal region of AKI, the phenylboronic groups 
are converted to phenolic groups, thereby enhancing 
the NIR-II fluorescence emission (900 − 1200  nm) and 
absorption (600 − 900  nm), ultimately generating a 
significant photoacoustic signal and NIR-II fluorescence 
emission for imaging. The probe can detect contrast-
agent-induced and ischemia/reperfusion-induced mouse 
AKI using real-time three-dimensional multispectral 
optoacoustic tomography (3D-MSOT) and NIR-II 
fluorescence dual-modal imaging techniques in response 

(See figure on next page.)
Fig. 13 a In previous studies, Heptamethine Cyanine Dyes with hydrophilic groups located at one or both ends have been reported. Despite 
the introduction of these hydrophilic groups, these dyes maintain hepatic clearance. Chemical Structure and Features of the Probe PEG3-HC-PB 
and the Chromophore PEG3-HC-POH (the Activated Probe) Resulting from the Probe’s Response to the Biomarker H2O2, as well as the Probe’s 
Utilization in Detecting Contrast-Agent- and Ischemia/Reperfusion-Induced AKI by NIR-II Fluorescent and Optoacoustic Dual-Mode Imaging.  
Reproduced from ref [231] with permission. Copyright (2023) Springer. b Mechanism of NAG detection by BOD-I-NAG-NP and BOD-II-NAG-NP 
in vivo. Reproduced from ref [232] with permission. Copyright (2021) Springer
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to the biomarker  H2O2. Thus, this probe serves as a 
practical tool for AKI detection.

In recent years, N-acetyl-β-D-glucosaminidase (NAG) 
has gained attention as a specific and sensitive bio-
marker for the occurrence of kidney injury. Urinary 
NAG is secreted by lysosomes when the epithelial cells 
of the proximal renal tubules are damaged. Therefore, an 
increase in urinary NAG content is an important clinical 
indicator of kidney damage. However, urinary enzyme 
analysis still has many limitations in the diagnosis of 
AKI and CKD, such as low detection sensitivity, cumber-
some detection procedures, and significant background 
interference. As shown in Fig. 13b, Gu et al. developed a 
NAG-activatable fluorescent nanoprobe (BOD-II-NAG-
NP) that emits in the NIR-II window [232]. NAG, as a 
biomarker for renal diseases, can specifically activate 
BOD-II-NAG-NP to release NIR-II fluorescence sig-
nals, enabling in vivo imaging of renal dysfunction in live 
mice. Importantly, this active imaging mechanism allows 
BOD-II-NAG-NP to detect the onset of drug-induced 
AKI at least 32 h in advance non-invasively compared to 
most existing detection methods, suggesting that BOD-
II-NAG-NP could become an optical imaging agent for 
early diagnosis of AKI. Additionally, the NIR-II fluo-
rescence generated by BOD-II-NAG-NP can penetrate 
the thicker fat layers of diabetic nephropathy mice and 
provide high-resolution in  vivo imaging, indicating that 
BOD-II-NAG-NP has clinical potential in the precise 
diagnosis of kidney disease.

Phototherapy
Polo-like kinase (PLK) is a conserved serine/threonine 
kinase. Previous studies have reported that PLK can 
negatively regulate the expression of HIF-1α under 
hypoxic conditions, acting as a tumor suppressor. 
Therefore, it is considered that PLK may also be related to 
inflammation and hypoxia in ischemia–reperfusion and 
AKI. Liposomes can encapsulate a variety of therapeutic 
agents, such as drugs, proteins, oligonucleotides, and 
genetic material. To further enhance the controllability of 
the drug and reduce its side effects, a type of liposome 
containing NIR absorbers has been developed. This 
liposome can be triggered by NIR light, which then 
releases the internal drug, thereby improving the local 

therapeutic effect. As shown in Fig.  14a, Gu et  al. 
developed a lipid-based NP containing a PLK3 inhibitor 
that can be triggered by 1080 nm NIR light (PLK3-LIP) 
[233]. The results indicate that PLK3-LIP can inhibit 
renal inflammation.

Cucurbit[n]uril (CB[n]) is a type of supramolecular 
host molecule, featuring two hydrophilic carbonyl oxygen 
entrances and one hydrophobic cavity. This characteris-
tic makes CB[n] suitable for various applications such as 
molecular recognition, cellular imaging, drug delivery, 
and disease treatment. As shown in Fig. 14b, Wang et al. 
designed a NIR II NP using Au NPs as carriers, incor-
porating CB [7]/CRGD (peptide) [234]. Through surface 
chemical modification, they selectively targeted the liver 
and kidneys by adjusting the ratio of CB [7] to CRGD. 
Simultaneously, the NPs loaded with dexamethasone 
(DXM) increased the accumulation of DXM in the kid-
neys, thereby achieving a better therapeutic effect.

Combined NIR diagnosis and treatment
As shown in Fig.  15a, Zhang et  al. developed a 
monoatomic Cd-doped, monoatomic-engineered Au 
cluster [235]. Exhibiting exceptional brightness and long-
term photostability in the NIR-II, the monoatomic Cd 
enhancement in the Cd-Au bonds, formation energy, 
and stable cluster structure contribute to its sustained 
stability for up to one month without decay, along with 
excellent 1 h photostability (no photobleaching), Much 
longer than clinically approved for ICG (< 5min). In vivo 
imaging demonstrates that, even 72 h after injury, the Au 
clusters can monitor AKI and can be used for prolonged 
monitoring and assessment of AKI progression. 
Moreover, the Au clusters themselves exhibit biological 
activity, alleviating inflammation and OS associated with 
AKI.

NIR-II fluorescent nano-probes based on inorganic 
materials, including rare-earth-doped NPs, single-walled 
CNTs, cadmium sulfide quantum dots, Au nano-clusters 
and so on, have attracted increasing attention in the field 
of biomedical imaging. However, these materials often 
exhibit challenges in terms of degradation or lack thera-
peutic functionalities. BP represents a novel non-metal-
lic two-dimensional material that has gained attention 
for various biological applications due to its excellent 

Fig. 14 a Preparation of a novel liposome-mediated biomimetic delivery system with NIR-II triggered release and NIR light irradiation to kidney 
resulted in an excellent effect for reduced immune cell infiltration and renal inflammation. Mechanistically, inhibiting PLK3 suppressed 
the degradation of HIF-1α and ROS-induced OS. This protection shielded renal tubular epithelial cells from apoptosis and halted macrophage 
activation, thereby mitigating renal inflammation.  Reproduced from ref [233] with permission. Copyright (2022) Springer. b A schematic diagram 
depicting the use of CB[7]-mediated ultrasmall luminescent Au nanocarriers for targeted delivery to specific organs, along with the therapeutic 
application of DXM-02AuNPs in mice with cisplatin-induced AKI. Reproduced from ref [234] with permission. Copyright (2023) Springer

(See figure on next page.)
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biocompatibility and optical properties. These applica-
tions include PDT, drug delivery systems photoacous-
tic imaging and so on. As shown in Fig. 15b, Liao et al. 
were the first to develop a new class of biodegradable 
NIR-II fluorescent-emitting BP quantum dots (BPQD) 
[236]. The prepared BPQD exhibited strong emissions in 
the range of 900–1350 nm under 808 nm laser irradia-
tion. Additionally, BPQD can degrade under physiologi-
cal conditions, demonstrating excellent ROS scavenging 
capabilities. Upon contact with ROS, BPQD degrades 
into phosphates, thereby attenuating NIR-II fluorescence 

emission. The accumulation and metabolism of BPQD 
can be studied through real-time detection of NIR-II flu-
orescence signals.

DNA nanofold structures exhibit inherent renal target-
ing properties. As shown in Fig. 15c, He et al. have devel-
oped a novel microRNA (miRNA)-21-responsive DNA 
nanofold nanoantenna for the early diagnosis and treat-
ment of AKI [237]. This nanoantenna is composed of two 
miniature Au nanorods connected by a rectangular DNA 
nanofold structure, displaying significant absorption in 
the NIR window. In AKI mice, the nanoantenna interacts 

Fig. 15 a Structural schematic, TEM image, UV–Vis absorption spectrum, and XPS image of  Au24Cd1 clusters.  Reproduced from ref [235] 
with permission. Copyright (2023) Springer. b An illustrative representation of the NIR-II fluorescence emission of BPQDs upon excitation 
with an 808 nm laser. BPQDs undergo degradation into phosphate, phosphite, and other phosphorus oxide compounds triggered by water, 
oxygen, or ROS, resulting in decreased NIR-II fluorescence intensity. Reproduced from ref [236] with permission. Copyright (2021) Springer. c 
An illustrated depiction of a DNA origami plasmonic nanoantenna designed for the early detection and targeted treatment of AKI. Following 
intravenous administration, the rDONs@AuNR dimer exhibited preferential accumulation in the kidneys. Reproduced from ref [237] with permission. 
Copyright (2022) Springer. d Schematic diagram to indicate the design of a NIR fluorescent/photoacoustic probe, CDIA, for monitoring •OH in AKI 
and demonstration of the strategy for HTS of antioxidant natural products to attenuate AKI. Reproduced from ref [238] with permission. Copyright 
(2023) Springer
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with upregulated miR-21, suppressing photoacoustic sig-
nals. It can rapidly detect the occurrence of AKI within 
10 min after ischemia–reperfusion treatment in mice, 
significantly earlier than the times determined by most 
probes and routine blood tests. Simultaneously, the DNA 
nanofold structure demonstrates a remarkably high ROS 
clearance rate, mitigating local OS in AKI.
·OH play a crucial role in the occurrence and develop-

ment of AKI. As shown in Fig. 15d, Tian et al. designed 
a ·OH-activatable fluorescence/photoacoustic (CDIA) 
probe for imaging in a mouse AKI model [238]. The 
CDIA probe is designed with two components: 1) a sig-
nal part consisting of NIR hemicyanine dye and 2) a 
target-responsive substrate, iodine salicylic acid, which 
is recognized and cleaved by ·OH. The probe exhibits 
no fluorescence and photoacoustic signals under normal 
conditions but is activated to produce NIRF and PA sig-
nals once exposed to a ·OH environment. The positive 
detection time using this probe is 12  h, superior to the 
48-h detection time of typical clinical methods such as 
BUN and blood Crea detection. Additionally, when com-
bined with puerarin, the probe alleviates AKI by activat-
ing the Sirt1/Nrf2/Keap1 signaling pathway, providing 
insights and strategies for the diagnosis and treatment of 
clinical AKI.

Summary and outlook
The annual morbidity and mortality rate of AKI is alarm-
ingly high, primarily due to the current clinical challenge 
in early AKI diagnosis, resulting in delayed treatment 
initiation. Furthermore, the absence of specific drugs 
targeting AKI underscores the significance of explor-
ing novel materials for both its diagnosis and treatment. 
Phototherapy has been utilized for over a century, lead-
ing to the development of nearly 1,000 phototherapy 
agents; however, only a limited number have gained 
approval for clinical use. Consequently, non-invasive 
and highly targeted light-based diagnostics and therapies 
hold immense promise as an effective approach towards 
disease management. In recent years, nanotechnology 
advancements have significantly facilitated the applica-
tion of phototherapy in diagnosing and treating acute 
kidney injury. Despite encouraging progress observed 
in preclinical research on phototherapy nanomedicine, 
numerous challenges persist when translating these 
agents into clinical applications.

(1) The clinic should prioritize the assessment of nano-
materials’ toxicity, biodegradability, and in  vivo 
metabolism. Compared to small molecule drugs, 
nanomaterials exhibit prolonged retention within 
the body, which can result in systemic toxicity. Inor-

ganic materials, particularly those containing heavy 
metal ions such as zinc and copper, pose additional 
concerns. While some current studies have dem-
onstrated favorable biosafety of nanomaterials in 
the short term, uncertainties remain for patients 
requiring long-term treatment. Further exploration 
is needed regarding their potential chronic toxic-
ity, accumulation patterns, and associated immune 
responses. However, while enhancing the biodeg-
radability and clearance of nanomaterials may be 
achieved at the expense of stability and drug half-
life reduction leading to diminished cellular uptake; 
striking a balance between these factors becomes 
crucial during clinical translation.

(2) The water solubility of phototherapy drugs is gen-
erally limited. PEG encapsulation is a commonly 
employed technique for drug delivery. However, 
prolonged use of PEG can result in the accumula-
tion of anti-PEG antibodies in the human body. 
Phagocytes recognize and eliminate peg-modified 
carriers, leading to a significant reduction in their 
blood half-life. Therefore, there is an urgent need 
to develop a more biocompatible and water-soluble 
approach.

(3) Due to interference from the glomerular filtration 
threshold and the reticuloendothelial system’s (liver 
and spleen) capture of NPs, there are significant 
limitations on the shape and size of nanomaterial 
designs for interference. Although strategies have 
been proposed to evade immune surveillance and 
pass through the glomerular filtration membrane, 
such as size control within 150 nm, sheet-like 
nanomaterials (BPNS), and designs incorporating 
kidney-targeting peptides on the material’s outer 
layer to enhance targeting of the kidney and renal 
tubular epithelial cells, many nanomaterials are still 
captured by the liver. Even if they reach the kidneys, 
they may not precisely target renal tubular epithe-
lial cells. Therefore, researching nanomaterials that 
are more reliable and effective, increasing their 
specificity for the kidneys and renal tubular epithe-
lial cells, is of great significance.

(4) Currently, many NIR responsive nanomaterials 
exhibit unsatisfactory quantum yields and fluo-
rescence intensity. The majority of NIR-II fluores-
cent molecules exhibit low cytotoxicity; however, 
they suffer from limited water solubility and a low 
quantum dot yield. Conversely, quantum dots with 
high yields present certain drawbacks such as slug-
gish metabolism and inadequate tissue targeting. 
Another issue lies in the limited depth of laser pen-
etration. In clinical settings, patients typically pos-
sess thicker layers of adipose tissue compared to 
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mice, and the kidney is situated at a greater depth. 
These challenges further compromise fluorescence 
intensity and significantly constrain its potential 
biological applications. Therefore, it is imperative 
to develop nanomaterials exhibiting longer wave-
lengths in the NIR II or even III. In light of the 
aforementioned limitations, this paper proposes 
several potential solutions. Firstly, one approach 
could involve investigating novel elements, sub-
strates, components or incorporating photother-
mally stabilized plasma structures to enhance 
absorption in the NIR-II for nanomaterials. Sec-
ondly, employing nuclear/shell or highly branched 
structures and preparing organic/inorganic hybrids 
or doping with heterogeneous ions like lanthanide 
ions can also augment light absorption and improve 
PCE.

(5) NIR responsive nanomaterials can distinguish 
between healthy and diseased states. However, in 
practical clinical applications, patients often have 
complex conditions, such as concurrent liver, lung, 
and kidney injuries. In recent material designs, 
most are based on ROS response, greatly restricting 
their clinical translation. Faced with intricate dis-
ease scenarios, this approach may lead to the failure 
of kidney-specificity. Thus, it is essential to design 
NIR responsive nanomaterials with greater kidney 
specificity, especially targeting new points for AKI.

(6) On the diagnostic front, many NIR responsive 
nanomaterials solely rely on fluorescence imaging 
as a diagnostic indicator. Due to the delayed and 
complex nature of AKI diagnosis, it is necessary 
to design materials that can perform multi-modal 
imaging for joint diagnostics. The integration of 
NIR light-responsive materials with a diverse range 
of imaging modalities, including photoacoustic 
imaging, MRI, CT, and PET, can be achieved.

(7) Currently, in the NIR diagnosis and treatment of 
AKI, at this stage, the brightness of fluorescence is 
only used to determine the occurrence of AKI as 
well as to monitor it, which is a qualitative judg-
ment without a specific quantitative value. For 
example, when the fluorescence intensity exceeds 
20% of the baseline, it is considered as mild AKI and 
when it exceeds 50%, it is considered as moderate 
AKI. Therefore, we need to promote clinical tri-
als to obtain baseline data and reference values to 
obtain more accurate and quantitative NIR disease 
diagnosis. It will be more meaningful for the diag-
nosis and treatment of AKI in the clinic.

Overall, the current research is still in its early stages. 
Interdisciplinarity enhances the diagnosis and treatment 

of AKI, but it also poses challenges for researchers with 
diverse disciplinary backgrounds. This necessitates their 
familiarity with state-of-the-art knowledge across various 
fields and its integration. The advancement of interdisci-
plinary research often relies on collaborative efforts and 
cooperation among researchers from different disciplines 
and fields. Strengthening the collaboration and commu-
nication between nanomaterials and clinical medicine, 
conducting more comprehensive mechanistic research, 
and designing nanomaterials with enhanced clini-
cal translational effects may represent potential future 
research directions.
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