Liu et al. J Nanobiotechnol (2021) 19:216
https://doi.org/10.1186/512951-021-00959-5

Aptamer-based biosensors for the diagnosis

of sepsis

Journal of Nanobiotechnology

=

Check for
updates

Lubin Liu'?", Zeyu Han'?", Fei An'?, Xuening Gong'?, Chenguang Zhao'?, Weiping Zheng'?, Li Mei? and

Qihui Zhou'?*

Abstract

Sepsis, the syndrome of infection complicated by acute organ dysfunction, is a serious and growing global problem,
which not only leads to enormous economic losses but also becomes one of the leading causes of mortality in the
intensive care unit. The detection of sepsis-related pathogens and biomarkers in the early stage plays a critical role in
selecting appropriate antibiotics or other drugs, thereby preventing the emergence of dangerous phases and saving
human lives. There are numerous demerits in conventional detection strategies, such as high cost, low efficiency, as
well as lacking of sensitivity and selectivity. Recently, the aptamer-based biosensor is an emerging strategy for reason-
able sepsis diagnosis because of its accessibility, rapidity, and stability. In this review, we first introduce the screening
of suitable aptamer. Further, recent advances of aptamer-based biosensors in the detection of bacteria and biomark-
ers for the diagnosis of sepsis are summarized. Finally, the review proposes a brief forecast of challenges and future

directions with highly promising aptamer-based biosensors.
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Introduction

Sepsis, the syndrome of multiple organ dysfunction
caused by immune disorders, is one of the most critical
global issues in medicine due to the unacceptably high
mortality rate [1-3]. Sepsis is an inflammatory disease
mediated by the activation of the innate immune system
which was induced by bacterial invasion either directly
or indirectly [4, 5]. In particular, the most popular gram-
positive isolates are Staphylococcus aureus (S. aureus)
and Streptococcus pneumoniae. Meanwhile, Escherichia
coli (E. coli), Klebsiella, and Pseudomonas aeruginosa
dominate among gram-negative isolates [6, 7]. An epi-
demic international study of infection and sepsis con-
taining more than 14,000 patients in 1265 participating
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intensive care units (ICUs) from 75 countries showed
that 62% of the positive isolates were gram-negative
organisms, 47% were gram-positive, and 19% were fungi
[8]. The massive invasion of bacteria makes immunocytes
activate and release kinds of cytokines. Some patho-
genic components, such as lipopolysaccharide (LPS), can
interact with the toll-like receptors (TLRs) of monocytes
to activate transcription factor NF-kB which can pro-
mote the release of pro-inflammatory cytokines, such as
tumor necrosis factor o (TNF-a) and interleukin 6 (IL-
6) [9]. C-reactive protein (CRP), an acute-phase protein
released by macrophages, remains the most frequently
used biomarker for both infection and inflammation
diagnosis in clinical practice [10].

According to a primary extrapolation of data from
high-income countries, there are 19.4 million cases of
severe sepsis annually around the world among 31.5 mil-
lion cases of sepsis, with potentially 5.3 million death
each year [11]. Although overall mortality decreases
due to preventive measures, a more rapidly increasingly
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overall incidence rate of sepsis is revealed, demonstrating
a continuing challenge [5]. However, the initial symptoms
of sepsis are atypical and nonspecific, which is a clinical
syndrome defined by a series of signs, symptoms, labo-
ratory abnormalities, and characteristic pathophysiologi-
cal derangements, resulting in a delayed diagnosis [5]. As
research reported in Critical Care Medicine, over one-
third of septic patients with atypical symptoms of infec-
tion are more likely to have a higher possibility to delay
antibiotic administration and a higher risk of mortality
[12]. The potential survival rate of sepsis falls dramatically
up to 7.6% per hour without effective antibiotic treat-
ment [13]. It is necessary to achieve the early diagnosis of
sepsis to prevent the development of the disease. Sequen-
tial Sepsis-related Organ Failure Assessment (SOFA)
score and bedside clinical score termed qSOFA (for quick
SOFA) are recommended for early identification of sep-
sis [14]. Clinically, it is necessary to determine the species
of pathogenic bacteria in time for the diagnosis of sep-
sis but conventional methods, such as blood cultures and
molecular techniques, require multi-steps, resulting in
time-consuming and demanding. They display low sensi-
tivity which delays extremely the treatment of sepsis. The
polymerase chain reaction (PCR), based on the detection
of bacterial DNA, has the potential to reduce the diagno-
sis time to hours, but it still fails to detect the low-level
blood infection [15-17]. Additionally, these methods are
laboratory-based, and trained personnel for operation
are needed a lot. In addition, blood biomarkers provide
a valuable auxiliary role in the clinical status assessment
of sepsis as the markers reflecting the severity of organ-
ism after infection and inflammation. Therefore, a rapid
and sensitive method to diagnose sepsis in early stages
is required urgently to ensure the rapid administration
of appropriate antibiotics and prevent the occurrence of
severe disease conditions, thereby saving human lives.
Recently, the occurrence of aptamer-based sensors
has attracted considerable attention for the diagnosis of
sepsis owing to the dramatic efficiency for targets and
the accuracy for detection [18]. Nucleic acid aptamers,
identified by an in-vitro selection procedure called Sys-
tematic Evolution of Ligands by EXponential enrichment
(SELEX), are single-stranded oligonucleotides (DNA
or RNA) molecules that can bind to targets with high
specificity and affinity [19, 20]. The aptamer is becom-
ing increasingly popular nowadays because of the sta-
bility, easy accessibility, affordable prices, and minimal
immune response compared with antibodies. Interest-
ingly, a drug based on modified RNA aptamer, called
Macugen (pegaptanib), has been approved by the Food
and Drug Administration (FDA) for the treatment of age-
related macular degeneration, showing the first success-
ful commercial commodity [21]. Aptamers composed of
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nucleic acids can be modified easily by fluorescent dyes
to achieve the detection visually [22]. In addition, aptam-
ers are also used in homogenous assays which do not
need to separate or wash because they bind to the target
directly in a sequence-specific manner [23-25]. Recently,
nucleic acid aptamers have been used widely as affinity
receptors in combination with various signal transduc-
tion strategies based on nanomaterials in different kinds
of biosensing platforms, including colorimetry, chemilu-
minometry, electrochemistry, fluorometry, and fluores-
cence anisotropy [26—31]. The aptamer-based biosensors
have high detection sensitivity because aptamer can eas-
ily integrate with the signal amplification strategies, such
as rolling circle amplification, CRISPR technology, PCR
technology, LAMP technology, and magnetic separation
technology. Xu et al. reported a dramatic increase in the
sensitivity of bacteria detection through the combination
of dual-functional aptamer and CRISPR-Cas12a assisted
RCA [32]. Furthermore, the specificity of biosensing plat-
forms comes from aptamer which can interact with the
target by the unique structure transformation property of
nucleic acid. The stability of aptamers has been improved
significantly through the post-selection modification
of aptamers and the direct selection of aptamers from
libraries bearing modified backbones or nucleobases to
ensure the stable functions of aptamer-based sensors [21,
33]. In addition, their inherent physicochemical char-
acteristics of nanomaterials, including ultra-small size,
high reactivity, and tunable surface modification, have
enabled them to overcome some of the limitations and
achieve the expected diagnostic and therapeutic effect
[34—42]. The biosensors consist of (nano)biointerface and
aptamer have been explored widely to detect bacteria and
biomarkers, such as gold nanoparticles (NPs), graphene
oxide, and carbon nanotubes, which play an indispensa-
ble role in improving the sensitivity and shortening the
time in the detection for the target [22, 29, 30, 43]. The
VOSviewer bibliometric visualization software was used
to analyze co-occurrences on aptamer and (nano)bioint-
erface (Fig. 1).

In this review, the selection method of the nucleic acid
aptamer is introduced briefly in the first. Also, recent
advances of aptamer-based biosensors (Fig. 2) in the
detection of bacteria and biomarkers (Table 1) for the
diagnosis of sepsis are summarized. Finally, we summa-
rize the mechanism and notable advantages or disad-
vantages of aptamer-based sensors in sepsis diagnosis
(Table 2).

The SELEX of aptamer

Nowadays, the selection of aptamers is on the basis of
systematic evolution of ligands by SELEX which is a gold-
standard strategy that can select specific and sensitive
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Fig. 2 Aptamer-based biosensors in the detection of bacteria and biomarkers for the diagnosis of sepsis
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aptamers from random single-stranded nucleic acid
sequence library [69]. In 1990, Ellington and Szostak suc-
cessfully screened out oligonucleotides and named the
“aptamer’, which is the first time to get aptamer from
RNA library through this method [19, 20]. Briefly, there
are three steps included in the selection cycle for DNA
[70]. First of all, targets are incubated with the library
containing randomized sequences, obtaining a complex
of target and sequences. Secondly, nonspecific aptam-
ers and the targets are separated respectively, and bound
sequences are preserved. Finally, the proper sequences
will be amplified through PCR. The selection cycle is
then repeated until the sequence of the desired affin-
ity is enriched. In every selection round, more affiliative
aptamers are selected (Fig. 3). There are tiny differences
of the SELEX for RNA aptamers that RNA should reverse
transcription into DNA first and homologous DNA is
transcribed into RNA after the selection.

However, there are some demerits in the traditional
methods, such as time-consuming and huge costs [71].
Nowadays, some new methods based on traditional
SELEX have been developed to overcome shortcomings,
like cell SELEX, magnetic bead-based SELEX, in vivo
SELEX, in Silico SELEX and so on, which aims to save
time, use expediently and raise efficiency [69, 70, 72].

Aptamer-based detection of pathogenic bacteria

Sepsis, a serious infection syndrome that can cause tissue
damage and multisystem organ failure, is usually due to
the presence of pathogenic bacteria in the bloodstream,
resulting in high mortality in the world [73]. Importantly,
sepsis has a high mortality rate due to the inability to
quickly identify pathogens in the early stages of infection.
Conventionally, blood culture, called the “gold standard’,
is mostly used for bacteria detection in clinical, hence
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time-consuming, costly, and trained personnel for the
operation needed in great demand.

Therefore, the rapid, accurate, and easy detection of
bacteria is required urgently for the early diagnosis and
therapy of sepsis. Aptamer-based sensors have a great
potential to solve this problem because of sensitivity,
specificity, and rapidity. Here, we discuss some articles
about the detection of sepsis-related bacteria through
aptamer-based sensors.

Aptamer-based detection of a single type of pathogenic
bacteria

This section pays attention to sensors designed for
detecting pathogenic whole cells that can be targeted by
aptamers. The first example of aptamer-based sensors
that will be introduced was created to detect S. aureus,
a common pathogen of sepsis [44, 74]. First of all, SA17
and SA61, two DNA aptamers that showing high speci-
ficity and nanomolar affinity with S. aureus, were modi-
fied on magnetic beads and gold nanoparticles (GNPs)
separately. After that, quantitative PCR (qPCR) was used
to quantify the number of aptamers or aptamer-conju-
gated GNPs linked with single S. aureus cells. To improve
the sensitivity of detection to S. aureus, aptamers were
attached with NPs followed by amplification based on
magnetic beads (Fig. 4). Using this ingenious way, a sin-
gle S. aureus cell could be detected within 1.5 h without
expensive equipment.

In another study, Xu et al. realized the detection for
Methicillin-Resistant ~ Staphylococcus aureus (MRSA)
using dual-functional aptamer and CRISPR-Casl2a
assisted RCA[32]. Different from the recognition of the
whole cell, the aptamer recognizes MRSA depending on
the penicillin-binding proteins2a (PBP2a), which shows
a low affinity for B-lactam antibiotics. The biosensing
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process could be divided into two steps: bacteria isola-
tion based on the protein A aptamer (Apt A) and signal
amplification. Protein A is a membrane protein shared
by both MRSA and S. aureus. In the first step, Strepta-
vidin Magnetic Beads (SMBs) were mixed with Apt A to
get the capture complex (SMBs-Apt A), and the protein
A positive bacteria could be enriched by the SMBs-Apt A
complex via the aptamer-protein interaction for the next
step. The second aptamer (Apt B) was made of PBP2a
specific aptamer and a Blocker. The Blocker was released
from Apt B to touch off the following RCA when the Apt
B connected with PBP2a on the surface of MRSA. Via
the integration of attached RCA and CRISPR-Casl2a
assisted trans-cleavage, dual amplification of the nucleic
acid signal was obtained. Furthermore, the output above
was consistent with the traditional colony count in the
four groups of serum samples, which proved the feasibil-
ity of this method for clinical sample detection.

There are some studies that specific target aptamers
and magnetic NPs were used together to identify and col-
lect pathogenic bacteria in blood samples with low bac-
terial concentrations and achieved the rapid qualitative
or quantitative detection of bacteria. Shen et al. created
a capture platform that consisted of a mesoporous TiO,
coated magnetic NP and modified with target aptamer
(Apt-Fe;0,@mTiO,) to reduce the time of detection [45].
First, the complex was incubated with blood samples and

the aptamer would connect with target bacteria by fold-
ing into the sequence-defined unique structure when it
was exposed to bacteria. After that, the bacteria captured
by Apt-Fe;O,@mTiO, NPs were concentrated with the
help of the magnetic field to recognize pathogenic bacte-
ria (Fig. 5A). Compared with the control group, the num-
ber of S. aureus decreased markedly in the supernatant
after captured by a bar magnet within 2 min (Fig. 5B).
Meanwhile, the Apt-Fe;O,@mTiO, nanosensor had a
higher efficiency (2 h) than conventional blood culture
(8 h) to capture bacteria when 10* CFU/mL bacteria
were spiked into blood (Fig. 5C). To verify the reliabil-
ity of the capture platform at low bacterial concentra-
tions, two representative bacteria, S. aureus and E. coli,
were used as model bacteria and the results showed that
bacterial capture was up to 80% (10-2000 CFU/mL)
(Fig. 5D). In addition to bacterial capture for diagnosis,
Wang et al. accomplished efficient extracorporeal blood
disinfection taking advantage of magnetic NPs function-
alized with chlorin e6 molecules and bacterial species-
identifiable aptamers (Fe;O,-Ce6-Apt) (Fig. 5E) [68].
Fe;O,-Ce6-Apt nanosystem could identify and enrich
the bacteria through incubated with sepsis blood sample
for 1 h and the enriched bacteria were imaged by fluores-
cence microscopy to quantitatively evaluate the number
(Fig. 5F). After near-infrared (NIR) laser irradiation for
5 min (660 nm, 0.8 W/cm?), the agar plate showed a few
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bacteria (Fig. 5G). Through the conditions of the mice,
the treatment for sepsis therapy based on blood disin-
fection by Fe;O,-Ce6-Apt was evaluated preliminarily
(Fig. 5H). Although this aptamer-based sensor has shown
advantages in the detection and therapy of sepsis, there is
still much unknown about long-term safety in the human
body.

Aptamer-based detection of several types of pathogenic
bacteria

In clinical practice, sepsis is commonly caused by the
infection of a variety of bacteria, therefore, some scholars
have constructed aptamers aiming at common compo-
nents of bacteria, such as peptidoglycan and membrane
vesicles [48, 49]. Compared with detecting one type of
bacteria, these kinds of aptamers can simultaneously
detect the existence of multiple types of sepsis-related
bacteria, enabling patients to be diagnosed in an early
and timely manner, guiding the use of antibiotics and
reducing the mortality rate of patients.

Peptidoglycan is a kind of cell wall polymer shared by
both gram-positive and gram-negative bacteria, which
plays a critical role in the survival of bacteria and is
closely related to the pathogenicity of bacteria [75, 76].
Ana et al. developed adapters that could recognize bac-
terial peptidoglycans, called Antibacl (AT1) and Anti-
bac2 (AT2), and found that both AT1 and AT2 have a
high affinity for E. coli and S. aureus [77]. In subsequent
work, they went on to explore the ability of AT1 and AT2
to bind to causative agents of bacterial-borne sepsis [48].
The results showed that these aptamers bound with high
efficiency to the main agents of bacterial sepsis, including
four gram-positive and seven gram-negative bacterial,
and the affinity of AT1 and AT2 to bacteria was assessed
by real-time quantitative PCR. This work demonstrated
that ssDNA aptamers targeting bacterial peptidoglycan
can recognize multiple types of septic pathogens and can
be used to develop universal biosensor probes, which is
of great significance for the rapid and sensitive detection
of sepsis in clinical practice.

Gram-negative bacteria are the main pathogenic bac-
teria leading to clinical sepsis. Their outer membrane
produces and secretes outer membrane vesicles (OMVs)
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that can carry several virulence biomolecules and endo-
toxins [78]. OMVs are known to be important patho-
genic agents that improve bacterial survival and trigger
immune responses in host cells [79]. Therefore, Shin
et al. developed a kind of broadly cross-reactive aptam-
ers for the OMVs from gram-negative bacteria and built
an Enzyme-linked aptamer assay (ELAA) (Fig. 6) [49].
The results showed that ELAA successfully detected
OMVs from a variety of gram-negative bacteria, which
provides a new possibility for the development of cell-
free bacterial sensors using bacterial OMVs instead of liv-
ing bacterial cells. Detection of live bacteria in the blood
is difficult due to the immunomodulatory nature of host
cells and the bactericidal activity of serum, suggesting
that detecting bacterial OMVs in clinical blood samples
may be more effective than detecting bacterial cells.

Real-time monitoring of bacterial growth and AST

It is well-known that the survival rate of sepsis falls by an
average of 7.6% for every hour of delay ineffective anti-
biotic treatment [13]. Patients’ survival could be highly
improved if they received timely and effective antibiotic
treatment, but antimicrobial susceptibility test (AST)
results usually require more than three days with con-
ventional methods [80-82]. In addition to the quantita-
tive and qualitative detection of bacteria, the aptamer
sensor can monitor the real-time growth of bacteria
and biofilm, which continuously and timely evaluate the
internal infections and the effectiveness of antibiotics [46,
47]. For instance, Song et al. developed a vertical capaci-
tance aptamer-functionalized sensor (Fig. 7) that signif-
icantly shorten the AST time to within 12 h [46]. They
found that when bacteria, including E. coli, S. aureus, and
Pseudomonas aeruginosa, were cultured in blood cul-
ture media comprising blood (0.2 mL) and culture media
(0.8 mL), the biofilm formation and bacterial growth
could be detected by measuring capacitance changes at
f=0.5 and 10 kHz, respectively. After treated with anti-
biotics, the sensitivity of bacteria to antibiotics could be
judged by this change. This study demonstrated that an
aptamer-functionalized sensor could be used as an alter-
native tool for detecting bacteria and rapid AST in posi-
tive blood culture without the need for sub-culturing.

(See figure on next page.)

times [68]

Fig.5 The Apt-Fe;0,@mTiO, nanosensor (A-D). A Conceptual strategies to enrich and identify pathogenic bacteria in human blood. Top:
conventional blood culture. Down: the aptamer-based capture platform. B Photographs and agar plates showing the bacteria capture with and
without a bar magnet. C Schematic representation of detection time for enriching and identifying pathogen in human blood samples based on
that aptamer-based capture platform (left) and conventional blood culture (right). D Bacteria counted numbers enriched by Apt-Fe;0,@mTiO,
nanosensor at a low concentration range (10-2000 CFU/mL) [45]. The Fe;0,-Ce6-Apt nanosystem (E-H). E Schematic illustration of strategies for
early sepsis diagnosis and extracorporeal blood disinfection based on Fe;0,-Ce6-Apt nanosystem. F lllustration of the process of Fe;0,-Ce6-Apt
nanosystem-based strategy for the bacterial enrichment and identification within 1.5 h. G Agar plate photographs for live bacterial units. The
blood samples containing S. aureus (10° CFU) were incubated with Fe;0,-Ce6-Apt nanosystem before and after NIR laser irradiation for 5 min. H
Photographs of the mice transfused with the blood samples containing S. aureus (10° CFU) with and without disinfection treatment at different
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Furthermore, Lee et al. developed an electrical AST
(e-AST) system, which shortens the AST time to only 6 h
[47]. The e-AST system was composed of 60 aptamer-
functionalized capacitance sensors, of which 2 sensors

were used for the negative control, 3 sensors for positive
control, and other 55 sensors for the determination of
antibiotic sensitivity to 11 antibiotics at 5 different con-
centrations. To evaluate the performance of the e-AST
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system, 4,554 tests were conducted on 30 clinical strains  system and the gold standard broth microdilution (BMD)
isolated from septic patients. The results showed an esti- test, indicating its great potential for clinical applica-
mated 97% classification agreement between the e-AST  tion. Although the diagnosis of sepsis with e-AST may be
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more expensive, it is significant to save patients suffering
from sepsis.

Aptamer-based detection of sepsis-related
biomarkers

In addition to the successful detection of pathogenic
bacteria in the early period of sepsis, it is necessary to
monitor the biomarkers timely which are helpful to judge
the occurrence and stage of sepsis and observe system-
atic conditions [83]. Biomarkers, especially from the
blood, make significant changes of content when inflam-
matory responses occur in the early time with the hap-
pening of two molecular patterns [84]. Changes in their
levels indicate a state of inflammatory response in the
body that cannot be provided by the methods of diagnos-
ing pathogens. However, it is still a challenge to find an
accurate and quantitative way to detect biomarkers in the
human blood. Compared with frequently-used methods
of detecting biomarkers like mass spectrometry (MS)
and antibody-based technologies, aptamer-based sensors
have shown a huge potential in recent years because of
their superiorities like low costs, wide detection ranges,
low immunogenicity, and sufficient sensitivity [85-87].
Several biomarkers are associated with the occurrence
and development of sepsis, such as LPS, IL-6, and CRP
[88]. In the following sub-section, some aptamer-based
sensors for detecting sepsis-related serum biomarkers are
discussed.

LPS
LPS, called endotoxins, are the major glycolipid molecule
in the cell walls of gram-negative bacteria which is the
main difference between gram-negative and gram-pos-
itive bacteria [89]. Many investigations have highlighted
the impact of LPS in the development of sepsis and LPS
interacts with the special cellular receptors such as Toll-
like receptor-4/MD2 and CD14 to produce inflammatory
cytokines [90]. The release of LPS can cause a series of
cascading inflammatory pathological reactions, which
lead to the occurrence of sepsis. Therefore, LPS is consid-
ered an important biomarker for the diagnosis of sepsis.
Over the last few decades, the detection methods
of LPS have been continuously developed. Previous
methods, such as the rabbit pyrogen test (RPT) [91],
the Limulus amoebocyte lysate (LAL) [92], the mono-
cyte activation test (MAT) [93], the recombinant factor
C (rFC) [94], and the EndoLISA [95], cannot be rou-
tinely used to analyze clinical sepsis samples because
of their disadvantages of temperature dependence,
high cost, inconsistent, and long testing time. However,
studies have shown that the LPS test methods based
on aptamers were used for the early diagnosis of sep-
sis in the past few years, which have the advantages
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of sensitivity, specificity, high affinity, low cost, and
time-saving.

To capture LPS, electrodes have been modified by
graphene oxide (GO) and GNPs to detect LPS. Kim
et al. used a method based on the nonequilibrium cap-
illary electrophoresis of equilibrium mixtures to identify
LPS [50]. It did not include the systematic evolution of
ligands by exponential enrichment (NECEEM-based
non-SELEX) method. This method constructed an elec-
trochemical aptamer sensor on a gold electrode with a
high-affinity LPS binder B2. The linear detection range
of the electrochemical aptamer sensor for LPS was from
0.01 to 1 ng/mL. Compared with the traditional strat-
egy of diagnosing sepsis, the time of this method was
significantly shorter, however, the extensive application
of this aptamer sensor was limited by its low sensitivity.
To improve their sensitivity, signal amplification strate-
gies should be considered. Bai et al. designed a new type
of aptamer-based electrochemical platform through the
combination of two typical signal amplification strate-
gies to achieve the ultra-sensitive detection of LPS [51].
Firstly, the three-way DNA junction-aided enzymatic
recycling could increase the electrical signal by increas-
ing the number of capture probes. Besides, the GO nano-
composite material further enhanced the electrochemical
signal. The sensitivity of this method was down to fem-
togram level (8.7 fg/mL), with a linear range of 6 orders
of magnitude (from 10 fg/mL to 50 ng/mL). This method
obtained better sensitivity compared with the previous
study, but the complex manufacturing process of the
aptamer sensor would limit its clinical application. Inter-
estingly, Posha and co-workers reported an ultrasensitive
electrochemical biosensor that does not require addi-
tional signal amplification strategies [52]. Gold clusters
were used as electrodes because of their excellent mer-
its, such as fast electron transfer and good water solubil-
ity, and then the strong affinity of 5’ end amino groups
of the aptamer was fixed on the surface of the gold elec-
trode. An electrochemical biosensor could be produced
to monitor the concentration of LPS by using the allowed
or blocked electron transfer in the surface-assembled
molecule. Aptamers immobilized by gold atomic clus-
ter were mediated in this biosensor. The lower detection
limit of this sensor was 7.94 x 1072 M, which was at the
attomolar level. And the linear range was from 0.01 aM
to 1 pM, which was with a linear response of 9 orders of
magnitude (Fig. 8). Therefore, this aptamer biosensor had
higher sensitivity, simple structure and preparation pro-
cess, and had a broad application prospect in the detec-
tion of LPS in sepsis.

Besides, in the last few years, RGO and AuNPs have
been used to immobilize aptamers. Compared with GO,
RGO has higher electrical conductivity, better ductility,
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Fig. 8 Schematic diagram of the preparation and working principle of Apt/AuAC/Au sensor [52]

thermal stability, and has received more attention in the
biological analysis [96]. For example, Pourmadadi et al.
modified aptamers on the surface of a glassy carbon
electrode (GCE) via RGO and AuNPs, which were suc-
cessfully used in the analysis of serum of patients and
normal people [53]. In another case, the research by
Yazdian et al. used RGO-Au NPs to modify electrodes
to immobilize thiolated aptamer that specifically binds
to endotoxin [54]. After using aptamers immobilized by
RGO, the nanomaterial with better performance enabled
the aptamer sensor to possess higher sensitivity in LPS
detection. The detection lower limit and dynamic range
of the sensor were 0.2 fg/mL and 0.001-0.01 pg/mL,
respectively. Further, molybdenum disulfide (MoS2) was
also applied as the matrix of the biosensor with the appli-
cation of RGO and AuNPs (Fig. 9) [55]. The high elec-
trical conductivity and large specific surface area of the
new nanocarrier can greatly amplify the electrochemical
signal and enhance the sensitivity of the aptamer sensor.
It was linear in the range of 5.0 x 107° to 2.0 x 1072 ng/
mL, and the lower LOD was 3.01 x 10> ng/mL. In addi-
tion, the method had a good recovery rate for serum
samples and a broad application prospect in the field of
trace analysis of LPS in sepsis diagnosis. The label-free
aptamer sensor in this study could simplify the operation
sequence and had a fast response speed. Some studies by

An et al. and Ji et al. also used label-free aptamer sensors
to detect LPS [56, 57].

Also, there were some studies using aptamers labeled
with 6-carboxyfluorescein (6-FAM) to detect LPS. For
instance, Zhang et al. designed a 6-FAM labeled aptamer
as a fluorescent probe to detect LPS, by combining the
advantages of the aptamer’s specific binding ability and
the fluorescence quenching effect of GO [58]. However,
the linear range of this probe for LPS was 25-1600 ng/mL
and the lower LOD was 15.7 ng/mL. Therefore, the detec-
tion sensitivity was low, and the study did not mention
whether this method could be effectively applied in clini-
cal practice. There was a significant improvement in Niu
et al. [59]. Based on the fluorescence quenching effect in
the study, they designed a microfluidic chip based on the
continuous injection-electrostacking to couple RGO and
FAM-aptamer so that the aptamer could be combined
with LPS to achieve the purpose of detection. The detec-
tion limit of this method was 8.3 fM (8.3 x 10~* Eu/mL)
and the sensitivity is higher. This aptamer-based biosen-
sor can detect LPS in injections and serum of human and
sepsis model mice, and can quickly distinguish between
gram-negative bacteria from gram-positive bacteria and
fungus (Fig. 10). Taken together, this method is simple,
sensitive and specific, and has a good correlation with
the gold-standard LAL assay. As a practical application, it
can be used for the detection of sepsis in the clinic.
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IL-6 is a cytokine that takes part in many immune and
inflammatory responses [97]. It plays an important role in
the process of the hepatic protein during acute inflamma-
tion[98]. In addition, the high level of the IL-6 is a sym-
bol of the high risk of death especially in intra-abdominal
sepsis [99]. Compared with a low concentration of IL-6
in the normal condition (lower than 10 pg/mL), the level
of IL-6 rises rapidly (even more than 1 pg/ml) when sep-
sis occurs in adults [100]. Therefore, detecting the change
of IL-6 concentration is of great significance for the early
diagnosis of sepsis.

To detect IL-6 rapidly, aptamers are usually combined
with NPs, such as AuNPs, graphene, nanotubes, to con-
struct sensor systems.

For instance, to develop an optical sensor, Giorgi-Coll
et al. combined many aptamers with gold nanoclusters,
which was called “sandwich-style” (Fig. 11) [60]. When
aptamers recognized and attached IL-6, the gold nano-
clusters were aggregated and made the color of the solu-
tion change from red to pink in few minutes, which could
be measured by a spectrophotometer or a plate reader. It
provided a fast method for detecting the concentration of
IL-6 in human serum albumin by an optical sensor, which
contributes to diagnosing sepsis quickly in clinical.

Tertis et al. developed an electrochemical sensor that was
made up of glassy carbon electrodes coated with GNPs and

aptamers fixed via gold-sulfur bonds [61]. The designed sen-
sors could test the concentration of IL-6 from 5 pg/mL to
100 ng/mL with a detection limit of 1.6 pg/mL. The sensor
could be re-used and be applied to detect other biomarkers
in the clinic, which was helpful to diagnose sepsis.

For another sensor like microfluidic sensor, Khosravi
et al. modified aptamers conjugated 1-Pyrenebutanoic
Acid Succinimidyl Ester (PASE) on the nanotube biosen-
sors [62]. The conductance was reduced with the increase
of IL-6 concentration, which caused the change of the
electrical signal. This was the first time to use the PASE
conjugated aptamers to detect IL-6 and the strategy not
only achieved label-free techniques but also completed
10 pg/mL sensitivity in serum.

Hao et al. combined the aptamer with a graphene-based
field-effect transistor (GFET) to build the aptameric
graphene-based based field-effect transistor(A-GFET)
[63]. By relying on online signal processing circuits, the
detection of IL-6 was carried out in ten minutes with the
limit of 140 fM. In addition, the transistor could detect
IL-6 which was stored for a long time. After that, they
improved the A-GFET by using PASE as a linker, which
caused the range of detection was extended to 618 fM
and the sensing performance of A-GFET was improved
[64].
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preconcentration and the CI-ES mechanism [59]

CRP

CRP is an acute-phase protein produced by the liver,
which is a common biomarker for the diagnosis of infec-
tion and inflammation in clinical treatment. The levels of
CRP are elevated after infection and inflammation [101].
The level of CRP mostly depends on the amount of tis-
sue damage currently occurring, and it can rise 1000-fold
after infection or tissue damage within 24 to 48 h [102].
Elevated serum CRP concentration indicates a potential
risk of organ failure and sepsis [103]. Besides, CRP has
been widely used as biomarker of neonatal sepsis [104].
Therefore, detecting CRP is of great significance for the
early diagnosis of sepsis.

Previous detection techniques, such as antibody-based
tests [105] and enzyme-linked immunosorbent assay
(ELISA) [106], have been proven to successfully detect
CRP, however, some limitations are present. For exam-
ple, antibody activity is not stable, and different animals
have various immune responses, which leads to different
specificity and sensitivity to CRP. ELISA can also cause
inaccurate results by the color and composition of the
medium used in assays [107].

Recently, aptamers have been applied in the detec-
tion of CRP. With the rapid development of optical fiber
technology, the research of optical fiber sensors (OFS)
received increasing attention. Generally, OFS works by
detecting changes in light propagation caused by external
stimuli. Compared with traditional sensor technologies,
OFS is resistant to electromagnetic interference and high
temperatures [108]. In addition, OFS has already been
used to monitor pH, respiration rate, heart rate, and body
temperature in the biomedical fields [109, 110]. Zamar-
reno and co-workers prepared a biosensor for rapid
response and real-time monitoring of sepsis [65]. In this
assay, researchers used a layer-by-layer (LbL) technique
to combine CRP aptamer film with a fiber optic refrac-
tometer based on lossy mode resonances (LMRs). As
aptamers bound to CRDP, the refractive index of the sen-
sitive coating changed (Fig. 12). The developed sensor
could measure CRP in the range of 2-20 mg/L in less
than 15 min. This experiment provided a new direction
of diagnosis for early sepsis.

Besides, Luminex xXMAP technology for clinical diag-
nosis is a hot topic in the field of bioscience. It allows
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simultaneous detection of multiple analytes, using a
lower sample size and shorter culture time. Furthermore,
multiple types of aptamers can be incorporated into this
technology [111]. Porschewski et al. reported the use of
aptamers in the xMAP technology [112]. To expand the
application of aptamers, Bernard et al. coupled an RNA
aptamer that binds CRP to beads to act as the trapping
agent [66]. Biotinylated anti-CRP antibody coupled to
fluorescently labeled streptavidin was used to quantify
CRP. An assay for the detection of CRP was successfully

established with the detection limit of 0.4 mg/L in diluted
serum.

In the last few years, NPs have been used to detect
CRP in sepsis. Ghosh et al. reported an optical nanosen-
sor using DNA aptamer as the main sensing element
[67]. This biosensor combined a deoxyribonucleic acid
aptamer with a quantum dot on the 5 terminus and a
GNPs on the 3’ terminus. When the aptamer bound to
CRP, the photoluminescence intensity decreased based
on the principle of fluorescence resonance energy trans-
fer (FRET) (Fig. 13). The nanosensor was highly specific
for CRP and the minimum detection limit was 1.77 pM.
This detection system was synthesized by the wet chemi-
cal method and was simple in design. By using specific
DNA aptamers, it could also be applied to detect other
molecules.

CRP is also a generic biomarker for inflammation, can-
cer, cardiovascular, and neurological diseases. Currently,
several aptamer-based detection strategies have been
constructed, e.g., surface plasmon resonance [113], elec-
trochemical [114], Photoelectrochemical (PEC) [115],
etc.

Conclusions and perspectives

Diagnosing sepsis at the early stage is of great sig-
nificance, which could guide doctors to use effective
symptomatic and antibiotic treatment. Aptamer-based
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biosensors may be a powerful complement to the tra-
ditional diagnostic method "blood culture" because of
their accessibility, rapidity, and stability. The review sum-
marized the recent progress of aptamer-based biosen-
sors in the detection of bacteria and biomarkers for the
diagnosis of sepsis. It is highly expected that innovative
aptamer-based applications will emerge through rational
design and development to achieve an excellent clinical
performance.

Although some preliminary success has been achieved
in the area of sepsis diagnosis by taking advantage of
aptamer-based nano-biosensing systems, some chal-
lenges still remain for advancing this technology.

First, many aptamers have been selected against
the sepsis-related targets, but only a tiny minority of
aptamers’ properties have been investigated. The safety
of most aptamers has not been demonstrated, which
limits their biological/clinical applications. In addition,
the aptamer secondary and tertiary structures can be
easily affected by temperature. To maintain its spatial
configuration, the aptamers used for sepsis diagnosis
should be selected according to the temperature at the
time of clinical testing. Cold storage may also change
their optimal folded conformation, which leads to
lower detection accuracy. Thus, it is very important to
develop a technique to avoid such potential thermally-
induced conformational issues. Besides, the binding
performance of aptamers may be affected in complex
matrices. Therefore, it is necessary to keep aptamers’
normal function in working matrices, such as using

chemical modifications to enhance their stability, and
testing the performance of aptamer-based biosensor in
its specific working environment is also needed.

Second, although numerous work has been reported
for proof-of-concept, there is still no available kits that
can be applied at clinical or industrial level. Develop-
ing more efficient platforms, which may remedy the
cost and inconvenience of aptamer-based nano-bio-
sensing systems, will accelerate the translation from
the bench to the clinic. Therefore, aptamer-integrated
high-throughput analysis platforms could offer an ideal
strategy to detect multiple pathogens and biomarkers
from human biofluids that are commonly involved in
the occurrence and development of clinical sepsis.

Third, it is critical to have the ability to design an
aptamer-based nano-biosensor to offer ultra-high
sensitivity and reproducibility with a large dynamic
range simultaneously, because the signals of the sen-
sor could be interfered from the biological molecules
and aptamer are susceptible to degradation in biologi-
cal media. A promising strategy may be the appropriate
chemical modification in aptamer-based nanosensors,
e.g., using polyethylene glycol to enhance resistance to
exonucleases.

Fourth, it was reported that some specific aptamers
have potential applications in the treatment of sepsis.
Integration of the diagnosis and treatment in sepsis could
be a promising strategy in the future research direction.

Overall, the aptamer-based sensor systems have a great
potential for the early diagnosis of sepsis due to their
excellent merits, such as high sensitivity, fast detection



Liu et al. J Nanobiotechnol (2021) 19:216

speed, wide detection range, easy mass production, etc.
The specificity of this type of detecting technique makes
it possible to detect different targets only by changing the
type of aptamers. In addition to detect pathogens and
biomarkers, it can monitor the real-time growth of bac-
teria and biofilms and also conduct drug sensitivity tests.
With the continuous development of interdisciplinary
research, it is predictable that the aptamer sensor system
will become a crucial diagnostic tool for sepsis.
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