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Abstract: Acute kidney injury (AKI) has impacted a heavy burden on global healthcare system with
a high morbidity and mortality in both hospitalized and critically ill patients. However, there are still
some shortcomings in clinical approaches for the disease to date, appealing for an earlier recognition
and specific intervention to improve long-term outcomes. In the past decades, owing to the predictable
base-pairing rule and highly modifiable characteristics, nucleic acids have already become significant
biomaterials for nanostructure and nanodevice fabrication, which is known as nucleic acid nanotech-
nology. In particular, its excellent programmability and biocompatibility have further promoted its
intersection with medical challenges. Lately, there have been an influx of research connecting nucleic
acid nanotechnology with the clinical needs for renal diseases, especially AKI. In this review, we begin
with the diagnostics of AKI based on nucleic acid nanotechnology with a highlight on aptamer- and
probe-functionalized detection. Then, recently developed nanoscale nucleic acid therapeutics towards
AKI will be fully elucidated. Furthermore, the strengths and limitations will be summarized, envisioning
a wiser and wider application of nucleic acid nanotechnology in the future of AKI.

Keywords: nucleic acid nanotechnology; AKI; aptamer; framework nucleic acids; diagnosis; targeted
therapy; biomarkers

1. Introduction

Acute kidney injury (AKI) is a clinical syndrome characterized by an abrupted decline
in renal function due to miscellaneous factors, such as rapid volume depletion, acute
infection, nephrotoxic medicines and so on, leading to a retention of nitrogen wastes
and creatinine accompanied by electrolyte disturbances and acid-base imbalance [1,2].
Accordingly, AKI occurs in more than 50% of patients in intensive care unit (ICU) while
mortality reaches 10~20% even in non-ICU hospitalized patients suffering AKI, spawning
huge significance to its early identification and medical intervention [3,4]. However,
current clinical approaches are complicated with several drawbacks. For instance, serum
creatinine, the mostly used index to evaluate renal status, is easily affected by individual
differences, hindering its accuracy as a diagnostic method [5]. Other commonly utilized
detection methods may also require much time as well as skillful techniques [6]. As for
AKI therapies, mainly symptomatic treatment is provided without consistent standards
or specific medicines [7]. Hence, given the fast progression and life threatening feature of
AKI, it calls for more rapid and efficient diagnostic and therapeutic strategies [4].

Nucleic acids have no longer been limited to the definition of genetic information
carrier. Originated from Dr. Seeman’s idea in the 1980s, nucleic acids have turned out
to be unique but reliable bricks for biological nanomaterials realized by the predictable
Watson-Crick base pairing rule and infinite combinations and permutations [8,9]. In
the past decade, the concept of nucleic acid nanotechnology has further blossomed in
the field of biomedical science, including smart drug delivery systems and molecular
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recognition tools [10,11]. Its advantages in disease diagnosis can be attributed to the
precise recognition, tailored modifications and abundant amplification strategies while
nucleic acid nanotechnology-based therapeutics benefit from advantages of structural
programmability, spatial addressability and excellent biocompatibility [12,13]. Recently, an
increasing number of research focus on the applications of nucleic acid nanotechnology
in nephrological diseases as the inborn renal clearance endows kidneys with prominent
biodistribution of certain DNA nanostructures over other organs, setting foundation for
the kidney-targeting methods with nucleic acid nanotechnology [14]. Herein, nucleic acid
nanotechnology-based diagnostics and therapeutics in AKI are summarized and elaborated,
respectively, each with several subsections introducing different AKI diagnostic targets as
well as AKI nanomedicines based on nucleic acids (Figure 1).
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Figure 1. Schematic diagram of how nucleic acid nanotechnology plays a part in the diagnostic and
therapeutic strategies of acute kidney injury (AKI). In AKI diagnostics, aptamers, DNA nanostructures
as well as nucleic acid probes can be functionalized to detect AKI-related protein biomarkers, small
molecules and nucleic acids. Meanwhile, in AKI therapeutics, oxidative stress, ferroptosis, immune
responses and cellular apoptosis can be targeted with DNA tetrahedrons, DNA origamis and well-
directed short interference RNAs (siRNAs). Created with BioRender.com (26 February 2022).

2. Diagnostics of AKI Based on Nucleic Acid Nanotechnology

Despite the fact that nucleic acid nanotechnology has been extensively investigated in
cancer diagnosis, its research in AKI detection is still on the rise, among which aptamer may
emerge as a robust tool for the disease diagnosis [10]. Aptamer, also known as chemical antibody,
is a single stranded DNA or RNA (ssDNA/ssRNA) molecule which possesses high specificity
as well as affinity towards multifarious ligands, from macromolecules such as proteins, to
micro molecules such as peptides, amino acids, and metal ions [15–17]. These outstanding
characteristics form the prerequisite for novel biosensing platforms while integration with new
biomaterials magnifies the advantages of aptamers, boosting both sensitivity and specificity of in-
time disease diagnosis, especially for AKI which urges earlier judgment and intervention [18]. In
this section, we mainly introduce nucleic acid nanotechnology-based diagnostics targeting AKI-
related proteins, small molecules and nucleic acids, particularly on their detection performance
and how aptamers or nucleic acid probes are incorporated into various methodologies thus
facilitating AKI diagnosis. In addition, non-aptamer/probe aided diagnostic methods indirectly
implying AKI and modified DNA-mediated AKI proteomic discoveries are also discussed in
the following paragraphs (Table 1).

BioRender.com
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Table 1. A summary of extant nucleic acid nanotechnology-based diagnostics towards AKI-related biomarkers.

Diagnostic Targets Type of Receptor Type of Surface or Electrodes Methods Samples LOD Range of Detection Refs

Proteins

NGAL

NGAL antibody and
DNA aptamer / ELAA Buffer

and Human AKI urine 30.45 ng mL−1 125~4000 ng mL−1 [19]

FAM-labelled DNA aptamer PDANS Fluorescence detection and
DNase I-aided amplification

HK-2 cells
and Mice AKI urine 6.25 pg mL−1 12.5~400 pg mL−1 [20]

DNA aptamer GNP-modified biochip SWV Buffer 0.07 pg mL−1 0.1~10 pg mL−1 [21]

Redox reporter-modified
DNA aptamer Gold electrodes SWV Artificial

and Human urine 2 and 3.5 nM Covers 2~32 nM [22]

DNA aptamer AgNP IDE EIS Buffer
and Artificial urine 10 and 3 nM 3~30 and 3~300 nM [23]

RNA aptamer Microcantilever sensor Differential interferometry Buffer 96 ng mL−1 Covers
100~3000 ng mL−1 [24]

CysC

DNA-linked antibody pair AuNP-functionalized Fe3O4 and
G/mRub

ECL measurement and DNA
strand displacement-mediated

amplification

Buffer
and Human serum 0.38 fg mL−1 1.0 fg mL−1~10 ng mL−1 [25]

FAM-labelled DNA aptamer GO Fluorescence detection and
DNase I-aided amplification

Buffer
and Mice AKI urine 0.16 ng mL−1 0.625~20 ng mL−1 [26]

CysC antibody and
DNA aptamer / Competitive ELASA Buffer

and Human serum 216.077 pg mL−1 / [6]

CysC antibody and
DNA aptamer / Quantitative fluorescence LFA Buffer

and Human urine 0.023 µg mL−1 0.023~32 µg mL−1 [27]

RBP4 DNA aptamer Gold chip SPR Artificial serum 1.58 µg mL−1 / [28]

Albumin
Cy5-labelled DNA aptamer GO Fluorescence detection Human urine

and human serum 0.05 µg mL−1 0.1~14.0 µg mL−1 [29]

DNA aptamer Magnetic beads DPV aided with methylene
blue solution

Artificial
and Human urine

0.93~1.16 µg mL−1

(pH-related) 10~400 µg mL−1 [30]

Small molecules Urea
DNA aptamer AuNP Colorimetric detection Milk sample 20 mM 20~150 mM [31]

DNA aptamer CNTs/NH2-GO DPV Buffer
and Human urine 370 pM 1.0~30.0 nM and

100~2000 nM [32]

Nucleic acids
miR-21

DNA probes Magnetic beads ECL measurement and
HCR-mediated amplification

Buffer and
Human AKI urine 0.14 fM 1 fM~1 nM [33]

DNA probes /
ECL measurement
TMSD- and DNA

NCs-aided amplification

Buffer and
Cell lines 0.65 fM 1 fM~100 pM [34]

miR-16-5p DNA probes Capped gold nanoslit SPR Human AKI urine 17 fM Up to nanomolar [35]

Cys C, cystatin C; RBP4, retinol binding protein 4; LOD, limit of detection; ELAA, enzyme-linked aptamer analysis; FAM, 5-carboxyfluorescein; PDANS, polydopamine nanosphere;
HK-2, human kidney 2 cells; GNP, graphene nanoplatelets; SWV, square wave voltammetry; AgNP, silver nanoparticle; IDE, interdigitated electrode; EIS, electrochemical impedance
spectroscopy; AuNP, gold nanoparticle; G/mRub, monolayer rubrene functionalized graphene composite; ECL, electrochemiluminescence; GO, graphene oxide; ELASA, enzyme-
linked aptamer sorbent assay; LFA, lateral flow assay; SPR, surface plasmon resonance; Cy5, cyanine 5; DPV, differential pulse voltammetry; CNT, carbon nanotubes; NH2-GO,
amine-functionalized graphene oxide; HCR, hybridization chain reaction; TMSD, toehold-mediated strand displacement; DNA NCs, DNA nanoclews.
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2.1. AKI Diagnostics Targeting Proteins
2.1.1. NGAL

Neutrophil gelatinase-associated lipocalin (NGAL), also called lipocalin 2 (LCN2), is a
25-kDa protein which is used as a marker of acute kidney damage and mainly released by
renal tubular cells during an insult [36]. It is reported that urinary and serum NGAL protein
as well as its mRNA level elevated significantly in the early phase of various kinds of AKI,
much faster than serum creatinine [37–40]. It is also suggested that NGAL upregulation
may conduct renoprotective effects [41]. A sensitive and specific NGAL detection can bring
sufficient therapeutic window for patients suffering AKI.

Aptamers can be utilized to detect NGAL in AKI together with rival antibodies. In
2019, Hong et al. [19] revealed an aptamer via SELEX, named NA53, as the most optimal
chemical antibody against NGAL. Herein, SELEX refers to systematic evolution of ligands by
exponential enrichment, which is a standard method for selecting oligonucleotide sequences
of ssDNA/RNA that can specifically bind to a certain target ligand in vitro from a random
nucleotide library [42]. Hong et al. established an enzyme-linked aptamer analysis (ELAA)
method, in which NGAL antibodies were coated in a 96-well plate, together with a subsequently
added NGAL protein and biotin-modified NA53 aptamer forming a sandwich-like structure.
The NA53-based ELAA method proved its ability of accurately distinguishing AKI patients
from healthy people with a sensitivity of 100% and specificity of 90% in clinical urine samples
without unspecific interactions with globulins or albumins. The limit of detection (LOD) was
30.45 ng/mL, which was comparable to the current standard method for detecting NGAL.

A polydopamine nanosphere (PDANS) carrier combined with 5-carboxyfluorescein (FAM)
labelled NGAL-specific aptamer presented by Tian and Yu’s team showed another perspective
of nucleic acid nanotechnology-based protein detection [20] (Figure 2a). In this model, the
quenched fluorescence of FAM was recovered once the aptamer was dissociated from the surface
of PDANS by binding with NGAL [43]. Of note, with the help of DNase I, the dissociated aptamer
was digested to release NGAL for target recycling, thus effectively amplifying the FAM signal
and remarkably improving LOD to 6.25 pg/mL. The NGAL-reporting ability of this DNase
I-assisted nanoassembly was verified in both intracellular environment and urine sample of AKI
mice. Moreover, the detection process required about only 1 h. Together with its simplicity and
impressive sensitivity, this aptamer-based tool is promising in the early diagnosis of AKI.

Aptamer-functionalized electrochemical sensors have been increasingly developed in
recent years, attributed to the characteristics that aptamers can be chemically modified in
various ways to fit with advanced materials. Matassan et al. [21] introduced an amine-modified
NGAL aptamer to a graphene nanoplatelet-functionalized biochip surface via covalent bonding,
achieving a sub-picomolar LOD of 0.07 pg/mL. In 2020, Parolo et al. [22] developed a novel
electrochemical aptamer-based (EAB) sensor which could carry out real-time and continuous
monitoring of urine NGAL (Figure 2b). Concretely, the researchers truncated the parent sequence
of the NGAL aptamer, which destabilized the DNA and rendered it the ability of binding-
induced structure folding [44]. The aptamer was further modified with a redox-reporter and
employed to sensor platform, where its binding with NGAL could lead to conformational
changes and cause the redox species to tether nearer to the platform, hence a faster electro
transfer within the platform detected. The whole process was autonomic and required no
exogenous washing agents. Aptamers played a pivotal role in EAB sensors as their high
specificity conferred the platform to a stable monitoring in a complex sample stream, such
as human urine in this context. LOD of this method was 2 nmol/L in artificial urine and
3.5 nmol/L in authentic urine. More recently, another research team designed an inkjet-printed
electrochemical aptasensor device based on principle of impedance, in which the NGAL-specific
aptamer was composed of a thiol-modified end endowing its immobilization. Through binding
with the target, the impedance of device will change, resulting in signal changes that are
correlated with NGAL concentrations. They combined this design with their proposal of ‘Plug,
Print & Play technology’, which referred to handy equipment and easy impedance measurement
via the audio input of a smartphone, realizing low-cost, simplicity and the concept of point-
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of-care [23]. The LOD of this device was 3 nmol/L in artificial urine. Their idea of using
smartphone as the terminal data reader could bring convenience to clinicians in real life.
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Copyright © 2022, Elsevier.

BioRender.com
BioRender.com
BioRender.com


Int. J. Mol. Sci. 2022, 23, 3093 6 of 21

Apart from ssDNA aptamers mentioned above, RNA aptamers have also been used to
recognize AKI biomarker according to Nilsen-Hamilton’s research [24]. They screened out
an RNA aptamer that specifically bound murine Ngal (mLcn2) via the iron-siderophore
binding pocket of the target protein. They then incorporated the RNA into a differential
interferometry-based microcantilever sensor which could determine the mechanical defor-
mation induced by aptamer-ligand binding. This in-line monitoring system revealed an
LOD of 4 nmol/L for mLcn2.

2.1.2. Cystatin C

Cystatin C (cysC) is a 13-kDa protein which is used as an indicator of kidney
function [45]. This is due to the physiological nature that cysC filters through the
glomerulus freely followed by entire reabsorption and catabolization without extra
secretion in renal tubules [46]. CysC is less dependent of sex, age, weight and height,
which can be a substitute for serum creatinine to reflect renal impairment [47,48]. Dur-
ing the early phase of AKI, serum cysC can increase sharply, implicating its potential
in AKI in-time diagnosis [49,50].

In 2019, Ding and colleagues managed to detect cysC with ultrahigh sensitivity
by developing a 3D DNA machine induced by immunorecognition [25] (Figure 2c).
Firstly, they synthesized a three-stranded nanocomplex composed of a longer substrate
DNA (ST) and two shorter modified strands called ferrocene-labeled blocker/assistant
strand (Fc-BS/Fc-AS) on the surface of gold-functionalized Fe3O4. Next, they de-
signed a pair of capturers targeting cysC, namely walker DNA-labeled antibody
1 and 2 (Ab1/2-WD). Once the DNA-linked antibody pair specifically recognized the
AKI biomarker, they formed a sandwich-like conjugate and replaced the Fc-BS strands
in the ST/Fc-BS/Fc-AS complex via DNA strand displacement, which was a commonly
used technique in DNA nanotechnology. As a result, the originally hidden toeholds
were exposed, permitting fuel strands (FS) to bind with and subsequently displacing
both Fc-AS strands and the sandwich-like conjugate, which was a potential energy
supply for the cysC-antibody complex to further walk along the 3D DNA machine
automatically. The entire process could undergo several cycles and eventually release
a large amount of Fc-AS and Fc-BS strands, followed by Fe3O4-mediated magnetic sep-
aration and eventual detection. Accordingly, the enzyme-free biosensor could detect a
linear range of cysC from 1.0 fg/mL to 10 ng/mL and an LOD of 0.38 fg/mL.

There are also a few aptamer-mediated alternative ways to detect cysC, which resemble
the methods mentioned in 2.1.1. Wang et al. [26] developed a robust biosensor facilitated
with fluorophore-labelled aptamer and DNase I-mediated amplification strategy, yet they
chose graphene oxide as the carrier and protector of the conjugated aptamers and cysC
as the target protein, realizing an LOD of 0.16 ng/mL. Kooshki et al. [6] screened out a
highly specific aptamer K17 via SELEX and managed to detect human serum cysC with a
competitive enzyme-linked aptamer sorbent assay, which could perform better in complex
context such as plasma. The LOD was 216.077 pg/mL. Natarajan et al. [27] designed a
quantitative fluorescence kit for cysC based on an aptamer-antibody pair-based lateral
flow assay (LFA), in which the target protein formed a sandwich-like structure together
with 5’-dye-modified aptamer and cysC-specific capturing antibodies. The LOD of this
aptamer-based kit was 0.023 µg/mL, which was comparable to commercially available
cysC kit.

2.1.3. RBP4

Retinol binding protein 4 (RBP4) is a 21-kDa protein molecule commonly filtered
through kidney glomerulus and reabsorbed by tubules where kidney injury may impair
the uptake of this protein, striking an increase in its urine excretion [51]. Recently, urinary
RBP4 has been emerging as a functional biomarker for reflection of proximal renal tubules
and early detection of AKI under several circumstances, including ischemic, septic, and
post-transplantation AKI, etc. [52]. Lee et al. [28] developed a surface plasmon resonance
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biosensor targeting RBP4 specifically via SELEX-screened selection of ssDNA aptamers and
demonstrated a better detection performance with dose-dependent responses and higher
sensitivity over ELISA kits. Their research was mainly focused on RBP4 in type 2 diabetes
and verified in artificial serum samples. However, RBP4 was reported with several different
isoforms in serum and urine context [52]. Therefore, more work should be carried out in
detecting and validating the role of RBP4 in AKI urine sample. Nevertheless, Lee’s research
shed a light on improving the recognition of this protein, probably paving a new way for
AKI diagnosis.

2.1.4. Albumin

Albumin, one of the most mentioned serum proteins in laboratory examina-
tion, has long been used to evaluate one’s progression in chronic kidney disease
(CKD) [53]. Recent studies have shown that urinary albumin can be a potential
biomarker in recognizing early AKI of several subtypes, comparable to the performance
of NGAL [53–55]. However, the mainstream methods for urinary albumin detection
is dipstick, which is only semi-quantitative, and immunoturbidimetric, which may
underestimate the level of albumin [56]. With regard to this challenge, a research group
utilized an 87-nucleotide aptamer based on fluorescence quenching and graphene
oxide, realizing a simple, precise and highly cost-effective detection of albumin in
both clinical serum and urine samples [29]. Their aptasensor obtained an LOD of
0.05 µg/mL and could detect albumin ranging from 0.1 to 14 µg/mL. More recently,
Cheeveewattanagul et al. [30] obtained a wider scope of urinary albumin detection
(up to 400 µg/mL) through another method, covering the target from normoalbumin-
uria to macroalbuminuria. Concretely, aptamer-functionalized magnetic nanoparticles
were applied to capture albumin specifically, followed by magnetic separation and
re-dispersal, allowing the preconcentration as well as full exposure of the bound com-
plexes to a methylene blue redox solution. As methylene blue fell in concentration
by adsorbing to albumin, a second magnetic manipulation helped separate remaining
redox solution from bound particles, and a decreased reduction current in the solution
could be sensed via differential pulse voltammetry, which was in proportion to an
elevated albumin level in clinical urine samples. In addition, the team took urinary pH
into consideration and generated consistent results at pH values from 4.55 to 8.0 with
calibrated mathematic formulation, which covered the urine acidity at real clinics that
always varied among individuals. Furthermore, it was also claimed that all reagents in
this research were amenable to mass-production scale, boosting its cost-effectiveness.

2.2. AKI Diagnostics Targeting Small Molecules

Urea, more commonly referred to as blood urea nitrogen (BUN) at clinics repre-
senting the nitrogen content in urea, is a small molecule metabolized from proteins
and filtered through kidneys. It can facilitate physicians to judge one’s renal function
parallel to serum creatinine. Although doubted on its non-specificity similar to creati-
nine, fractional excretion of urea standardized to creatinine may still help differentiate
transient from persistent AKI [57]. Extant methods of urea detection are mainly derived
from urease enzyme, which may be limited by accuracy and reproducibility [58,59]. In
2015, Kumar et al. [31] designed non-enzymatic urea detection methods with LOD of
20 mmol/L starting from isolating urea-specific aptamers via FluMag-SELEX, which
was a modified form of SELEX characterized by fluorescence-aided DNA monitoring
and magnetic separation technology [60] (Figure 2d). They then designed two ap-
tasensors on the basis of the selected aptamer U38 as well as the aggregation property
of unmodified gold nanoparticles (AuNPs) in salt-containing samples. In the first
nanosensor, once urea-U38 binding triggered dissociation of aptamers from AuNPs
due to high specificity and affinity, the originally scattered AuNPs separated by U38
aggregated and mediated a colorimetric change from red to purple. Meanwhile, in
another aptasensor, fluorescence-labelled aptamers attached to AuNPs emitted low
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signal due to Fluorescence Resonance Energy Transfer, yet the fluorescence restored
once urea was spiked in the sample and separated U38 from the gold nanocarriers.
In 2018, Mansouri and Azadbakht fabricated an electrochemical aptasensor platform
with an LOD of 370 pmol/L based on ssDNA specific recognition of urea and signal
amplification realized by carbon nanotubes/amine-functionalized graphene oxide.
More concretely, in the presence of urea, the DNA probe formed a complex with its
target and subsequently hindered the electron transfer, hence a weaker electrochemical
signal recorded [32].

2.3. AKI Diagnostics Targeting Nucleic Acids

Nucleotide-based probe is also a simple but robust tool in the field of nucleic acid nan-
otechnology other than aptamers. Watson-Crick base pairing rule enables these short probes
to detect complementary sequences natively. Herein, micro ribonucleic acid (miRNA), a
single-stranded small non-coding RNA molecule which can regulate various gene expres-
sions and physiological events, is mainly introduced as the biomarker for AKI [61,62].

It is well acknowledged that miR-21 plays a significant role in the pathogenesis of
AKI [63]. Urinary level of miR-21 succeeds in distinguishing AKI patients with non-AKI
ones, thus regarded as a novel biomarker in the disease [64]. Chen’s group managed to
detect miR-21 in AKI urine samples via an innovative nucleic acid-based amplification
method [33] (Figure 3a). Concretely, biotin-modified capture probes H1 (CPH1) which
could bind miR-21 specifically were lodged on streptavidin-modified magnetic beads.
In the presence of miR-21, the target could open the hairpin structure of CPH1, resulting
in an exposure of the sticky end which could further hybridize with another DNA
strand H2. As the extended part of H2 was designed with a specific sequence identical
to CPH1, it in turn hybridized with probe H1, leading to a repeated process of H1-
and H2-mediated double-stranded nucleotide elongation, which was also called a
hybridization chain reaction (HCR). With luminescent indicators embedded in dsDNA
grooves in the meantime, the whole amplification procedure with intensified signals
could be detected. Of note, the magnetic beads mentioned here not only facilitated
enrichment of the reporter complexes out of excessive interferences, but also provided
sufficient space for immobilized probes to avoid steric hinderance, thus improving the
efficiency of the device. Together with the robust isothermal HCR strategy, this nucleic
acid device realized an optimal detection limit of 0.14 fmol/L with simple testing steps
completed within 3 h. Similarly, another group developed a biosensor based on a series
of toehold-mediated strand displacement and DNA nanoclew-facilitated luminophore
loading, in which the toehold referred to a short section of 5~8 nucleotides capable of
initiating strand displacement [34] (Figure 3b). The detection procedure started with
the hybridization of miR-21 and the exposed toehold 1 of the substrate strand, leading
to the liberation of probe 1 and a further exposure of toehold 2. Assistant strands
were then added to hybridize with toehold 2, thus triggering the displacement of both
probe 2 and miR-21, releasing the target molecule into another cycle of reaction. As
a result, the presence of miR-21 was successfully converted into a large amount of
probe 2. These ssDNAs carried on the detection process by opening the stem-locked
region of a hairpin structure sensor and consequently capturing DNA nanoassemblies
which were loaded with sufficient signal tags benefiting from the condensed clew-like
DNA structure. In brief, their biosensor design was mostly composed of nucleic acid
nanomaterials, and realized an LOD of 0.65 fmol/L.
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Figure 3. Mechanisms involved in the detection of AKI-related microRNAs (miRNA) with nucleic
acid nanotechnology. (a) With the help of hybridization chain reaction, binding between miR-21
and capture strands leads to the exposure of a sticky end and a subsequent hybridization with other
strands, eventually realizing double-stranded nucleotide elongation and an intensified loading of
luminescent reporters. Adapted with permission from [33]. Copyright © 2022, Elsevier; (b) Schematic
drawing of how toehold-mediated strand displacement facilitates the transformation and amplifica-
tion of signals originating from the hybridization between miR-21 and substrate strands. Adapted
with permission from [34]. Copyright © 2022, Elsevier.

Mousavi et al. [35] designed a two-step detection method with two specific oligonu-
cleotide probes based on the sequence of miR-16-5p, which was a novel and non-invasive
urinary biomarker indicating AKI when its concentration increased. Probe I was a 23-nt
sequence complementary to the 12–22 region of miR-16-5p and decorated with a C6SH
group at 5’-end to be immobilized on Fe3O4 magnetic nanoparticles (MNPs). During Step
One, Probe I could hybridize with miR-16-5p specifically while MNPs isolation helped to
reduce the interference of other urinary components. On the other hand, probe II, which
was a 23-nt nucleotide complementary to the 1–11 base region of miR-16-5p, was exploited
in Step Two to hybridize with the complex isolated from Step One. Concretely, probe II
was modified with a C3SH group at 3’-end to attach to the gold sensor surface. As a result,
miR-16-5p could be indirectly but specifically captured by a pair of probes rather than a
single one, and further detected by the sensory platform with minimum bias and high
sensitivity. Further validation in clinical urine samples and success in distinguishing AKI
samples from CKD ones demonstrated the efficiency of these label-free nucleic acid probes
with a calculated LOD of 17 fmol/L.

To date, a series of miRNAs have been proven to change significantly either in serum or
urine of patients facing early AKI. For instance, urinary miR-494/miR-30c-5p/miR-200c in-
crease significantly during the early phase of AKI while urinary miR-4640 is downregulated,
all of which are based on investigations from clinical studies [64–66]. However, urinary
miRNAs are usually low in concentration, and PCR, the conventional detection method,
involves several limitations such as sophisticated sample preprocessing procedure and
false-negative issues due to enzymatic problems [67]. Furthermore, some extant research
have already explored the inspiring applications of novel nucleic acid nanotechnology such
as framework nucleic acids in miRNA detection, but within other disease backgrounds
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such as pancreatic carcinoma and lung cancer, or limited to theoretical designs only, with
very few similar attempts and proof in the field of AKI diagnostics [68–72]. Therefore, as the
miRNA targets in those cancer or theoretical research had overlap with miRNA spectrum in
AKI, combining more AKI-related miRNAs with either highly programmable probe-based
sensors or state-of-the-art DNA nanoassemblies investigated in these literatures may pave
a new way for earlier AKI recognition. In addition, some researchers have proposed the
concept of miRNA ‘panel’ tests in AKI diagnosis, which may outperform a single miRNA
and improve the detection accuracy [73]. Therefore, with the rapid development of nan-
otechnologies such as DNA molecular computation, a comprehensive nucleic acid-based
biosensor integrating the detection of several AKI-related miRNAs at the same time can
be prospected [74].

2.4. AKI Diagnostics via DNA Nanostructures

In addition to aptamers and probes that directly detect targets, DNA nanostructures,
which referred to nanoscale structures made of DNA, also contribute to AKI diagnosis
in an indirect way. DNA nanostructures can serve as scaffold for more complex and
versatile functional structures, including DNA tiles and origami, and play an innovative
role in biomedical applications [75]. Cai and co-workers realized to detect radiolabeled
DNA tetrahedron nanostructure (DTN) in vivo, which was annealed from four rationally
designed single strands, via dynamic positron emission tomography (PET) imaging [76].
Quick distribution in urinary tracts and efficient renal clearance of DTN could be seen in
healthy mice, allowing one to evaluate renal function by using the kidney time-activity
curve analyzed from PET. By further exploring DTN profiles in murine unilateral ureteral
obstruction (UUO) model, the team found a distinct uptake and kinetic pattern of DTN
between healthy and UUO kidneys: the perfusion from serum to renal cortex remained
almost the same while the obstructed side showed a significant decrease in DTN movement
from renal cortex to pelvis compared with normal kidneys. In other words, the disparity in
excretion could implicate a stimuli-stressed kidney. This non-invasive detection method
may not only provide dynamic monitoring for an underlying acute kidney injury, but also
offer visual presentation as well as quantification of two split kidney function.

2.5. Nucleic Acid-Based Proteomic Investigation for AKI

Scouting for novel protein biomarkers for various disease spectrum has long been
a pursuit in medical diagnostics. With the rapid development of nucleic acid technol-
ogy, aptamers are gradually facilitating the discovery of biomarkers. SOMAScan and
CELL-SELEX are two of the most explored methods so far. SOMAScan, named after its
utilization of slow off-rate modified aptamers (SOMAmers) which contain unique motif
and bind targets in their native conformation, is an unbiased proteomic profiling platform
that outperforms traditional methods and can be applied in complex biological samples
consisting of thousands of proteins [77,78].

Yu et al. [79] interrogated the proteomic patterns via SOMAScan in the serum samples
of dialysis-dependent AKI (AKI-D) patients who survived or died in a certain period of
days. They screened out 33 proteins elevated in the serum of AKI-D patients who died in the
first 8 days compared with those who survived over 8 days, among which fibroblast growth
factor-23 (FGF23), tissue plasminogen activator (tPA), and soluble urokinase plasminogen
activator receptor were strongly associated with a higher mortality. In addition, during the
8th~28th day of AKI-D events, high plasma level of FGF23, tPA, and interleukin-6 were
related to an increased mortality. This SOMAScan-based AKI research not only revealed
several potential biomarkers that could discriminate AKI-D patients with danger, but also
guided a way towards further understanding of the pathogenesis involved in AKI-D.

Regardless of the strengths of the novel high throughput method for biomarker
exploration, more validation in clinical trials is still needed in order to avoid false dis-
coveries and facilitate its medical transformation. Liu et al. [80] laid emphasis in their
TRIBE-AKI cohort-based research on evaluating the consistency between SOMAScan re-
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sults and the traditional immunoassay results, and further verifying the findings with
liquid chromatography-mass spectrometry measurements, similar to the previous insights
provided by Parikh’s group [81]. What’s more, CELL-SELEX and SOMAScan are more
commonly used in other renal diseases, such as end-stage kidney disease, CKD, and dia-
betic nephropathy etc. [82–87]. Though kidney-related, backgrounds of these diseases are
still different with those of AKI. As in AKI, complex samples such as blood and urine are
more commonly and easily accessible than specific diseased cell lines derived from biopsy.
Thus, SOMAScan, together with sufficient verification, may play a more pivotal role in the
field of AKI and further helps to develop unprecedented biomarkers in the near future.

3. Therapeutic Approaches of AKI Based on Nucleic Acid Nanotechnology

Pathophysiology of AKI is rather complex, including extensive tubular oxidative stress,
excessive release of inflammatory cytokines, activation of complement system, ferroptosis,
necroptosis, cell cycle arrest and so on [88–91]. Albeit the springing up of various preclinical
research of AKI therapeutics, they are still impeded by several factors, such as the poor tar-
geting ability and the subsequent low efficiency, causing off-target effects in other organs and
adverse drug reaction due to a higher administration dose to meet the expected efficacy [92,93].
Furthermore, the immunogenicity and biostability have also been a concern. Benefiting from
the excellent biocompatibility and a preferential renal clearance, nucleic acid nanotechnology
has been increasingly interrogated in the field of AKI treatment. This section will introduce
nucleic acid-based therapeutics targeting various underlying reasons in AKI pathogenesis in
details, with a highlight on different nanovehicles realizing renal localization, including DNA
nanostructures and several DNA-based synthesized biomaterials.

3.1. Therapeutics Targeting Oxidative Stress

Rhabdomyolysis (RM), which is usually due to severe burns or traumatic injuries
and characterized by damage of skeletal muscle and outflow of cell contents, can induce
AKI (RM-AKI) [94]. The leakage of uric acid and iron-containing hemoprotein myoglobin
can be pathogenic, resulting in oxidative stress and inflammasome activation in renal
tubules, including the formation of reactive oxygen species (ROS) [90,95]. Lin’s team
demonstrated an antioxidative role of DTNs (average size ≈ 11.7 nm) in RM-AKI [96]
(Figure 4a). Researchers disclosed the ROS scavenging effect of DTN itself, which was
consistent with previous studies showing DNA neutralization of oxidative substances [97].
What’s more, DTNs could transcriptionally upregulate nuclear factor E2 related factor
2/heme oxygenase-1 (NRF2/HO-1) axis, which was protective against oxidative stress,
thus exerting further antioxidant effects [98]. On the other hand, DTNs also alleviated
cell apoptosis through rescuing mitochondrial dysfunction and regulating mRNA level of
apoptosis-related proteins B-cell lymphoma 2 (BCL2)/BCL-2-associated X protein (BAX).

In 2018, Jiang et al. [14] explored the antioxidative potential of DNA origami nanos-
tructures (DONs) towards RM-AKI in vivo through PET imaging (Figure 4b). Accordingly,
DONs have risen as a successful implementation of DNA self-assembly, which are com-
posed of an M13 phage-derived long ssDNA (scaffold), orchestrated by many short ssDNAs
(staples), forming prescribed structures or patterns and realizing multiple functions, in-
cluding addressable positioning of nanoparticles and targeted drug delivery [99–101]. In
Jiang’s article, differently shaped DONs displayed preferential accumulation in kidney
parenchyma over liver sequestration and were followed by whole-body clearance within
24 h, among which the rectangular DONs (Rec-DONs) seemed to accumulate the most
(although not statistically significant). Rec-DONs (60 × 90 nm) could also pile up in renal
tubules of experimental RM-AKI mice, yet with a longer excretion time, laying foundation
for the retention-based treatment efficacy. A therapeutic dose (10 µg mouse−1) of Rec-DONs
could obviously ameliorate AKI with a robust ROS-scavenging effect, displaying a similar
effect to high-dose N-acetylcysteine, a clinically used antioxidant. With a proved biostabil-
ity, non-toxicity and low immunogenicity, Rec-DONs might play a more significant role not
only as an active drug but also as a useful carrier in AKI therapies upon further modifica-
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tions and optimization. Of note, their work also hinted that biodistribution and biodynam-
ics of nanostructures could be partially determined by their well-designed shapes and sizes,
given the clue that more condensed origami structures, such as Rec-DONs, displayed a
much better renal-over-liver accumulation than ssDNAs or partially folded scaffold strand,
providing innovative perspectives for future design of DNA-based nanotherapeutics.

Ischemia-reperfusion (I/R) is one of the most common causes of AKI, in which the
mismatch between oxygen supply and waste metabolism mediates renal mitochondrial
dysfunction, leading to ROS production and a subsequent series of deleterious responses
including inflammation and apoptosis [88,102]. In 2021, Chen et al. [103] also employed Rec-
DONs to mitigate I/R AKI (Figure 4c). Based on their long retention time in kidneys (>12 h) as
well as the timeline of pathophysiological progression in AKI, the team delicately introduced
aptamers that could specifically block complement component 5a (C5a) to Rec-DONs, in
which the ROS-sensitive DNA nanostructure itself contributed to antioxidative effects during
the first 8 h while the lodged anti-C5a aptamers competitively bound C5a, thus suppressing
further inflammatory responses 8 h after I/R AKI. Their nanodevice not only targeted double
factors, but also realized a sequential and continuous treatment for AKI.

Keeping the above in view, these research disclosed a promising antioxidative effect
of DNA nanostructures as well as its derivative devices.
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3.2. Therapeutics Targeting Ferroptosis

Ferroptosis is a recently identified mode of regulated cell death dependent on ac-
cumulated reactive iron and lipid peroxidation [104,105]. It has also been reported to
play a significant role in cisplatin-induced AKI (cis-AKI) and folic acid-induced AKI
other than the commonly involved types of cellular death [106,107]. Wu’s group revealed
DTNs (≈18.79 nm) possessed therapeutic potential against ferroptosis in cis-AKI, where it
could rescue renal proximal tubular epithelial (HK-2) cells treated with ferroptosis-inducer
in vitro through reducing lipid ROS as well as reversing the downregulation of glutathione
peroxidase 4 (GPX4) in both transcription and translation level [108] (Figure 5a). Similar
restoration of GPX4 expression was also observed in cisplatin-treated HK-2 cells, further
accompanied by apoptosis inhibition via reducing the cleavage of poly (ADP-ribose) poly-
merase. Their work was the first who revealed the anti-ferroptosis effect of DTNs in AKI,
paving a way for more nanotherapeutics targeting this pathway. Notice that, transcrip-
tion of GPX4 could be increased with NRF2 accordingly, and the study in Section 3.1 [96]
happened to demonstrate an elevated mRNA level of NRF2 after DTN intervention in
renal cells [96,109]. Whether the restoration of GPX4 expression in this research was due to
DTN-mediated upregulation of NRF2 needs to be further investigated.

3.3. Therapeutics Targeting Immune Responses

Recently, Liu and Zheng’s team constructed a cytokine-based nanoraft targeting im-
mune responses in I/R AKI [110] (Figure 5b). They programmed 42 capture strands
rationally on the surface of Rec-DONs, followed by hybridization with DNA-modified
interleukin-33 (IL-33), a renoprotective cytokine, thus realizing a precise and quantitative
nanoassembly capable of releasing cytokine cargoes sustainably [111]. The team then
validated their Rec-DON-functionalized nanomachine could accumulate in kidney for
up to 48 h. Compared with free IL-33 therapy, their nanorafts managed to reach a better
therapeutic effect in I/R AKI mice models with a lesser dosage and a lower administration
frequency, in which the long-term kidney-localized release of IL-33 successfully expanded
type 2 innate lymphoid cells and regulatory T cells, ameliorating the injured kidney. Of
note, their invention could also accumulate in liver promptly after intravenous injection of
nanorafts. Although no obvious hepatic side effects found in this study, further improve-
ment was still expected to realize a more precise renal targeted delivery probably through
some peptide modifications. Nevertheless, their precise design efficiently avoided the main
limitations of conventional cytokine immunotherapy where free IL-33 had a rather short
half-life and non-specificity to kidney-resident immune cells [112].

3.4. Therapeutics Targeting p53-Related Cellular Apoptosis

p53, a pivotal tumor-suppressor protein, has been extensively reported for regulating
cellular apoptosis [113]. It is demonstrated in AKI that proximal tubular p53 can be pathogenic
by inducing several vital genes related to cell death regulation [114]. On the other hand, short
interference RNA (siRNA) is double-stranded RNA molecule composed of 21~25 nucleotides
which can induce degradation of target RNAs in a sequence-specific manner, thus frequently
functionalized in muting p53 gene as a nanoscale nucleic acid tool [115]. Experiments have
shown a beneficial effect of p53-targeted siRNAs towards ischemia and cisplatin-induced AKI,
presenting a dose and time-dependent attenuation of apoptotic signaling [116]. However,
the application of these p53-aiming siRNAs is still complicated with poor pharmacokinetics,
susceptibility to nuclease degradation and off-target effects due to non-specific delivery, calling
for more possible vehicle nanoplatforms and appropriate modifications aiming at more well-
directed efficacy and fewer side effects in AKI treatment [92].

Recently, Tang and colleagues electrostatically loaded p53 siRNA upon their previously ex-
plored chemical nanocarrier, polymeric C-X-C chemokine receptor 4 (CXCR4) antagonist (PCX),
which was a linear polymer composed of phenylene-cyclam derivative and hexamethylene-
bis-acrylamide and was about 127 nm in size [117,118]. Notice that, PCX not only blocked
inflammation-related membranous CXCR4 from receiving upstream signals and transducing
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pathogenic responses, but also mediated endocytosis of the PCX/siRNA polyplexes upon
membranous CXCR4-binding in injured tubular cells. With dual-functionality and durable
renal retention in AKI, the nanoparticles favorably accumulated in injured kidney tubules and
robustly ameliorated apoptotic events with a reduced p53 siRNA dose of 0.6 mg/kg compared
to naked ones. Alidori et al. [119] exploited ammonium-functionalized carbon nanotubes
(fCNTs) (≈300 nm) in the dual-delivery of siRNAs aiming at p53 and meprin-1β, another key
factor involved in AKI procedure, to proximal tubular cells specifically [120] (Figure 5c). This
nanocomplex was proved in murine cis-AKI models to prophylactically attenuate AKI with a
cumulative siRNA dose of 0.4 mg/kg; meanwhile, its pharmacodynamic profile was evaluated
in primates for the first time, which was consistent with the results in mice and might facilitate
its clinical transformation.

DNA nanostructure can also be employed as a cytosolic delivery tool for the anti-apoptotic
oligonucleotides since the cargo siRNAs can easily satisfy the principle of base-pairing with
the carrier. Thai et al. [121] prepared L-sTD, a mirror DNA tetrahedron with 10 bp on each
side and sugar backbone modifications, demonstrated with a kidney-preferred distribution
in vivo (Figure 5d). Meanwhile, the small size (≈6 nm) of L-sTD allowed itself to filter through
glomerular base membrane freely and undergo megalin-mediated endocytosis by renal tubular
cells. The team then applied siRNA targeting p53 (siP53) to L-sTDs forming siP53@L-sTD via
hybridization of two designed linker DNA strands and eventually proved its anti-apoptotic
therapeutic effects for AKI in vivo through downregulating p53 transcriptionally. Further
experiments elucidated siP53@L-sTD outperformed naked siP53 mainly due to its successful
escape from endosome entrapment, which was mediated by interaction between L-sTds and
lipids at lowered pH within endosomes, resulting in membrane destabilization. This research
managed to solve the main challenges of siRNAs by lowering the dosage (from 5 mg/kg to
0.25 mg/kg per injection) with a higher cellular uptake efficiency and minimizing off-target
effects with kidney-specific delivery.
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Figure 5. (a) Graphic display of the protective role DTNs play in cisplatin-induced AKI via inhibition
of both ferroptosis and apoptosis. Adapted with permission from [108]. Copyright © 2022, American
Chemical Society; (b) Sketch map of DON-based nanorafts rationally assembled with interleukin-33
and how the designed nanomachines function in immune-targeted AKI therapy. Adapted with
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permission from [110]. Copyright © 2022, American Chemical Society; (c) Schematic illustration of
the conformation and noncovalent bonding between a fibrillar carbon nanotube and therapeutic
short interference RNAs (siRNAs), realizing kidney-targeted delivery and AKI alleviation. Created
with BioRender.com (19 January 2022); (d) Diagram of the incorporation of mirror DTNs and p53
siRNAs, in which DTNs contribute to renal distribution and tubular cell uptake while siRNAs are
responsive for downregulating p53-related cellular apoptosis. Adapted with permission from [121]
and created with Biorender.com (21 January 2022). Copyright © 2022, American Chemical Society.

4. Conclusions and Outlook

Herein, nucleic acid nanotechnology harnessed for diagnostics and therapeutics in
AKI is mainly discussed, in which the specific binding ability, diverse range of targets and
easy incorporation into various biochemical platforms contribute to novel methods for AKI
early recognition while the flexible designability, clear addressability, low immunogenicity,
and potential renal retention play a pivotal role in disease intervention. The objective of
this review is to summarize the existing discoveries so that more attention can be paid
to this prospective field, considering the relatively small amount of concerned research
to date.

Of note, our review lays much emphasis on the functionalization of aptamers, a
novel but robust kind of ‘chemical antibodies’ based on nucleic acids. Through rationally
designed SELEX technology, certain aptamers can be screened out with high binding
affinity and optimal specificity towards a variety of targets, such as proteins, peptides,
metal ions, and even cells and viruses, which possesses advantages over conventional
antibodies used at clinics. In addition, nucleic acids confer themselves to a series of more
accessible and easy amplification strategies based on DNA hybridization or DNases, which
can significantly lower the LOD, making the diagnostics faster and even earlier when
detecting biomarkers of early AKI.

In spite of the robust performance mentioned above, nucleic acid nanotechnology-
based diagnostic and therapeutic methods are still preclinical and may be complicated
with multiple obstacles to eventual clinical transformation: (1) As the field combining
AKI and nucleic acid nanotechnology is rather new, many of the experiments and models
have been based on chemical buffer or artificial urine/serum, which warrants much more
validation in authentic clinical AKI samples where these theoretical methods can really
help; (2) The whole synthetic process of DNA nanostructures might be expensive due to
highly demanding purification steps and non-ideal yield, which is a common challenge
for many nucleic acid-based approaches. According to Jiang et al.’s research, a single
dose of their Rec-DON-mediated AKI therapy required 80 dollars for the DNA materials
only, so they proposed to improve their DNA assembly strategies in order to reduce the
costs, such as DNA nanoassembly construction via Escherichia coli expression or mass
production through bacteriophages [14]; (3) Although DNA biomaterials have been widely
proved with decent biodegradability and compatibility in vivo, their biosafety should
be once again considered when attached to inorganic platforms or modified with extra
functional group. If possible, the fate of these foreign aids should be investigated other
than only testing the viability on cellular level. On the other hand, strategies can also be
expanded in terms of the renal disease: (1) As AKI is quite complex, when designing a
therapeutic nanomachine, targeting double or even triple underlying pathogenic factors
may present a much better efficacy than those with simple functionality; (2) As DNA-
based smart drug delivery systems have been widely explored, nanodrugs encapsulated
in DNA self-assemblies can be applied, which has barely been attempted in AKI to date.
(3) In addition, when detecting AKI biomarkers by aptamers, more novel proteins can be
selected as targets, such as kidney injury molecule-1 (KIM-1) which outperforms NGAL
and cysC mainly adopted in this article in AKI early diagnosis. Moreover, as KIM-1 is
a transmembrane protein rather specific to renal tubular cells, it may also help localize
therapeutic nanoparticles to kidneys for more precise treatment; (4) Meanwhile, as the
global standards emphasize the significance of stratifying different AKI stages so as to

BioRender.com
Biorender.com


Int. J. Mol. Sci. 2022, 23, 3093 16 of 21

provide more suitable and appropriate therapies, whether the novel diagnostics mentioned
above can help grade patients warrants further exploration. In fact, in Xu et al.’s research,
they managed to detect urinary miR-21 in AKI patients with their nucleic acid probe-
functionalized ECL biosensor and realized to prove urinary miRNA-21 gradually increased
along with the progression of AKI from stage 1 to 3 [33]; (5) Last but not least, the extant
traditional AKI diagnostics should still be paid much attention to as they are the basis of
multifarious official instructions, such as the authentic Kidney Disease: Improving Global
Outcomes guidelines.

Nevertheless, limitations allow further modifications. We believe upon future opti-
mization, challenges can be overcome, and inspiring findings can be prospected in the
convergence of nucleic acid nanotechnology and AKI, or even other renal disease spectrum.

Author Contributions: Conceptualization, D.H. and S.M.; writing—original draft preparation, Y.Y.
and Q.T.; writing—review and editing, D.H. and S.M. All authors have read and agreed to the
published version of the manuscript.

Funding: The APC was funded by National Key Research and Development Program of China
(2021YFA0909400), Ministry of Science and Technology of China (No. 2017YFE0110500), National
Natural Science Foundation of China (No. 81970574 and No. 82170685 and No. 21974087), Innovative
Research Team of High-Level Local Universities in Shanghai, Shanghai Municipal Health Commission
(No. ZXYXZ-201904), and Shanghai Jiaotong University School of Medicine (No. 18ZXY001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bellomo, R.; Kellum, J.A.; Ronco, C. Acute Kidney Injury. Lancet 2012, 380, 756–766. [CrossRef]
2. Lameire, N.H.; Bagga, A.; Cruz, D.; De Maeseneer, J.; Endre, Z.; Kellum, J.A.; Liu, K.D.; Mehta, R.L.; Pannu, N.; Van Biesen, W.; et al.

Acute Kidney Injury: An Increasing Global Concern. Lancet 2013, 382, 170–179. [CrossRef]
3. Hoste, E.A.J.; Bagshaw, S.M.; Bellomo, R.; Cely, C.M.; Colman, R.; Cruz, D.N.; Edipidis, K.; Forni, L.G.; Gomersall, C.D.;

Govil, D.; et al. Epidemiology of Acute Kidney Injury in Critically Ill Patients: The Multinational AKI-EPI Study. Intensive
Care Med. 2015, 41, 1411–1423. [CrossRef] [PubMed]

4. Hoste, E.A.J.; Kellum, J.A.; Selby, N.M.; Zarbock, A.; Palevsky, P.M.; Bagshaw, S.M.; Goldstein, S.L.; Cerdá, J.; Chawla, L.S. Global
Epidemiology and Outcomes of Acute Kidney Injury. Nat. Rev. Nephrol. 2018, 14, 607–625. [CrossRef]

5. Baxmann, A.C.; Ahmed, M.S.; Marques, N.C.; Menon, V.B.; Pereira, A.B.; Kirsztajn, G.M.; Heilberg, I.P. Influence of Muscle Mass
and Physical Activity on Serum and Urinary Creatinine and Serum Cystatin C. Clin. J. Am. Soc. Nephrol. CJASN 2008, 3, 348–354.
[CrossRef]

6. Kooshki, H.; Abbaszadeh, R.; Heidari, R.; Akbariqomi, M.; Mazloumi, M.; Shafei, S.; Absalan, M.; Tavoosidana, G. Developing a
DNA Aptamer-Based Approach for Biosensing Cystatin-c in Serum: An Alternative to Antibody-Based Methods. Anal. Biochem.
2019, 584, 113386. [CrossRef]

7. Hertzberg, D.; Rydén, L.; Pickering, J.W.; Sartipy, U.; Holzmann, M.J. Acute Kidney Injury-an Overview of Diagnostic Methods
and Clinical Management. Clin. Kidney J. 2017, 10, 323–331. [CrossRef]

8. Seeman, N.C. Nucleic Acid Junctions and Lattices. J. Theor. Biol. 1982, 99, 237–247. [CrossRef]
9. Seeman, N.C. DNA in a Material World. Nature 2003, 421, 427–431. [CrossRef]
10. Chen, T.; Ren, L.; Liu, X.; Zhou, M.; Li, L.; Xu, J.; Zhu, X. DNA Nanotechnology for Cancer Diagnosis and Therapy. Int. J. Mol. Sci.

2018, 19, 1671. [CrossRef]
11. Hu, Q.; Li, H.; Wang, L.; Gu, H.; Fan, C. DNA Nanotechnology-Enabled Drug Delivery Systems. Chem. Rev. 2019, 119, 6459–6506.

[CrossRef] [PubMed]
12. Keller, A.; Linko, V. Challenges and Perspectives of DNA Nanostructures in Biomedicine. Angew. Chem. Int. Ed. 2020, 59,

15818–15833. [CrossRef]
13. Jiang, S.; Ge, Z.; Mou, S.; Yan, H.; Fan, C. Designer DNA Nanostructures for Therapeutics. Chem 2021, 7, 1156–1179. [CrossRef]
14. Jiang, D.; Ge, Z.; Im, H.-J.; England, C.G.; Ni, D.; Hou, J.; Zhang, L.; Kutyreff, C.J.; Yan, Y.; Liu, Y.; et al. DNA Origami

Nanostructures Can Exhibit Preferential Renal Uptake and Alleviate Acute Kidney Injury. Nat. Biomed. Eng. 2018, 2, 865–877.
[CrossRef] [PubMed]

15. Cho, E.J.; Lee, J.-W.; Ellington, A.D. Applications of Aptamers as Sensors. Annu. Rev. Anal. Chem. 2009, 2, 241–264. [CrossRef]

http://doi.org/10.1016/S0140-6736(11)61454-2
http://doi.org/10.1016/S0140-6736(13)60647-9
http://doi.org/10.1007/s00134-015-3934-7
http://www.ncbi.nlm.nih.gov/pubmed/26162677
http://doi.org/10.1038/s41581-018-0052-0
http://doi.org/10.2215/CJN.02870707
http://doi.org/10.1016/j.ab.2019.113386
http://doi.org/10.1093/ckj/sfx003
http://doi.org/10.1016/0022-5193(82)90002-9
http://doi.org/10.1038/nature01406
http://doi.org/10.3390/ijms19061671
http://doi.org/10.1021/acs.chemrev.7b00663
http://www.ncbi.nlm.nih.gov/pubmed/29465222
http://doi.org/10.1002/anie.201916390
http://doi.org/10.1016/j.chempr.2020.10.025
http://doi.org/10.1038/s41551-018-0317-8
http://www.ncbi.nlm.nih.gov/pubmed/30505626
http://doi.org/10.1146/annurev.anchem.1.031207.112851


Int. J. Mol. Sci. 2022, 23, 3093 17 of 21

16. Trinh, K.H.; Kadam, U.S.; Song, J.; Cho, Y.; Kang, C.H.; Lee, K.O.; Lim, C.O.; Chung, W.S.; Hong, J.C. Novel DNA Aptameric
Sensors to Detect the Toxic Insecticide Fenitrothion. Int. J. Mol. Sci. 2021, 22, 846. [CrossRef]

17. Trinh, K.H.; Kadam, U.S.; Rampogu, S.; Cho, Y.; Yang, K.-A.; Kang, C.H.; Lee, K.-W.; Lee, K.O.; Chung, W.S.; Hong, J.C.
Development of Novel Fluorescence-Based and Label-Free Noncanonical G4-Quadruplex-like DNA Biosensor for Facile, Specific,
and Ultrasensitive Detection of Fipronil. J. Hazard. Mater. 2022, 427, 127939. [CrossRef]

18. Meng, H.-M.; Liu, H.; Kuai, H.; Peng, R.; Mo, L.; Zhang, X.-B. Aptamer-Integrated DNA Nanostructures for Biosensing,
Bioimaging and Cancer Therapy. Chem. Soc. Rev. 2016, 45, 2583–2602. [CrossRef]

19. Hong, X.; Yan, H.; Xie, F.; Wang, K.; Wang, Q.; Huang, H.; Yang, K.; Huang, S.; Zhao, T.; Wang, J.; et al. Development of a Novel
SsDNA Aptamer Targeting Neutrophil Gelatinase-Associated Lipocalin and Its Application in Clinical Trials. J. Transl. Med. 2019,
17, 204. [CrossRef]

20. Hu, Y.; Yu, X.; Zhang, Y.; Zhang, R.; Bai, X.; Lu, M.; Li, J.; Gu, L.; Liu, J.-H.; Yu, B.-Y.; et al. Rapid and Sensitive Detection of
NGAL for the Prediction of Acute Kidney Injury via a Polydopamine Nanosphere/Aptamer Nanocomplex Coupled with DNase
I-Assisted Recycling Amplification. Analyst 2020, 145, 3620–3625. [CrossRef]

21. Matassan, N.D.; Rizwan, M.; Mohd-Naim, N.F.; Tlili, C.; Ahmed, M.U. Graphene Nanoplatelets-Based Aptamer Biochip for the
Detection of Lipocalin-2. IEEE Sens. J. 2019, 19, 9592–9599. [CrossRef]

22. Parolo, C.; Idili, A.; Ortega, G.; Csordas, A.; Hsu, A.; Arroyo-Currás, N.; Yang, Q.; Ferguson, B.S.; Wang, J.; Plaxco, K.W. Real-Time
Monitoring of a Protein Biomarker. ACS Sens. 2020, 5, 1877–1881. [CrossRef] [PubMed]

23. Rosati, G.; Urban, M.; Zhao, L.; Yang, Q.; de Carvalho Castro e Silva, C.; Bonaldo, S.; Parolo, C.; Nguyen, E.P.; Ortega, G.;
Fornasiero, P.; et al. A Plug, Print & Play Inkjet Printing and Impedance-Based Biosensing Technology Operating through a
Smartphone for Clinical Diagnostics. Biosens. Bioelectron. 2022, 196, 113737. [CrossRef] [PubMed]

24. Zhai, L.; Wang, T.; Kang, K.; Zhao, Y.; Shrotriya, P.; Nilsen-Hamilton, M. An RNA Aptamer-Based Microcantilever Sensor To
Detect the Inflammatory Marker, Mouse Lipocalin-2. Anal. Chem. 2012, 84, 8763–8770. [CrossRef] [PubMed]

25. Zhao, M.; Bai, L.; Cheng, W.; Duan, X.; Wu, H.; Ding, S. Monolayer Rubrene Functionalized Graphene-Based Eletrochemilumines-
cence Biosensor for Serum Cystatin C Detection with Immunorecognition-Induced 3D DNA Machine. Biosens. Bioelectron. 2019,
127, 126–134. [CrossRef]

26. Wang, B.; Yu, X.; Yin, G.; Wang, J.; Jin, Y.; Wang, T. Developing a Novel and Simple Biosensor for Cystatin C as a Fascinating
Marker of Glomerular Filtration Rate with DNase I-Aided Recycling Amplification Strategy. J. Pharm. Biomed. Anal. 2021,
203, 114230. [CrossRef]

27. Natarajan, S.; DeRosa, M.C.; Shah, M.I.; Jayaraj, J. Development and Evaluation of a Quantitative Fluorescent Lateral Flow
Immunoassay for Cystatin-C, a Renal Dysfunction Biomarker. Sensors 2021, 21, 3178. [CrossRef]

28. Lee, S.J.; Youn, B.-S.; Park, J.W.; Niazi, J.H.; Kim, Y.S.; Gu, M.B. SsDNA Aptamer-Based Surface Plasmon Resonance Biosensor for
the Detection of Retinol Binding Protein 4 for the Early Diagnosis of Type 2 Diabetes. Anal. Chem. 2008, 80, 2867–2873. [CrossRef]

29. Chawjiraphan, W.; Apiwat, C.; Segkhoonthod, K.; Treerattrakoon, K.; Pinpradup, P.; Sathirapongsasuti, N.; Pongprayoon,
P.; Luksirikul, P.; Isarankura-Na-Ayudhya, P.; Japrung, D. Sensitive Detection of Albuminuria by Graphene Oxide-Mediated
Fluorescence Quenching Aptasensor. Spectrochim. Acta. A Mol. Biomol. Spectrosc. 2020, 231, 118128. [CrossRef]

30. Cheeveewattanagul, N.; Guajardo Yévenes, C.F.; Bamrungsap, S.; Japrung, D.; Chalermwatanachai, T.; Siriwan, C.; Warachit, O.;
Somasundrum, M.; Surareungchai, W.; Rijiravanich, P. Aptamer-Functionalised Magnetic Particles for Highly Selective Detection
of Urinary Albumin in Clinical Samples of Diabetic Nephropathy and Other Kidney Tract Disease. Anal. Chim. Acta 2021,
1154, 338302. [CrossRef]

31. Kumar, P.; Ramulu Lambadi, P.; Kumar Navani, N. Non-Enzymatic Detection of Urea Using Unmodified Gold Nanoparticles
Based Aptasensor. Biosens. Bioelectron. 2015, 72, 340–347. [CrossRef] [PubMed]

32. Mansouri, R.; Azadbakht, A. Aptamer-Based Approach as Potential Tools for Construction the Electrochemical Aptasensor.
J. Inorg. Organomet. Polym. Mater. 2019, 29, 517–527. [CrossRef]

33. Xu, Y.; Zhang, Y.; Sui, X.; Zhang, A.; Liu, X.; Lin, Z.; Chen, J. Highly Sensitive Homogeneous Electrochemiluminescence Biosensor
for MicroRNA-21 Based on Cascaded Signal Amplification of Target-Induced Hybridization Chain Reaction and Magnetic
Assisted Enrichment. Sens. Actuators B Chem. 2021, 344, 130226. [CrossRef]

34. Zhang, Y.; Xu, G.; Lian, G.; Luo, F.; Xie, Q.; Lin, Z.; Chen, G. Electrochemiluminescence Biosensor for MiRNA-21 Based on Toehold-
Mediated Strand Displacement Amplification with Ru(Phen)32+ Loaded DNA Nanoclews as Signal Tags. Biosens. Bioelectron.
2020, 147, 111789. [CrossRef]

35. Mousavi, M.Z.; Chen, H.-Y.; Lee, K.-L.; Lin, H.; Chen, H.-H.; Lin, Y.-F.; Wong, C.-S.; Li, H.F.; Wei, P.-K.; Cheng, J.-Y. Urinary Micro-
RNA Biomarker Detection Using Capped Gold Nanoslit SPR in a Microfluidic Chip. Analyst 2015, 140, 4097–4104. [CrossRef]
[PubMed]

36. Mishra, J.; Ma, Q.; Prada, A.; Mitsnefes, M.; Zahedi, K.; Yang, J.; Barasch, J.; Devarajan, P. Identification of Neutrophil Gelatinase-
Associated Lipocalin as a Novel Early Urinary Biomarker for Ischemic Renal Injury. J. Am. Soc. Nephrol. 2003, 14, 2534.
[CrossRef]

37. Haase, M.; Bellomo, R.; Devarajan, P.; Schlattmann, P.; Haase-Fielitz, A. Accuracy of Neutrophil Gelatinase-Associated Lipocalin
(NGAL) in Diagnosis and Prognosis in Acute Kidney Injury: A Systematic Review and Meta-Analysis. Am. J. Kidney Dis. 2009, 54,
1012–1024. [CrossRef]

http://doi.org/10.3390/ijms221910846
http://doi.org/10.1016/j.jhazmat.2021.127939
http://doi.org/10.1039/C5CS00645G
http://doi.org/10.1186/s12967-019-1955-7
http://doi.org/10.1039/D0AN00474J
http://doi.org/10.1109/JSEN.2019.2927139
http://doi.org/10.1021/acssensors.0c01085
http://www.ncbi.nlm.nih.gov/pubmed/32619092
http://doi.org/10.1016/j.bios.2021.113737
http://www.ncbi.nlm.nih.gov/pubmed/34740116
http://doi.org/10.1021/ac3020643
http://www.ncbi.nlm.nih.gov/pubmed/22946879
http://doi.org/10.1016/j.bios.2018.12.009
http://doi.org/10.1016/j.jpba.2021.114230
http://doi.org/10.3390/s21093178
http://doi.org/10.1021/ac800050a
http://doi.org/10.1016/j.saa.2020.118128
http://doi.org/10.1016/j.aca.2021.338302
http://doi.org/10.1016/j.bios.2015.05.029
http://www.ncbi.nlm.nih.gov/pubmed/26002019
http://doi.org/10.1007/s10904-018-1024-3
http://doi.org/10.1016/j.snb.2021.130226
http://doi.org/10.1016/j.bios.2019.111789
http://doi.org/10.1039/C5AN00145E
http://www.ncbi.nlm.nih.gov/pubmed/25891475
http://doi.org/10.1097/01.ASN.0000088027.54400.C6
http://doi.org/10.1053/j.ajkd.2009.07.020


Int. J. Mol. Sci. 2022, 23, 3093 18 of 21

38. Cruz, D.; de Cal, M.; Garzotto, F.; Perazella, M.; Lentini, P.; Corradi, V.; Piccinni, P.; Ronco, C. Plasma Neutrophil Gelatinase-
Associated Lipocalin Is an Early Biomarker for Acute Kidney Injury in an Adult ICU Population. Intensive Care Med. 2010, 36,
444–451. [CrossRef]

39. Koyner, J.; Vaidya, V.; Bennett, M.; Ma, Q.; Worcester, E.; Akhter, S.; Raman, J.; Jeevanandam, V.; O’Connor, M.; Devarajan, P.; et al.
Urinary Biomarkers in the Clinical Prognosis and Early Detection of Acute Kidney Injury. Clin. J. Am. Soc. Nephrol. 2010, 5,
2154–2165. [CrossRef]

40. Wang, L.; Ni, Z.; He, B.; Gu, L.; Liu, J.; Dai, H.; Qian, J. Urinary IL-18 and NGAL as Early Predictive Biomarkers in Contrast-
Induced Nephropathy after Coronary Angiography. NEPHRON Clin. Pract. 2008, 108, C176–C181. [CrossRef]

41. Mori, K.; Lee, H.T.; Rapoport, D.; Drexler, I.R.; Foster, K.; Yang, J.; Schmidt-Ott, K.M.; Chen, X.; Li, J.Y.; Weiss, S.; et al. Endocytic
Delivery of Lipocalin-Siderophore-Iron Complex Rescues the Kidney from Ischemia-Reperfusion Injury. J. Clin. Investig. 2005,
115, 610–621. [CrossRef] [PubMed]

42. Stoltenburg, R.; Reinemann, C.; Strehlitz, B. SELEX—A (r)Evolutionary Method to Generate High-Affinity Nucleic Acid Ligands.
Biomol. Eng. 2007, 24, 381–403. [CrossRef] [PubMed]

43. Qiang, W.; Wang, X.; Li, W.; Chen, X.; Li, H.; Xu, D. A Fluorescent Biosensing Platform Based on the Polydopamine Nanospheres
Intergrating with Exonuclease III-Assisted Target Recycling Amplification. Biosens. Bioelectron. 2015, 71, 143–149. [CrossRef]
[PubMed]

44. Lawrence, C.; Vallée-Bélisle, A.; Pfeil, S.H.; de Mornay, D.; Lipman, E.A.; Plaxco, K.W. A Comparison of the Folding Kinetics of a
Small, Artificially Selected DNA Aptamer with Those of Equivalently Simple Naturally Occurring Proteins. Protein Sci. 2014,
23, 56–66. [CrossRef] [PubMed]

45. Chen, C.-T.; Chang, L.-Y.; Chuang, C.-W.; Wang, S.-C.; Kao, M.-C.; Tzeng, I.-S.; Kuo, K.-L.; Wu, C.-C.; Tsai, P.-S.; Huang, C.-J.
Optimal Measuring Timing of Cystatin C for Early Detection of Contrast-Induced Acute Kidney Injury: A Systematic Review and
Meta-Analysis. Toxicol. Lett. 2020, 318, 65–73. [CrossRef]

46. Leelahavanichkul, A.; Souza, A.C.P.; Street, J.M.; Hsu, V.; Tsuji, T.; Doi, K.; Li, L.; Hu, X.; Zhou, H.; Kumar, P.; et al. Comparison of
Serum Creatinine and Serum Cystatin C as Biomarkers to Detect Sepsis-Induced Acute Kidney Injury and to Predict Mortality in
CD-1 Mice. Am. J. Physiol.-Ren. Physiol. 2014, 307, F939–F948. [CrossRef]

47. Inker, L.A.; Schmid, C.H.; Tighiouart, H.; Eckfeldt, J.H.; Feldman, H.I.; Greene, T.; Kusek, J.W.; Manzi, J.; Van Lente, F.;
Zhang, Y.L.; et al. Estimating Glomerular Filtration Rate from Serum Creatinine and Cystatin C. N. Engl. J. Med. 2012, 367, 20–29.
[CrossRef]

48. Knight, E.L.; Verhave, J.C.; Spiegelman, D.; Hillege, H.L.; De Zeeuw, D.; Curhan, G.C.; De Jong, P.E. Factors Influencing Serum
Cystatin C Levels Other than Renal Function and the Impact on Renal Function Measurement. Kidney Int. 2004, 65, 1416–1421.
[CrossRef]

49. Padhy, M.; Kaushik, S.; Girish, M.; Mohapatra, S.; Shah, S.; Koner, B. Serum Neutrophil Gelatinase Associated Lipocalin (NGAL)
and Cystatin C as Early Predictors of Contrast-Induced Acute Kidney Injury in Patients Undergoing Percutaneots Coronary
Intervention. Clin. Chim. Acta 2014, 435, 48–52. [CrossRef]

50. Soto, K.; Coelho, S.; Rodrigues, B.; Martins, H.; Frade, F.; Lopes, S.; Cunha, L.; Papoila, A.L.; Devarajan, P. Cystatin C as a Marker
of Acute Kidney Injury in the Emergency Department. Clin. J. Am. Soc. Nephrol. 2010, 5, 1745. [CrossRef]

51. Bernard, A.M.; Vyskocil, A.A.; Mahieu, P.; Lauwerys, R.R. Assessment of Urinary Retinol-Binding Protein as an Index of Proximal
Tubular Injury. Clin. Chem. 1987, 33, 775–779. [CrossRef] [PubMed]

52. Norden, A.G.W.; Lapsley, M.; Unwin, R.J. Chapter Three-Urine Retinol-Binding Protein 4: A Functional Biomarker of the Proximal
Renal Tubule. In Advances in Clinical Chemistry; Makowski, G.S., Ed.; Elsevier: Amsterdam, The Netherlands, 2014; Volume 63,
pp. 85–122. ISBN 0065-2423.

53. Bolisetty, S.; Agarwal, A. Urine Albumin as a Biomarker in Acute Kidney Injury. Am. J. Physiol.-Ren. Physiol. 2011, 300, F626–F627.
[CrossRef] [PubMed]

54. Ware, L.B.; Johnson, A.C.M.; Zager, R.A. Renal Cortical Albumin Gene Induction and Urinary Albumin Excretion in Response to
Acute Kidney Injury. Am. J. Physiol. Ren. Physiol. 2011, 300, F628–F638. [CrossRef] [PubMed]

55. Yu, Y.; Jin, H.; Holder, D.; Ozer, J.S.; Villarreal, S.; Shughrue, P.; Shi, S.; Figueroa, D.J.; Clouse, H.; Su, M.; et al. Urinary Biomarkers
Trefoil Factor 3 and Albumin Enable Early Detection of Kidney Tubular Injury. Nat. Biotechnol. 2010, 28, 470–477. [CrossRef]
[PubMed]

56. Martin, H. Laboratory Measurement of Urine Albumin and Urine Total Protein in Screening for Proteinuria in Chronic Kidney
Disease. Clin. Biochem. Rev. 2011, 32, 97–102. [PubMed]

57. Dewitte, A.; Biais, M.; Petit, L.; Cochard, J.-F.; Hilbert, G.; Combe, C.; Sztark, F. Fractional Excretion of Urea as a Diagnostic Index
in Acute Kidney Injury in Intensive Care Patients. J. Crit. Care 2012, 27, 505–510. [CrossRef] [PubMed]

58. Francis, P.S.; Lewis, S.W.; Lim, K.F. Analytical Methodology for the Determination of Urea: Current Practice and Future Trends.
TrAC Trends Anal. Chem. 2002, 21, 389–400. [CrossRef]

59. Werkmeister, F.X.; Koide, T.; Nickel, B.A. Ammonia Sensing for Enzymatic Urea Detection Using Organic Field Effect Transistors
and a Semipermeable Membrane. J. Mater. Chem. B 2016, 4, 162–168. [CrossRef]

60. Stoltenburg, R.; Reinemann, C.; Strehlitz, B. FluMag-SELEX as an Advantageous Method for DNA Aptamer Selection. Anal.
Bioanal. Chem. 2005, 383, 83–91. [CrossRef]

http://doi.org/10.1007/s00134-009-1711-1
http://doi.org/10.2215/CJN.00740110
http://doi.org/10.1159/000117814
http://doi.org/10.1172/JCI23056
http://www.ncbi.nlm.nih.gov/pubmed/15711640
http://doi.org/10.1016/j.bioeng.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17627883
http://doi.org/10.1016/j.bios.2015.04.029
http://www.ncbi.nlm.nih.gov/pubmed/25897884
http://doi.org/10.1002/pro.2390
http://www.ncbi.nlm.nih.gov/pubmed/24285472
http://doi.org/10.1016/j.toxlet.2019.10.011
http://doi.org/10.1152/ajprenal.00025.2013
http://doi.org/10.1056/NEJMoa1114248
http://doi.org/10.1111/j.1523-1755.2004.00517.x
http://doi.org/10.1016/j.cca.2014.04.016
http://doi.org/10.2215/CJN.00690110
http://doi.org/10.1093/clinchem/33.6.775
http://www.ncbi.nlm.nih.gov/pubmed/3297418
http://doi.org/10.1152/ajprenal.00004.2011
http://www.ncbi.nlm.nih.gov/pubmed/21228105
http://doi.org/10.1152/ajprenal.00654.2010
http://www.ncbi.nlm.nih.gov/pubmed/21147844
http://doi.org/10.1038/nbt.1624
http://www.ncbi.nlm.nih.gov/pubmed/20458317
http://www.ncbi.nlm.nih.gov/pubmed/21611083
http://doi.org/10.1016/j.jcrc.2012.02.018
http://www.ncbi.nlm.nih.gov/pubmed/22520491
http://doi.org/10.1016/S0165-9936(02)00507-1
http://doi.org/10.1039/C5TB02025E
http://doi.org/10.1007/s00216-005-3388-9


Int. J. Mol. Sci. 2022, 23, 3093 19 of 21

61. Lewis, B.P.; Burge, C.B.; Bartel, D.P. Conserved Seed Pairing, Often Flanked by Adenosines, Indicates That Thousands of Human
Genes Are MicroRNA Targets. Cell 2005, 120, 15–20. [CrossRef]

62. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation.
Front. Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]

63. Li, Y.-F.; Jing, Y.; Hao, J.; Frankfort, N.C.; Zhou, X.; Shen, B.; Liu, X.; Wang, L.; Li, R. MicroRNA-21 in the Pathogenesis of Acute
Kidney Injury. Protein Cell 2013, 4, 813–819. [CrossRef] [PubMed]

64. Ramachandran, K.; Saikumar, J.; Bijol, V.; Koyner, J.L.; Qian, J.; Betensky, R.A.; Waikar, S.S.; Vaidya, V.S. Human MiRNome
Profiling Identifies MicroRNAs Differentially Present in the Urine after Kidney Injury. Clin. Chem. 2013, 59, 1742–1752. [CrossRef]
[PubMed]

65. Lan, Y.; Chen, H.; Lai, P.; Cheng, C.; Huang, Y.; Lee, Y.; Chen, T.; Lin, H. MicroRNA-494 Reduces ATF3 Expression and Promotes
AKI. J. Am. Soc. Nephrol. 2012, 23, 2012–2023. [CrossRef]

66. Zou, Y.-F.; Wen, D.; Zhao, Q.; Shen, P.-Y.; Shi, H.; Zhao, Q.; Chen, Y.-X.; Zhang, W. Urinary MicroRNA-30c-5p and MicroRNA-192-
5p as Potential Biomarkers of Ischemia-Reperfusion-Induced Kidney Injury. Exp. Biol. Med. 2017, 242, 657–667. [CrossRef]

67. Schrader, C.; Schielke, A.; Ellerbroek, L.; Johne, R. PCR Inhibitors–Occurrence, Properties and Removal. J. Appl. Microbiol. 2012,
113, 1014–1026. [CrossRef]

68. Zeng, D.; Wang, Z.; Meng, Z.; Wang, P.; San, L.; Wang, W.; Aldalbahi, A.; Li, L.; Shen, J.; Mi, X. DNA Tetrahedral Nanostructure-
Based Electrochemical MiRNA Biosensor for Simultaneous Detection of Multiple MiRNAs in Pancreatic Carcinoma. ACS Appl.
Mater. Interfaces 2017, 9, 24118–24125. [CrossRef]

69. Liu, S.; Su, W.; Li, Z.; Ding, X. Electrochemical Detection of Lung Cancer Specific MicroRNAs Using 3D DNA Origami
Nanostructures. Biosens. Bioelectron. 2015, 71, 57–61. [CrossRef]

70. Lin, M.; Wen, Y.; Li, L.; Pei, H.; Liu, G.; Song, H.; Zuo, X.; Fan, C.; Huang, Q. Target-Responsive, DNA Nanostructure-Based
E-DNA Sensor for MicroRNA Analysis. Anal. Chem. 2014, 86, 2285–2288. [CrossRef]

71. Huang, Y.L.; Mo, S.; Gao, Z.F.; Chen, J.R.; Lei, J.L.; Luo, H.Q.; Li, N.B. Amperometric Biosensor for MicroRNA Based on the Use of
Tetrahedral DNA Nanostructure Probes and Guanine Nanowire Amplification. Microchim. Acta 2017, 184, 2597–2604. [CrossRef]

72. Yang, J.; Xia, Q.; Guo, L.; Luo, F.; Dong, Y.; Qiu, B.; Lin, Z. A Highly Sensitive Signal-on Biosensor for MicroRNA 142-3p Based on
the Quenching of Ru(Bpy)32+–TPA Electrochemiluminescence by Carbon Dots and Duplex Specific Nuclease-Assisted Target
Recycling Amplification. Chem. Commun. 2020, 56, 6692–6695. [CrossRef] [PubMed]

73. Fan, P.-C.; Chen, C.-C.; Peng, C.-C.; Chang, C.-H.; Yang, C.-H.; Yang, C.; Chu, L.J.; Chen, Y.-C.; Yang, C.-W.; Chang, Y.-S.; et al. A
Circulating MiRNA Signature for Early Diagnosis of Acute Kidney Injury Following Acute Myocardial Infarction. J. Transl. Med.
2019, 17, 139. [CrossRef]

74. Zhang, C.; Zhao, Y.; Xu, X.; Xu, R.; Li, H.; Teng, X.; Du, Y.; Miao, Y.; Lin, H.-C.; Han, D. Cancer Diagnosis with DNA Molecular
Computation. Nat. Nanotechnol. 2020, 15, 709–715. [CrossRef] [PubMed]

75. Krishnan, Y.; Simmel, F.C. Nucleic Acid Based Molecular Devices. Angew. Chem. Int. Ed. 2011, 50, 3124–3156. [CrossRef]
[PubMed]

76. Jiang, D.; Im, H.-J.; Boleyn, M.E.; England, C.G.; Ni, D.; Kang, L.; Engle, J.W.; Huang, P.; Lan, X.; Cai, W. Efficient Renal Clearance
of DNA Tetrahedron Nanoparticles Enables Quantitative Evaluation of Kidney Function. Nano Res. 2019, 12, 637–642. [CrossRef]
[PubMed]

77. Huang, J.; Chen, X.; Fu, X.; Li, Z.; Huang, Y.; Liang, C. Advances in Aptamer-Based Biomarker Discovery. Front. Cell Dev. Biol.
2021, 9, 659760. [CrossRef]

78. Gold, L. SELEX: How It Happened and Where It Will Go. J. Mol. Evol. 2015, 81, 140–143. [CrossRef]
79. Yu, L.-R.; Sun, J.; Daniels, J.R.; Cao, Z.; Schnackenberg, L.; Choudhury, D.; Palevsky, P.M.; Ma, J.Z.; Beger, R.D.; Portilla, D.

Aptamer-Based Proteomics Identifies Mortality-Associated Serum Biomarkers in Dialysis-Dependent AKI Patients. Kidney
Int. Rep. 2018, 3, 1202–1213. [CrossRef]

80. Liu, R.X.; Thiessen-Philbrook, H.R.; Vasan, R.S.; Coresh, J.; Ganz, P.; Bonventre, J.V.; Kimmel, P.L.; Parikh, C.R. Comparison
of Proteomic Methods in Evaluating Biomarker-AKI Associations in Cardiac Surgery Patients. Transl. Res. 2021, 238, 49–62.
[CrossRef]

81. Kukova, L.Z.; Mansour, S.G.; Coca, S.G.; de Fontnouvelle, C.A.; Thiessen-Philbrook, H.R.; Shlipak, M.G.; El-Khoury, J.M.; Parikh,
C.R. Comparison of Urine and Plasma Biomarker Concentrations Measured by Aptamer-Based versus Immunoassay Methods in
Cardiac Surgery Patients. J. Appl. Lab. Med. 2019, 4, 331–342. [CrossRef]

82. Han, Z.; Xiao, Z.; Kalantar-Zadeh, K.; Moradi, H.; Shafi, T.; Waikar, S.S.; Quarles, L.D.; Yu, Z.; Tin, A.; Coresh, J.; et al. Validation
of a Novel Modified Aptamer-Based Array Proteomic Platform in Patients with End-Stage Renal Disease. Diagnostics 2018, 8, 71.
[CrossRef] [PubMed]

83. Niewczas, M.A.; Pavkov, M.E.; Skupien, J.; Smiles, A.; Md Dom, Z.I.; Wilson, J.M.; Park, J.; Nair, V.; Schlafly, A.; Saulnier, P.-J.; et al.
A Signature of Circulating Inflammatory Proteins and Development of End-Stage Renal Disease in Diabetes. Nat. Med. 2019,
25, 805–813. [CrossRef] [PubMed]

84. Kalantar-Zadeh, K.; Zoccali, C.; Beddhu, S.; Brandenburg, V.; Haarhaus, M.; Tonelli, M.; Khan, A.; Halliday, C.; Lebioda, K.;
Johansson, J.O.; et al. Apabetalone, a selective bromodomain and extra-terminal (bet) protein inhibitor, reduces serum fgf23 in
cardiovascular disease and chronic kidney disease patients. Nephrol. Dial. Transplant. 2019, 34, gfz106.FP330. [CrossRef]

http://doi.org/10.1016/j.cell.2004.12.035
http://doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
http://doi.org/10.1007/s13238-013-3085-y
http://www.ncbi.nlm.nih.gov/pubmed/24214874
http://doi.org/10.1373/clinchem.2013.210245
http://www.ncbi.nlm.nih.gov/pubmed/24153252
http://doi.org/10.1681/ASN.2012050438
http://doi.org/10.1177/1535370216685005
http://doi.org/10.1111/j.1365-2672.2012.05384.x
http://doi.org/10.1021/acsami.7b05981
http://doi.org/10.1016/j.bios.2015.04.006
http://doi.org/10.1021/ac500251t
http://doi.org/10.1007/s00604-017-2246-8
http://doi.org/10.1039/C9CC09706F
http://www.ncbi.nlm.nih.gov/pubmed/32412030
http://doi.org/10.1186/s12967-019-1890-7
http://doi.org/10.1038/s41565-020-0699-0
http://www.ncbi.nlm.nih.gov/pubmed/32451504
http://doi.org/10.1002/anie.200907223
http://www.ncbi.nlm.nih.gov/pubmed/21432950
http://doi.org/10.1007/s12274-019-2271-5
http://www.ncbi.nlm.nih.gov/pubmed/32055285
http://doi.org/10.3389/fcell.2021.659760
http://doi.org/10.1007/s00239-015-9705-9
http://doi.org/10.1016/j.ekir.2018.04.012
http://doi.org/10.1016/j.trsl.2021.07.005
http://doi.org/10.1373/jalm.2018.028621
http://doi.org/10.3390/diagnostics8040071
http://www.ncbi.nlm.nih.gov/pubmed/30297602
http://doi.org/10.1038/s41591-019-0415-5
http://www.ncbi.nlm.nih.gov/pubmed/31011203
http://doi.org/10.1093/ndt/gfz106.FP330


Int. J. Mol. Sci. 2022, 23, 3093 20 of 21

85. Wasiak, S.; Tsujikawa, L.M.; Halliday, C.; Stotz, S.C.; Gilham, D.; Jahagirdar, R.; Kalantar-Zadeh, K.; Robson, R.; Sweeney, M.;
Johansson, J.O.; et al. Benefit of Apabetalone on Plasma Proteins in Renal Disease. Kidney Int. Rep. 2018, 3, 711–721. [CrossRef]

86. Gordin, D.; Shah, H.; Shinjo, T.; St-Louis, R.; Qi, W.; Park, K.; Paniagua, S.M.; Pober, D.M.; Wu, I.-H.; Bahnam, V.; et al.
Characterization of Glycolytic Enzymes and Pyruvate Kinase M2 in Type 1 and 2 Diabetic Nephropathy. Diabetes Care 2019, 42,
1263–1273. [CrossRef] [PubMed]

87. Ranches, G.; Lukasser, M.; Schramek, H.; Ploner, A.; Stasyk, T.; Mayer, G.; Mayer, G.; Hüttenhofer, A. In Vitro Selection of
Cell-Internalizing DNA Aptamers in a Model System of Inflammatory Kidney Disease. Mol. Ther. Nucleic Acids 2017, 8, 198–210.
[CrossRef]

88. Bonventre, J.V.; Yang, L. Cellular Pathophysiology of Ischemic Acute Kidney Injury. J. Clin. Investig. 2011, 121, 4210–4221.
[CrossRef]

89. Hu, Z.; Zhang, H.; Yang, S.-K.; Wu, X.; He, D.; Cao, K.; Zhang, W. Emerging Role of Ferroptosis in Acute Kidney Injury. Oxid.
Med. Cell. Longev. 2019, 2019, 8010614. [CrossRef]

90. Grivei, A.; Giuliani, K.T.K.; Wang, X.; Ungerer, J.; Francis, L.; Hepburn, K.; John, G.T.; Gois, P.F.H.; Kassianos, A.J.; Healy, H.
Oxidative Stress and Inflammasome Activation in Human Rhabdomyolysis-Induced Acute Kidney Injury. Free Radic. Biol. Med.
2020, 160, 690–695. [CrossRef]

91. Kellum, J.A.; Chawla, L.S. Cell-Cycle Arrest and Acute Kidney Injury: The Light and the Dark Sides. Nephrol. Dial. Transplant. Off.
Publ. Eur. Dial. Transpl. Assoc. Eur. Ren. Assoc. 2016, 31, 16–22. [CrossRef]

92. Cartón-García, F.; Saande, C.J.; Meraviglia-Crivelli, D.; Aldabe, R.; Pastor, F. Oligonucleotide-Based Therapies for Renal Diseases.
Biomedicines 2021, 9, 303. [CrossRef] [PubMed]

93. Zhao, Y.; Pu, M.; Wang, Y.; Yu, L.; Song, X.; He, Z. Application of Nanotechnology in Acute Kidney Injury: From Diagnosis to
Therapeutic Implications. J. Control. Release 2021, 336, 233–251. [CrossRef] [PubMed]

94. Bosch, X.; Poch, E.; Grau, J.M. Rhabdomyolysis and Acute Kidney Injury. N. Engl. J. Med. 2009, 361, 62–72. [CrossRef] [PubMed]
95. Panizo, N.; Rubio-Navarro, A.; Amaro-Villalobos, J.M.; Egido, J.; Moreno, J.A. Molecular Mechanisms and Novel Therapeutic

Approaches to Rhabdomyolysis-Induced Acute Kidney Injury. Kidney Blood Press. Res. 2015, 40, 520–532. [CrossRef]
96. Zhang, Q.; Lin, S.; Wang, L.; Peng, S.; Tian, T.; Li, S.; Xiao, J.; Lin, Y. Tetrahedral Framework Nucleic Acids Act as Antioxidants in

Acute Kidney Injury Treatment. Chem. Eng. J. 2021, 413, 127426. [CrossRef]
97. Cooke, M.S.; Evans, M.D.; Dizdaroglu, M.; Lunec, J. Oxidative DNA Damage: Mechanisms, Mutation, and Disease. FASEB J.

2003, 17, 1195–1214. [CrossRef]
98. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 System in Development, Oxidative Stress

Response and Diseases: An Evolutionarily Conserved Mechanism. Cell. Mol. Life Sci. 2016, 73, 3221–3247. [CrossRef]
99. Rothemund, P.W.K. Folding DNA to Create Nanoscale Shapes and Patterns. Nature 2006, 440, 297–302. [CrossRef]
100. Wei, B.; Dai, M.; Yin, P. Complex Shapes Self-Assembled from Single-Stranded DNA Tiles. Nature 2012, 485, 623–626. [CrossRef]
101. Zhang, Q.; Jiang, Q.; Li, N.; Dai, L.; Liu, Q.; Song, L.; Wang, J.; Li, Y.; Tian, J.; Ding, B.; et al. DNA Origami as an In Vivo Drug

Delivery Vehicle for Cancer Therapy. ACS Nano 2014, 8, 6633–6643. [CrossRef]
102. Malek, M.; Nematbakhsh, M. Renal Ischemia/Reperfusion Injury; from Pathophysiology to Treatment. J. Ren. Inj. Prev. 2015,

4, 20–27. [CrossRef] [PubMed]
103. Chen, Q.; Ding, F.; Zhang, S.; Li, Q.; Liu, X.; Song, H.; Zuo, X.; Fan, C.; Mou, S.; Ge, Z. Sequential Therapy of Acute Kidney Injury

with a DNA Nanodevice. Nano Lett. 2021, 21, 4394–4402. [CrossRef] [PubMed]
104. Chen, X.; Yu, C.; Kang, R.; Tang, D. Iron Metabolism in Ferroptosis. Front. Cell Dev. Biol. 2020, 8, 590226. [CrossRef] [PubMed]
105. Anandhan, A.; Dodson, M.; Schmidlin, C.J.; Liu, P.; Zhang, D.D. Breakdown of an Ironclad Defense System: The Critical Role of

NRF2 in Mediating Ferroptosis. Cell Chem. Biol. 2020, 27, 436–447. [CrossRef] [PubMed]
106. Hu, Z.; Zhang, H.; Yi, B.; Yang, S.; Liu, J.; Hu, J.; Wang, J.; Cao, K.; Zhang, W. VDR Activation Attenuate Cisplatin Induced AKI by

Inhibiting Ferroptosis. Cell Death Dis. 2020, 11, 73. [CrossRef] [PubMed]
107. Martin-Sanchez, D.; Ruiz-Andres, O.; Poveda, J.; Carrasco, S.; Cannata-Ortiz, P.; Sanchez-Niño, M.D.; Ruiz Ortega, M.; Egido, J.;

Linkermann, A.; Ortiz, A.; et al. Ferroptosis, but Not Necroptosis, Is Important in Nephrotoxic Folic Acid–Induced AKI. J. Am.
Soc. Nephrol. 2017, 28, 218. [CrossRef]

108. Li, J.; Wei, L.; Zhang, Y.; Wu, M. Tetrahedral DNA Nanostructures Inhibit Ferroptosis and Apoptosis in Cisplatin-Induced Renal
Injury. ACS Appl. Bio Mater. 2021, 4, 5026–5032. [CrossRef]

109. Wu, K.C.; Cui, J.Y.; Klaassen, C.D. Beneficial Role of Nrf2 in Regulating NADPH Generation and Consumption. Toxicol. Sci. 2011,
123, 590–600. [CrossRef]

110. Li, W.; Wang, C.; Lv, H.; Wang, Z.; Zhao, M.; Liu, S.; Gou, L.; Zhou, Y.; Li, J.; Zhang, J.; et al. A DNA Nanoraft-Based Cytokine
Delivery Platform for Alleviation of Acute Kidney Injury. ACS Nano 2021, 15, 18237–18249. [CrossRef]

111. Cao, Q.; Wang, Y.; Niu, Z.; Wang, C.; Wang, R.; Zhang, Z.; Chen, T.; Wang, X.M.; Li, Q.; Lee, V.W.S.; et al. Potentiating Tissue-
Resident Type 2 Innate Lymphoid Cells by IL-33 to Prevent Renal Ischemia-Reperfusion Injury. J. Am. Soc. Nephrol. 2018, 29, 961.
[CrossRef]

112. Lüthi, A.U.; Cullen, S.P.; McNeela, E.A.; Duriez, P.J.; Afonina, I.S.; Sheridan, C.; Brumatti, G.; Taylor, R.C.; Kersse, K.; Vandenabeele,
P.; et al. Suppression of Interleukin-33 Bioactivity through Proteolysis by Apoptotic Caspases. Immunity 2009, 31, 84–98. [CrossRef]
[PubMed]

113. Fridman, J.S.; Lowe, S.W. Control of Apoptosis by P53. Oncogene 2003, 22, 9030–9040. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ekir.2017.12.001
http://doi.org/10.2337/dc18-2585
http://www.ncbi.nlm.nih.gov/pubmed/31076418
http://doi.org/10.1016/j.omtn.2017.06.018
http://doi.org/10.1172/JCI45161
http://doi.org/10.1155/2019/8010614
http://doi.org/10.1016/j.freeradbiomed.2020.09.011
http://doi.org/10.1093/ndt/gfv130
http://doi.org/10.3390/biomedicines9030303
http://www.ncbi.nlm.nih.gov/pubmed/33809425
http://doi.org/10.1016/j.jconrel.2021.06.026
http://www.ncbi.nlm.nih.gov/pubmed/34171444
http://doi.org/10.1056/NEJMra0801327
http://www.ncbi.nlm.nih.gov/pubmed/19571284
http://doi.org/10.1159/000368528
http://doi.org/10.1016/j.cej.2020.127426
http://doi.org/10.1096/fj.02-0752rev
http://doi.org/10.1007/s00018-016-2223-0
http://doi.org/10.1038/nature04586
http://doi.org/10.1038/nature11075
http://doi.org/10.1021/nn502058j
http://doi.org/10.12861/jrip.2015.06
http://www.ncbi.nlm.nih.gov/pubmed/26060833
http://doi.org/10.1021/acs.nanolett.1c01044
http://www.ncbi.nlm.nih.gov/pubmed/33998787
http://doi.org/10.3389/fcell.2020.590226
http://www.ncbi.nlm.nih.gov/pubmed/33117818
http://doi.org/10.1016/j.chembiol.2020.03.011
http://www.ncbi.nlm.nih.gov/pubmed/32275864
http://doi.org/10.1038/s41419-020-2256-z
http://www.ncbi.nlm.nih.gov/pubmed/31996668
http://doi.org/10.1681/ASN.2015121376
http://doi.org/10.1021/acsabm.1c00294
http://doi.org/10.1093/toxsci/kfr183
http://doi.org/10.1021/acsnano.1c07270
http://doi.org/10.1681/ASN.2017070774
http://doi.org/10.1016/j.immuni.2009.05.007
http://www.ncbi.nlm.nih.gov/pubmed/19559631
http://doi.org/10.1038/sj.onc.1207116
http://www.ncbi.nlm.nih.gov/pubmed/14663481


Int. J. Mol. Sci. 2022, 23, 3093 21 of 21

114. Zhang, D.; Liu, Y.; Wei, Q.; Huo, Y.; Liu, K.; Liu, F.; Dong, Z. Tubular P53 Regulates Multiple Genes to Mediate AKI. J. Am.
Soc. Nephrol. 2014, 25, 2278. [CrossRef] [PubMed]

115. Caplen, N.J.; Parrish, S.; Imani, F.; Fire, A.; Morgan, R.A. Specific Inhibition of Gene Expression by Small Double-Stranded RNAs
in Invertebrate and Vertebrate Systems. Proc. Natl. Acad. Sci. USA 2001, 98, 9742. [CrossRef] [PubMed]

116. Molitoris, B.A.; Dagher, P.C.; Sandoval, R.M.; Campos, S.B.; Ashush, H.; Fridman, E.; Brafman, A.; Faerman, A.; Atkinson, S.J.;
Thompson, J.D.; et al. SiRNA Targeted to P53 Attenuates Ischemic and Cisplatin-Induced Acute Kidney Injury. J. Am. Soc. Nephrol.
2009, 20, 1754–1764. [CrossRef] [PubMed]

117. Tang, W.; Chen, Y.; Jang, H.-S.; Hang, Y.; Jogdeo, C.M.; Li, J.; Ding, L.; Zhang, C.; Yu, A.; Yu, F.; et al. Preferential SiRNA Delivery
to Injured Kidneys for Combination Treatment of Acute Kidney Injury. J. Control. Release 2022, 341, 300–313. [CrossRef]

118. Wang, Y.; Hazeldine, S.T.; Li, J.; Oupický, D. Development of Functional Poly(Amido Amine) CXCR4 Antagonists with the Ability
to Mobilize Leukocytes and Deliver Nucleic Acids. Adv. Healthc. Mater. 2015, 4, 729–738. [CrossRef]

119. Alidori, S.; Akhavein, N.; Thorek, D.L.J.; Behling, K.; Romin, Y.; Queen, D.; Beattie, B.J.; Manova-Todorova, K.; Bergkvist, M.;
Scheinberg, D.A.; et al. Targeted Fibrillar Nanocarbon RNAi Treatment of Acute Kidney Injury. Sci. Transl. Med. 2016, 8.
[CrossRef]

120. Kaushal, G.P.; Haun, R.S.; Herzog, C.; Shah, S.V. Meprin A Metalloproteinase and Its Role in Acute Kidney Injury. Am. J. Physiol.
Ren. Physiol. 2013, 304, F1150–F1158. [CrossRef]

121. Thai, H.B.D.; Kim, K.-R.; Hong, K.T.; Voitsitskyi, T.; Lee, J.-S.; Mao, C.; Ahn, D.-R. Kidney-Targeted Cytosolic Delivery of SiRNA
Using a Small-Sized Mirror DNA Tetrahedron for Enhanced Potency. ACS Cent. Sci. 2020, 6, 2250–2258. [CrossRef]

http://doi.org/10.1681/ASN.2013080902
http://www.ncbi.nlm.nih.gov/pubmed/24700871
http://doi.org/10.1073/pnas.171251798
http://www.ncbi.nlm.nih.gov/pubmed/11481446
http://doi.org/10.1681/ASN.2008111204
http://www.ncbi.nlm.nih.gov/pubmed/19470675
http://doi.org/10.1016/j.jconrel.2021.11.029
http://doi.org/10.1002/adhm.201400608
http://doi.org/10.1126/scitranslmed.aac9647
http://doi.org/10.1152/ajprenal.00014.2013
http://doi.org/10.1021/acscentsci.0c00763

	Introduction 
	Diagnostics of AKI Based on Nucleic Acid Nanotechnology 
	AKI Diagnostics Targeting Proteins 
	NGAL 
	Cystatin C 
	RBP4 
	Albumin 

	AKI Diagnostics Targeting Small Molecules 
	AKI Diagnostics Targeting Nucleic Acids 
	AKI Diagnostics via DNA Nanostructures 
	Nucleic Acid-Based Proteomic Investigation for AKI 

	Therapeutic Approaches of AKI Based on Nucleic Acid Nanotechnology 
	Therapeutics Targeting Oxidative Stress 
	Therapeutics Targeting Ferroptosis 
	Therapeutics Targeting Immune Responses 
	Therapeutics Targeting p53-Related Cellular Apoptosis 

	Conclusions and Outlook 
	References

