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Sulfated polysaccharide fucoidan (FD) is widely applied in biomedical applications owing to
its outstanding bioactivities. In addition to the biochemical features, the architecture of
biomaterials plays a critical role in tissue repair and regeneration. Particularly, nanofibers
have elicited great interest due to their extracellular matrix-like structure, high specific
surface area, and favorable biological properties. Herein, chitosan-modified FD/ultra-high
molecular weight polyethylene oxide (UHMWPEQ) nanofibers are developed via green
electrospinning and electrostatic interaction for studying their interaction with endothelial
cells. The appropriate solvent is screened to dissolve FD. The electrospinnability of FD/
UHMWPEQO aqueous solutions is greatly dependent on the weight ratios of FD/
UHMWPEO. The incorporation of UHMWPEO significantly improves the
electrospinnability of solution and thermo-stability of nanofibers. Also, it is found that
there is good miscibility or no phase separation in FD/UHMWPEO solutions. In vitro
biological experiments show that the chitosan-modified FD/UHMWPEQO nanofibers greatly
facilitate the adhesion of endothelial cells and inhibit the attachment of monocytes. Thus,
the designed FD-based nanofibers are promising bio-scaffolds in building tissue-
engineered blood vessels.

Keywords: fucoidan, electrospun nanofibers, extracellular matrix, endothelial cells, biointerface, cell-material
interface

INTRODUCTION

In the past few decades, marine polysaccharides have gained increasing attention in the area of
diversified biomedical applications owing to their inherent (bio)physicochemical features, such as
biocompatibility, biodegradability, favorable bioactive, biomechanical properties, and structural
functionalities (Bidarra et al., 2014; Fernando et al., 2019; Hao et al., 2020; Jana et al., 2020; Yin et al.,
2021; Zheng et al.,, 2021). Particularly, sulfated polysaccharide fucoidan, extracted from marine
brown seaweed, has been well-known to possess various biological activities, e.g., antibacterial,
antiviral, antioxidant, anticoagulant, anti-inflammatory, antitumor, antithrombotic, antifibrotic, and
immunomodulatory activities, facilitating the generation of angiogenesis and fibrillar collagen matrix
(Li et al, 2008; Senthilkumar et al., 2017; Oka et al, 2020; Yao et al, 2020). These unique
characteristics make them remarkable candidates for blood vessel tissue engineering, which has
not been examined closely.

Besides the biochemical properties, their biophysical structure can significantly mediate cell
attachment, shape, viability, the differentiation or pluripotency of stem cells, and even tissue repair
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and regeneration (Li et al., 2018; Cui et al., 2020; Yu et al., 2020;
Yu et al,, 2021; Zhou et al.,, 2020; Liu et al.,, 2021; Yang et al,,
2021a; Yang et al, 2021b). Recently, the development of
nanofibrous materials has received increasing attention in
tissue engineering and regenerative medicine due to their
outstanding properties, such as their favorable biological
properties, sufficient mechanical strength, highly porous mesh
with interconnectivity, extremely high specific surface area, and
aspect ratio (Zhou et al,, 2015; Zhou et al., 2017; Kenry and Lim,
2017; Xue et al, 2019; Ahmadi et al., 2021). In addition,
nanofibers can mimic the natural extracellular matrix (ECM)
structure in the blood vessel and have been widely used as a blood
vessel tissue-engineering scaffold (Xu et al., 2004; Devolder et al.,
2011). In the recent 2 decades, the electrospinning technique has
been widely used to prepare polymeric fibers with diameters
typically ranging from tens of nanometers to several micrometers
(Zhang et al., 2005; Xue et al., 2019; Daraeinejad and Shabani,
2021; Fetz et al, 2021; Peng et al, 2021). However, the
electrospinning of fucoidan (FD) remains a challenge due to
its low viscoelasticity and solubility issues. It was reported that
other nature polymers [e.g., chitosan (CS), cellulose, sodium
alginate, protein] with a small amount of ultra-high molecular
weight polymer (UHMWP) [e.g., polyethylene oxide (PEO),
polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP)] can

allow their preparation in nanofibers via electrospinning
(Zhang et al, 2008; Li et al, 2015). In this sense, the
combination of FD and UHMWP could also be considered to
address the issue of spinnability.

Vascular endothelial cells (VECs) are the predominant cell
type and generate a continuous inner monolayer of blood vessels,
which are responsible for regulating inflammation and vascular
homeostasis in healthy blood vessels (Coultas et al., 2005). Also,
the attachment of monocytes to VECs is vital for the occurrence
of atherosclerosis and inflammation (Rajendran et al., 2013; Yang
et al,, 2019; Li et al,, 2021a; Li et al., 2021b; Zong et al., 2021).
Herein we hypothesize that FD-based nanofibers would be able to
exhibit favorable physicochemical properties to mediate VEC
responses in engineering vascular tissues. To test the hypothesis,
FD/UHMWPEO nanofibrous films were fabricated using green
electrospinning. Figure 1A displays the overall strategy to
develop CS-modified FD/UHMWPEO nanofibers and their
interaction with VECs. H,O and a small amount of
UHMWPEO were selected as the solvent and co-spinning
polymer for electrospinning of FD. Then, positively charged
CS was selected to interact with negatively charged FD via the
electrostatic interaction. The chemical structures of FD,
UHMWPEO and CS used are shown in Figure 1B. The
physicochemical ~ features  of  FD-based  nanofibers,
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i.e,, morphology, crystallization, and thermal properties, were
systematically tested by different characterization techniques.
Further, FD-based nanofibers were seeded with human
umbilical VECs (HUVECs) to investigate the effects of
material physicochemical properties on cellular attachment
and the adhesion of monocytes to HUVECs.

MATERIALS AND METHODS

Materials

Fucoidan (FD, Mw = 276 kDa, sulfate: 29.65%) was provided by
Qingdao Bright Moon Seaweed Group Co., Ltd. (Qingdao, China).
UHMWPEO (Mv = ~6,000,000 g/mol_l), chitosan (CS, Mv =
300 kDa and deacetylation degree >90%), and acetic acid (HAc,
purity >99.8%) were supplied by Shanghai Macklin Biochemical
Co., Ltd. (Shanghai, China). Both the human umbilical vein
endothelial cells (HUVECs) and human acute monocytic
leukemia cells (THP-1) were bought from the Shanghai
Institutes for Biological Sciences (Shanghai, China). Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12, RPMI 1640
media, and fetal bovine serum were supplied by Biological
Industries (Israel). FITC phalloidin and DAPI were provided by
Solarbio (Beijing, China). Cell Counting Kit-8 was purchased from
Absin Bioscience Inc. (China). Carboxyfluorescein diacetate
succinimidyl provided by MedChemExpress
(Shanghai, China). Other chemical reagents were of analytical
grade and used without further purification. Ultrapure water
used in all experiments was obtained with a Milli-Q apparatus
(Millipore, Bedford, MA, USA).

ester was

Preparation of Electrospun FD-Based
Nanofibers

The FD aqueous solutions were doped with a small amount of
UHMWPEO (i.e., FD/UHMWPEO = 100/0, 98/2, 97/3, 96/4, 95/
5, 94/6, 93/7, 92/8, 91/9, and 90/10). The mixed solutions were
stirred for ~6 h at room temperature prior to processing to ensure
thorough mixing. The solution was loaded into a 20 ml plastic
syringe attached with a 25-gauge blunt-ended needle as the
spinneret which was charged at a high electric potential of
10-15kV by a high voltage power supply (Tianjin Dongwen
High Voltage Power Supply Plant, China). The solution feeding
rate (0.3-1 ml/h) was precisely controlled by a syringe pump
(Baoding Longer Precision Pump Co., Ltd., China). The FD-
based nanofibers were collected onto an aluminum foil-covered
collector placed 15 cm away from the needle tip. Electrospinning
processes were performed on a horizontal electrospinning setup
at 20-25°C with an ambient humidity of 30-35%.

Modification of FD-Based Nanofibers by CS
FD-based nanofibers prepared from FD/PEO (90/10) were
particularly selected for modification with CS. First, 1% CS
was dissolved in an aqueous mixed solvent system consisting
of 30, 60, and 90wt% HAc, respectively. The FD-based
nanofibers were immersed in the CS/HAc solution for ~60 s.
All modified samples were dried for 2-3 days in a vacuum oven

Nanofibers Mediate Cell Responses

(DZF-6050AB, Beijing, China) at 35°C to remove any potential
residual solvent.

Characterization

The morphological structure of the prepared nanofibers was
observed using a scanning electron microscope (SEM) (VEGA3,
TESCAN, Czech) operated at an acceleration voltage of 8-10kV.
Prior to observation, samples were sputter-coated with gold for
120 s to increase the electronic conductivity. The mean diameter of
nanofibers was identified by randomly detecting at least 50 fibers
from various SEM images for each type of sample using Image J
software.

The rheometer (MCR301, Anton Paar, China) equipped with
a parallel plate (20 mm) was used to measure the viscous property
of FD/PEO aqueous solutions.

A Nicolet iN10 FTIR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) was used to characterize Fourier transform-
infrared (FTIR) spectra of the samples over the range of
500-4,000 cm ™" at a scanning resolution of 2 cm™" during 32 scans.

X-ray diffraction (XRD) spectroscopy was performed by
DX2700 (Dandong, China) to measure the crystal structures of
nanofiber samples. The samples were tested between 10 and 80°
(20) at a scanning rate of 0.05° (20) per min operating with
voltage 40 kV and current 30 mA equipped with Cu Ka radiation
(A = 15418 A).

Thermogravimetric analysis on the nanofiber samples was
conducted in a thermogravimetric analyzer (NETZSCH,
Germany) at a scan range from 0 to 800°C with continuous
nitrogen flow.

Differential scanning calorimetry (DSC, TA, USA) was used to
measure the thermal properties of the electrospun FD-based
nanofibers. A nitrogen atmosphere (flow rate = 50 ml/min) was
used throughout. All samples were first quenched to -80°C with
liquid nitrogen and then heated at a rate of 10°C/min to 180°C.

Cellular Assays
HUVECs (passage: 3-5) were cultured in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (Biological Industries,
Israel) supplemented with 10% fetal bovine serum (Biological
Industries, Israel) and 1% Penicillin-Streptomycin Liquid
(Biological Industries, Israel) in a humidified incubator of 5%
CO, at 37°C. THP-1 cells were cultured in RPMI 1640 media
(Biological Industries, Israel) supplemented with 10% FBS in a
humidified 37°C and 5% CQO, incubator. THP-1 cells were used in
the following experiments.

All substrates (@14 mm) were immersed into 75% ethanol for
2 min and then irradiated with UV for 1 h, placed in 24-wells, and
washed by PBS. After that, HUVECs were incubated on the
substrates in 24-well plates at a density of 3 x 10* cells/well for cell
adhesion. All plates were stored in an incubator at 37°C and 5%
CO, for 24h. Then, HUVECs were fixated by 4%
paraformaldehyde (Solarbio, Beijing, China) for 20 min.
Subsequently, the cell membrane was permeabilized with 0.5%
Triton X-100 (Sigma) solution for 3 min. Finally, the cells were
stained by FITC phalloidin and DAPI for 30 and 10 min,
respectively (Solarbio, Beijing, China). The images were
captured by Fluorescence Microscopy (Nikon Al MP, Japan).
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TABLE 1 | The solubility of FD in different solvents.
H.O DCM EA DMSO TCM

+ — — — —

Nanofibers Mediate Cell Responses

DMF Diox CCl, CAN Hex THF

DCM, Dichloromethane; EA, Ethyl acetate; DMSO, Dimethyl Sulphoxide; TCM, Trichloromethane; DMF, Dimethyl Formamidine; Diox, Dioxane; CCl,, Carbon Tetrachloride; CAN,
Acetonitrile; Hex, Hexyl hydride; THF, Tetrahydrofuran. “=" means insolubilization; “+” means solubilization.

HUVECs were seeded onto the sterilized substrate (14 mm)
in 24-well plates at a density of 5 x 10" cells/well for forming cell
monolayers. After 1 day, THP-1 cells (1.5 x 10° cells/well) stained
by Carboxyfluorescein diacetate succinimidyl ester (CFSE, MCE,
China) were seeded onto HUVEC monolayer, and co-cultured for
4 h. Afterward, each well was washed with PBS three times and
counted the number of THP-1 adhered by HUVECs using the
Fluorescence Microscopy (Nikon Al MP, Japan).

Statistical Analysis

All data were expressed as mean + SD. Statistical analysis was
performed using Origin 9.0. All the data were analyzed using one-
way analysis of variance (ANOVA) with Tukey’s test to
determine differences between groups. A value of p < 0.05 was
considered to be statistically significant.

RESULTS AND DISCUSSION
Solubility of FD in Various Solvents

It was demonstrated that the selection of solvent is critical to
determine material  solubility, viscoelasticity, electrical
conductivity and electrospinnability of the solution, as well as
the productivity and morphology of nanofibers (Zhou et al., 2013;
Casasola et al., 2014). However, no studies have been performed
to find out which solvents FD could dissolve in. In our study, FD
was first dispersed into 11 solvents as shown in Table 1 under
magnetic stirring at room temperature. After 12 h, it was found
that FD was only dissolved in the water (Table 1), which formed a
hazel homogeneous solution (data not shown). The maximum
solubility of FD in the water at room temperature is 10%. When
water was heated to 40°C, FD dissolved faster and the amount of
dissolved FD significantly increased. Therefore, in the following
experiment water was used as a solvent to prepare FD nanofibers
via electrospinning. Also, water-based electrospinning, also
named “green electrospinning,” has several advantages of
being environmentally friendly, non-toxic, and non-flammable.
It was reported that organic solvents remaining in the fibers had a
negative effect on cellular adhesion and proliferation both in vitro
and in vivo (Mooney et al., 1996; Lv et al., 2018). The water-based
electrospinning strategy here for preparing FD nanofibers is a safe
and versatile route to numerous applications in biology,
medicine, and pharmacy.

Preparation of FD-Based Electrospun

Nanofibers
To obtain the adequate viscosity of FD solution, the maximum
FD concentration (10% w/v) at room temperature was used in the

following experiment. However, when 10% w/v FD aqueous
solution was used for electrospinning, only droplets were
formed as shown in Figure 2A, probably because the used FD
solution still did not have enough viscosity.

As reported, the electrospinnability of naturally derived
polymer solutions can be greatly improved by introducing a
small amount of UHMWPEO (Zhang et al., 2008; Li et al,,
2015). As shown in Figure 2B, with the decrement of the
weight ratios of FD/PEO from 100:0 to 98:2, FD/PEO
microbeads were fabricated. When the mass ratio of FD/
PEO was further decreased from 97:3 to 91:9, the
nanofibers with bead-string morphology were generated,
the microspheres were elongated, and the average diameter
of nanofibers decreased (Figures 2C-E). The defect-free
nanofibers with an average diameter (560 + 88 nm) were
prepared in the electrospinning of the FD/PEO (90:10)
solution (Figure 2F). Figure 2G showed the variation in
viscosity with the weight ratios of FD/PEO solutions. By
adding PEO with different ratios relative to FD (FD/PEO =
98/2, 95/5, and 90/10), it was found that the viscosity of
solutions was increased from 0.0114 to 0.0879 Pa-s. It was
reported that the chain entanglements caused by the
increased polymer concentration can play a vital role in
fiber formation during electrospinning (Shenoy et al., 2005;
Zhou et al., 2013).

Quantification shows that the fiber diameter first decreased
and then increased with increasing the amount of PEO
(Figure 2H). The size of microbeads initially increased with
increasing the amount of PEO and then was relatively
independent of the amount of PEO. The increased chain
entanglements can serve to stabilize the electrospinning jet
by inhibiting jet breakup, which elongated beads (Shenoy et al.,
2005). These results indicate that the morphology and

diameter of electrospun FD/PEO nanofibers greatly
depended on the weight ratios of FD/PEO. Also,
UHMWPEO as the co-spinning polymer significantly

improved the spinnability of FD.

It was well-demonstrated that the diameter of nanofibers
can affect the drug release, modulate cell adhesion,
migration, proliferation, differentiation, siRNA uptake,
and gene silencing, as well as even tissue repair and
regeneration (Jaiswal and Brown, 2012; Higgins et al,
2015; Pelipenko et al., 2015; Yau et al., 2015). As depicted
in Figures 3A,B, the diameter of FD/PEO nanofibers slightly
increased and then decreased with increasing the applied
voltage and collecting distance. The nanofiber diameter
remained unchanged with the increment of feed rate
(Figure 3C).
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Characterization of the FD-Based
Nanofibers

FT-IR spectra were performed to ascertain the molecular interactions
in FD/PEO nanofibers (Figure 4A). PEO revealed a relatively sharp
peak at 2,938 cm ™", which is attributed to—CH, stretching (Shariful
etal, 2017). And its typical peaks at 1,148 and 1,110 cm™" correspond
to C-O-C vibration. In addition, FD showed absorption bands at
3,434 cm™" (O-H stretching), 1,642 cm™ (C=0 stretching), 1,232 cm ™"
(S=0 bending), and 833 cm ™ (C-O-S bending). The absorption band
associated with C-O-C disappeared in FD/PEO nanofibers, probably
because C-O-C is a proton acceptor and may form hydrogen bonding
with the OH group in FD molecules (Kondo et al., 1994).

Figure 4B displays the XRD patterns of raw materials and the
beaded nanofibers (FD/PEO = 95:5), nanofibers (FD/PEO = 90:
10). The PEO powder showed two characteristic diffraction peaks
at 19.2 and 23.3°, corresponding to (120) and (112) planes,
respectively. Pure FD powder at 23° displayed low overall
crystallinity, which suggests that it is a semicrystalline
polymer, which is consistent with other reports (Saravana
et al, 2016). The XRD patterns of FD-based nanomaterials
were similar to that of FD. There were no significant
differences between nanomaterials with different ratios. Also,
the diffraction peaks of PEO were largely depressed in the
nanomaterials probably due to a small amount of added PEO
and/or good miscibility between FD and PEO.
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Raw TGA thermograms and their first-order derivative curves
are shown in Figures 4C,D. It was found that the pure PEO is
found to thermally decompose at 375°C and decomposed
completely at 433°C. The FD powder showed a weight loss of
approximately 28% between 35 and 200°C and a continuous
weight loss until the temperature reaches 800°C. The thermal
behavior of FD/PEO nanomaterials displayed a similar trend to
that of FD powder. The first stage of weight loss (<100 °C) was
due to moisture evaporation. The second stage exhibited a sharp
decrease in weight owing to the decomposition of FD. With an
increased amount of PEO, the maximum decomposition rate of
FD/PEO nanomaterials slightly increased from 186 to 206°C. The
reason may be due to a small amount of added PEO in composite
nanofibers. Also, the introduction of PEO increased the thermal
stability of FD/PEO nanomaterials.

Moreover, DSC analysis of the prepared FD/PEO
nanomaterials displayed shifts in glass transition temperature
with the incorporation of PEO to FD. No extra transition signals
appeared as compared to the DSC curve of FD. Taken together,
these results indicate that there was good miscibility or no
obvious phase separation between FD and PEO.

FD/PEO Nanofibers Modified by CS

Because PEO and FD have a high solubility in water, the structure
of prepared FD/PEO fibrous membranes in the aqueous
environment can be destroyed. To maintain the structure of
FD/PEO nanofibers in the cell culture medium, it is necessary
to modify the nanofiber surface with an H,O-insoluble polymer.

Here, positively charged CS was selected which could interact
with negatively charged FD via the electrostatic interaction. The
FD/PEO nanofibers were soaked in 2 wt% CS solutions with
various HAc/H,O percentages (i.e., 30, 60, and 90%).
Representative SEM images of FD/PEO nanofibers before and
after modification are shown in Figure 5. After the treatment of
CS solution in HAc/H,O = 30 wt%, the integrity of the fiber
structure was retained (Figure 5A). After the modification of CS
solution in HAc/H,0 = 60 and 90 wt%, the fibers swelled largely
and the fiber structure was disappeared (Figures 5B,C). Next, CS-
modified FD/PEO nanofibers were soaked in water for 30 min
and their fiber morphology remained. However, the nanofibers
had obvious swelling and adhesion (Figure 5D). Although
chemical crosslinking has been widely used to make natural
polymers stable, the crosslinkers used are cytotoxic.
Meanwhile, the chemical crosslinking of fucoidan has been not
reported. Therefore, positively charged CS was selected which
could interact with negatively charged FD via the electrostatic
interaction.

HUVEC Attachment and Their Interactions

With Monocytes

HUVECs were selected because they are the main cell type and
play a critical role in the function of the blood vessel (Yang
et al, 2017; Kang et al., 2019; Rocha et al., 2020). Cell
attachment is regarded as the first and critical response of
cells with their surrounding bio-scaffold, which precedes all
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modified FD-based nanofibers in HAc/H,O = 30% after infiltrating with HoO.

FIGURE 5 | SEM images of CS-modified FD nanofibers with different weight ratios of HAc/H,O [i.e., (A) 30%, (B) 60%, and (C) 90%]. (D) The SEM image of CS-

(D) FD/CS/UHMWPEQ nonfibrous film. Scale bars = 50 um.

FIGURE 6 | Fluorescent images of HUVECs for 1 day on the (A) coverslip control, (B) CS-modified FD/UHMWPEQ nanofibers, (C) CS/UHMWPEOQ nanofibers, and

other cellular events, e.g, survival, viability, function, and
differentiation (Zhou et al., 2015; Zhou et al., 2020). As shown
in Figure 6, HUVEC adhesion in all samples after 1 day of cell
culture was studied with a double-label fluorescence staining of the
nucleus (blue) and actin cytoskeleton (green). More adhered cells
were found on the CS-modified FD/UHMWPEO nanofibers
compared to the CS/UHMWPEO nanofibers and FD/CS/
UHMWPEO nonfibrous films, indicating that FD and fiber
structure could greatly promote cell adhesion. This result
suggests that the CS-modified FD/UHMWPEO nanofibers
possessed excellent cytocompatibility as a bio-scaffold for blood
vessel tissue engineering.

The adhesion and migration of monocytes to endothelial
cells is a process of the inflammatory response, which is
mediated by specific molecules on endothelial cells and
monocytes (Ross, 1999; Bian et al., 2017; Lin et al., 2018;
Liuetal., 2020). THP-1 cells were seeded on HUVECs exposed
to different materials. As shown in Figure 7A, the number of
adhered monocytes on HUVECs cultured on the CS-modified
FD/UHMWPEO nanofibers was less than those of other
groups, indicating that the CS-modified FD/UHMWPEO
nanofibers could inhibit the inflammatory response.
Quantification shows that there significant
differences among the samples.

were no
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FIGURE 7 | (A) Fluorescent images of THP-1 cells on HUVECs cultured on the (a) the coverslip control, (b) CS-modified FD/UHMWPEQ nanofibers, (c) CS/
UHMWPEO nanofibers, and (d) FD/CS/UHMWPEO nonfibrous film. Scale bar = 50 um. (B) The number of THP-1 cells on HUVECs cultured on different samples.
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CONCLUSION

In summary, chitosan-modified FD/UHMWPEO nanofibers were
fabricated using green electrospinning. Water was screened and used
as a solvent to dissolve FD. The defect-free nanofibers with an average
diameter (560 + 88 nm) were prepared in the electrospinning of the
FD/UHMWPEO (90:10) solution. The addition of UHMWPEO
greatly improved the electrospinnability of the solution and
thermo-stability of nanofibers. Cellular experiments demonstrated
that the chitosan-modified FD/UHMWPEO nanofibers facilitate
HUVEC adhesion and suppressed the attachment of monocytes.
Thus, the developed FD-based nanofibers display great potential for
vascular tissue engineering.
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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.

Keywords: Aptamer-based biosensors, Nanomaterials, Diagnosis, Sepsis

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

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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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

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Liu et al.  Nanobiotechnol (2021) 19:216 Page 13 of 22

a b 35, E. coli DH5a 35, E. coli K12 35 ] S. marcescens
04,
3.0 4 . I S , 30 3.0 ‘ sl \ B
°25 Vi 25 25 ‘ o2 | A1
H2304 g 220y §2_o ] §2,o { 8ot ¥
----------- > 81.5 <‘,' 815 | . . 8145‘ o ‘: ; *
450 nm 10 ] 10 f—F—""1 T = i @ B
T s s 1 Wl
TMB 0.5 { . { I o514 ! 051 i 3 u
00 &oi iy S : T oo¥ e o * . J
2 3 10 20 30 40 5 10 15 20
OMV [ug/mi] OMV [ug/ml] OMV [ug/ml]

Streptavidin
poly HRP d

Cc - E. coli DH5a 8
20 - "
Biotinylated o~ E. coli K12 -
aptamer - 8. marcescens £
15 1 L. grayi 8 4
—e— B. megaterium =
Z2
(U]

GNG6 / Control

0
omv® 0
5
& v o ©
e, e S0
" 0 o\\ o red V g’b\
E o & 2 )
< & &
OMV [pg/ml] % ©
Fig. 6 The scheme of GN6 ELAA and the specificity of GN6 to some OMVs [49]
|
Bacteria

Glass Gold Glass Gold
substrate electrode

Gold Glass

Fig. 7 Scheme of vertical capacitance aptamer-functionalized sensor [46]

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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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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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 CRP, 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
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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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Introduction: Circular RNAs (CircRNAs), an emerging non-coding RNA, have been
demonstrated to be involved in tumorigenesis, metastasis, and cancer progression,
and could represent novel potential biomarkers for diagnosing oral squamous cell
carcinoma (OSCC). However, no meta-analysis has investigated the diagnostic role of
circRNAs in OSCC. Hence, to investigate whether circRNAs could serve as specific
biomarkers for OSCC, the present systematic review and meta-analysis evaluated the
diagnostic efficiency of circRNAs in patients with OSCC.

Materials and Methods: A thorough search of online databases (Pubmed, Web of
Science, Embase, and the Cochrane Library) was conducted to collect relevant studies up
to March 30th, 2021. All eligible studies were case-control studies. The quality of each
study was evaluated by the Quality Assessment of Diagnostic Accuracy Studies-2
(QUADAS-2) tool. STATA (version 15.1) and Review Manager (version 5.4) were
employed to conduct the meta-analysis, and the PRISMA statement was adopted in
this study.

Results: A total of 16 studies were included in the meta-analysis, with five studies on
upregulated circRNAs, and 11 on downregulated circRNAs. The enrolled studies that met
our eligibility criteria all derived from China. The pooled sensitivity (SEN), specificity (SPE),
diagnostic odds ratio (DOR), positive likelihood ratio (PLR), negative likelihood ratio (NLR),
and the area under receiver operating characteristics curve (AUC) with the 95%
confidence intervals (95% Cls) were 0.74 (0.69-0.79), 0.79 (0.73-0.84), 10.74 (7.81-
14.77), 3.50 (2.78-4.45), 0.33 (0.27-0.39) and 0.83 (0.79-0.86), respectively. The
subgroup analysis demonstrated that serum, plasma, and saliva specimens had a
better diagnostic performance than tissue samples, with a high value of sensitivity,
specificity, DOR, and AUC values. The results also showed that the subgroups of
upregulated circRNAs and a sample size of >100 manifested higher specificity, DOR,
and AUC for cancer detection than downregulated circRNAs and a sample size of < 100.
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Dysregulated circRNA Expression in OSCC

Conclusions: A strong association was demonstrated between the dysregulated
expression of circRNAs and the diagnosis of OSCC. Hence, circRNAs have the
potential to function as promising biomarkers and therapeutic targets for OSCC.

Systematic Review Registration: PROSPERO, number CRD42021256857.

Keywords: circular RNA, OSCC, oral oncology, meta-analysis, biomarker, diagnosis

INTRODUCTION

Head-and-neck squamous cell carcinoma (HNSCC) ranks the
sixth most common neoplasm by incidence globally, accounting
for 650,000 new cancer cases and 350,000 deaths worldwide
annually (1). HNSCCs constitute a group of epithelial malignant
tumors in the oral cavity, nose, sinuses, salivary gland, larynx,
and pharynx. According to previous reports, males are more
likely to be affected than females, with a ratio ranging from 2:1 to
4:1 (2). Among the subtypes of HNSCC, oral squamous cell
carcinoma (OSCC) is the most common malignant neoplasm
and has a poor prognosis with a 5-year survival rate of <50%
(3, 4). The most widely applied therapies include surgery,
chemotherapy, and radiotherapy, which significantly
compromise the patients’ quality of life. In etiology, the typical
risk factors are mainly related to environmental carcinogens,
such as tobacco and alcohol, and risky lifestyle habits, e.g., betel
nut chewing (5). Recently, the human papillomavirus (HPV) has
emerged as an etiologic factor contributing to the development of
HNSCC (6). HPV-positive HNSCC cases, as a consequence of
HPV infections, mainly occur in the oropharynx region within
the lymphoid epithelium of the tongue or tonsils, primarily in
patients with the HPV-16 subtype (7).

Currently, the gold standard for OSCC diagnosis is still
conventional oral examination and the histological evaluation
of biopsy tissue, constituting highly accurate and reliable
diagnostic methods with high specificity and sensitivity.
However, the clinical application is limited due to patient
discomfort and sampling bias, leading to misdiagnosis (8).
Some biomarkers (such as carcinoembryonic antigen [CEA]
and CA199) have been developed and implemented clinically.
However, they have low accuracy and have proven inefficient.
Consequently, it is imperative for clinicians to search for novel
biomarkers as non-invasive diagnostic tools to enhance the
efficacy of OSCC diagnosis.

Circular RNAs (circRNAs), a novel class of endogenous non-
coding RNAs, are derived from the back-splicing by the
canonical spliceosome via exon or intron circularization (9).
As the high-throughput sequencing technology has made great
strides and been widely employed, several circRNAs have been
captured and identified (10). Instead of the linear structure
within a 5 cap and a 3’ polyadenylated tail, this non-coding
RNA is characterized by a covalently closed-loop structure (11).
CircRNAs are exceedingly stable and play a pivotal role in
various physiological and pathophysiological processes. Studies
recently published implied that this newly found subclass of long
non-coding RNA has significantly boosted research efforts in
many diseases, such as heart failure, autism, diabetes mellitus,

and cancer (12-15). Cumulative research has illustrated that
circRNAs function as microRNA molecular sponges and regulate
gene expression and other biological procedures, such as cell
proliferation, invasion, and migration (16).

Considerable evidence has indicated that circRNAs could
serve as a viable diagnostic option. Nonetheless, due to
variations in the study design, specimen type, and sample size,
no explicit clinical diagnostic significance of circRNA in OSCC
has been elucidated in previous studies. Therefore, this
systematic meta-analysis aimed to combine the results of
previously published studies to estimate the diagnostic test
accuracy of dysregulated circRNAs as biomarkers for OSCC.

MATERIALS AND METHODS

The process of study selection was conducted following the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guideline for diagnostic test accuracy (PRISMA-
DTA) (17).

Study Design
A systematic review and meta-analysis were applied to assess the
clinical diagnostic capability of circRNAs in OSCC.

Bibliography Search Strategy

All the eligible studies in this meta-analysis were selected
independently by two authors (MW and LZ). A thorough
electronic search was carried out in PubMed, Web of Science,
Embase, and Cochrane Library online databases up to March
30th, 2021. The full and reproducible keywords used in the
search are provided in Appendix 1. In addition, the two authors
independently and manually screened the titles, abstracts, and
full texts to identify the relevant studies. Then the authors
extracted the data from the relevant articles.

Inclusion and Exclusion Criteria
All the studies included in the meta-analysis met the following
inclusion criteria.

The inclusion criteria were as follows:

a. case-control study or cohort study,

b. the diagnosis of oral squamous cell carcinoma was confirmed
by histological examinations,

c. the studies analyzed the relationship between circRNAs and
oral cancers,

d. circRNAs expression levels were assessed with quantitative
real-time polymerase chain reaction(qRT-PCR) analysis, and
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e. the sample size, sensitivity, specificity, and AUC were
provided to calculate true positives (TP), false positives
(FP), false negatives (FN), and true negatives (TN);

The exclusion criteria were as follows:

duplicate data from previous studies,

reviews, letters, case reports, and meeting abstracts, etc.,
non-English and animal studies, and

insufficient or unqualified data.

o o

Data Extraction and Quality Assessment
The titles and abstracts of the articles were independently
screened by two authors (MW and LZ) to determine their
relevance to the topic, focusing on the diagnostic application of
RNA in OSCC, defined by the International Classification of
Diseases 10th Revision (ICD-10) codes C00-C06. Then LG and
JZ evaluated the full text of the remaining articles, independently
extracted the relevant data, and cross-checked to ensure data
accuracy. The following data were extracted from each study: (a)
basic information including the first author’s name, publication
year, country, circRNA type, circRNA expression, sample size,
cancer type, specimen, and detection method; (b)
clinicopathological features including gender, age, tumor size,
lymph node metastasis, TNM, T-stage, differentiation, and
extrathyroidal extension; and (c) diagnostic information
including sample size, sensitivity, specificity, and area under
the curve (AUC).

The quality of each study was assessed independently by two
authors (WR and SL) using the Quality Assessment of Diagnostic
Accuracy Studies-2 (QUADAS-2) tool, retaining all original
domain questions in two dimensions (“Risk of Bias” and
“Applicability Concerns”) (18). Each risk of bias item was
graded “yes”, “no”, or “unclear”, while the applicability
concerns were evaluated as “high”, “low”, or “unclear”.

Summary Measures

The diagnostic sensitivity and specificity of the upregulated or
downregulated circRNAs in the OSCC patients compared to the
controls were considered the primary measures.

Statistical Analysis

The meta-analysis was conducted utilizing STATA 15.1 and
Review Manager 5.4 statistical softwares to analyze the
diagnostic performance of circRNAs in OSCC, constructing
forest plots for sensitivity (SEN), specificity (SPE), negative
likelihood ratio (NLR), positive likelihood ratio (PLR), and the
diagnostic odds ratio (DOR). A summary receiver operator
characteristics curve (SROC) was plotted to calculate the area
under the SROC curve (AUC) and 95% confidence intervals
(95% ClIs) for the qualitative assessment of the diagnostic value.
Deek’s funnel plot and funnel chart were constructed to estimate
the publication bias between the included studies (with P > 0.05
indicating no publication bias). Furthermore, the Harbord test
plot was established to scrutinize the potential publication bias in
the meta-analysis (with P > 0.05 indicating no publication bias).

Fagan’s nomogram was constructed to calculate post-test
probabilities. An LR scatter matrix plot was utilized to assess
the clinical significance of individual diagnostic studies, which
was divided into four quadrants. Heterogeneity was estimated
using I? statistics and the Cochrane Q-test (with I* > 50% and
P < 0.05 suggesting significant heterogeneity). The analysis
applied a random-effects model due to significant heterogeneity.
Meta-regression and subgroup analyses were performed
to identify the potential source of heterogeneity. Sensitivity
analysis was conducted by omitting individual studies to test
the reliability of our analyses.

Trial Sequential Analysis

Trial sequential analysis (TSA) was performed for the meta-
analysis results using the TSA software V.0.9.5.5 beta
(Copenhagen Trial Unit). This analysis was utilized to estimate
the required information size (RIS) for the statistical significance
of the present meta-analysis. When the actual sample size in the
meta-analysis failed to reach the RIS, TSA was applied to
combine the results and provide a cumulated sample size of
the included studies with an adjusted threshold to test the
statistical significance and considerably reduce type I errors
(false-positive results). Theoretically, the cumulative z-curve
crossing both the conventional and TSA monitoring
boundaries indicated sufficient evidence for the diagnostic
capability of dysregulated circRNAs for OSCC detection. The
required information size, adopting an alpha risk of 5% and a
beta risk of 20%, was estimated for this analysis.

RESULTS

Search Results

Figure 1 presents the detailed search process. A total of 2105
potentially eligible articles were identified from PubMed (903
records), Web of Science (603 records), Embase (598 records),
and Cochrane Library (one record). A total of 671 records
remained after eliminating 1434 duplicates. Furthermore, 615
articles were excluded for the following reasons: 56 were review
articles, 553 were unrelated studies, and six were articles
whose full texts were not available. After evaluating the full
articles, 33 records were excluded without sufficient data, and 16
were removed because no relevant results were reported
(Appendix 2). Finally, 872 cases and 900 controls from 16
studies were included in the meta-analysis (19-34).

Study Characteristics

In the meta-analysis, an evaluation was conducted on the
association between circRNA expression levels and the type of
OSCC to determine the accuracy of circRNA expression as an
OSCC biomarker. Table 1 presents the main characteristics of
each study. All the studies were released between 2018 and 2021,
which were all from China. Each included study adopted the
conventional case-control design. Twelve studies used paired
OSCC as cases and corresponding adjacent normal tissue as
controls. Four studies used saliva, plasma, or serum samples
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from OSCC patients as the cases and healthy volunteers as
controls. The number of patients in the included studies
ranged from 25 to 146. A total of 16 different circRNAs were
assessed, among which five upregulated circRNAs were
recognized as tumor promoters (22, 25, 29, 30, 32) and 11
were downregulated as tumor suppressors (19-21, 23, 24, 26—
28,31, 33, 34). All circRNA expression levels were detected using
qRT-PCR in tissues (n = 12), plasma (n = 1), serum (n = 2), and
saliva (n = 1). All the samples were collected before
clinical treatment.

Risk of Bias and Applicability Concerns
Within Studies

Not a single included study fulfilled all the domain criteria in the
QUADAS-2 methodological quality tool. On average two out of
four domains of risk of bias were fulfilled in each study. The case-
control design and inappropriate exclusions(for the specific
diagnosis) explained why no study was observed to have a low
risk in patient selection and index test domain. Two of these
studies were graded as high risk in patient selection because no
exact time scope and continuity were mentioned. Items 4 and 7

Records identified through
— database searching (n =2105)
1.PubMed (n=903)
c : -
2 2.Web of Science (n=603) Additional records identified
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=]
c
]
3
_J A 4 v
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(n=671)
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£
&
[ A Records excluded, with reasons
O -
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3.No full-text articles (n =6)
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Full-text articles assessed Full-text articles excluded, with
z for eligibility reasons (n =49)
i (n =65) 1.Insufficient data (n=16)
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= (meta-analysis)
(n=16)
FIGURE 1 | The PRISMA flow diagram showing the process of eligible studies search and selection. This meta-analysis identified 16 eligible studies that used
circRNAs as biomarkers for tumor diagnosis.

were assessed as unclear because no information on blinding was
reported. All the articles met the criteria of the three domains of
applicability concerns (Figure 2 and Appendix 3).

Meta-Analysis

The present meta-analysis of 16 cohorts in 872 patients and 900
controls included 16 circRNA types. A random-effects model
was selected because of the significant heterogeneity (I* > 50%)
between the included studies. The meta-analysis was conducted,
and the pooled sensitivity, specificity, PLR, NLR, DOR, and
SROC were calculated for circRNA, as illustrated in Figure 3.
The pooled statistical values for sensitivity (Figure 3A),
specificity (Figure 3B), PLR (Figure 3C), NLR (Figure 3D),
and DOR (Figure 3E) with the 95% confidence intervals for the
enrolled studies in this study were 0.74 (95% CI: 0.69 - 0.79),
0.79 (95% CI: 0.73 — 0.84), 3.50 (95% CI: 2.76 — 4.45), 0.33 (95%
CI: 0.27 - 0.39), and 10.74 (95% CI: 7.81 - 14.77), respectively.
The diagnostic odds ratio (DOR) represents a critical indicator
that assists in a meta-analysis by focusing on diagnostic
performance, and combines the advantages of both sensitivity
and specificity, and describes the diagnostic value of a
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TABLE 1 | Main characteristics of 16 studies included in the meta-analysis.

First Year Country CircRNA Regulation Sample size Cancer Specimen Method Diagnostic power Source of
author - type the
Case Control Sensitivity Specificity AUC control

group

1 SunS 2018 China hsa_circ_001242  downregulated 40 40 OSCC  tissue qRT- 0.725 0.775 0.784 adjacent
PCR normal

tissues

2 LB 2018 China hsa_circ_0008309 downregulated 45 45 OSCC  tissue qRT- 0.512 0.913 0.7642  adjacent
PCR normal

tissues

3 HeT 2018 China circPVT1 upregulated 50 50 OSCC  tissue qRT- 0.686 0.86 0.787 adjacent
PCR normal

tissues

4 Zhao 2018 China hsa_circ_0001874 upregulated 93 85 OSCC saliva qRT- 0.9268 0.7778 0.922 Healthy
S + PCR controls

hsa_circ_0001971

5 LiX 2019 China hsa_circ_0004491 downregulated 40 40 OSCC  tissue qRT- 0.73 0.68 0.751 adjacent
PCR normal

tissues

6 XiaB 2019 China circ-MMP9 upregulated 25 16 OSCC plasma qRT- 0.889 0.81 0.91 Healthy
PCR controls

7 SuW 2019 China hsa_circ_0005379 downregulated 37 37 OSCC  tissue qRT- 0.699 0.605 0.6805  adjacent
PCR normal

tissues

8 Douz 2019 China hsa_circ_0072387 downregulated 63 63 OSCC  tissue qRT- 0.714 0.698 0.746  adjacent
PCR normal

tissues

9 FanC 2019 China circMAN1A2 upregulated 55 121 OSCC serum qRT- 0.672 0.915 0.779 Healthy

PCR controls

10 Wang 2019 China hsa_circ_009755 downregulated 27 27 OSCC tissue gRT- 0.7037 0.7778 0.782 adjacent
Z PCR normal
tissues

11 YaoY 2020 China circular upregulated 146 146  OSCC  tissue qRT- 0.775 0.808 0.87 adjacent
RNA_0001742 PCR normal

tissues

12 Zhang 2020 China hsa_circ_0003829 downregulated 60 60 OSCC  tissue qRT- 0.7 0.8 0.81 adjacent
H PCR normal
tissues

13 LiL 2020 China hsa_circ_0086414 downregulated 55 55 OSCC  tissue qRT- 0.655 0.873 0.749 adjacent
PCR normal

tissues

14 Chen 2020 China circATRNL1 downregulated 48 48 OSCC  tissue qRT- 0.848 0.509 0.711 adjacent
G PCR normal
tissues

15 Zhang 2020 China hsa_circ_009755 downregulated 42 42 OSCC  tissue qRT- 0.69 0.885 0.83 adjacent
B PCR normal
tissues

16 FanX 2021 China CIrcSPATAG downregulated 46 25 OSCC  serum qRT- 0.79 0.69 0.7748  Healthy

PCR controls

circRNA (35). The summary receiver operator curve (SROC,
Figure 3F) plot revealed an AUC of 0.83 (95% CI: 0.79 - 0.86).
The bivariate boxplot in Figure 3H presents the heterogeneity
details in the included studies. Fagan’s nomogram was
constructed to calculate the post-test probabilities of the
circRNAs, in which the post-test possibility increased to 47%
with a positive likelihood ratio (LR) of 4, with the post-test
possibility decreasing to 8% with a negative LR of 0.33
(Figure 4). These findings indicated that circRNAs were a
credible diagnostic biomarker with high accuracy and efficacy.
Figure 5 presents an LR scattergram plotted with the combined
summary points.

Therefore, taken together, the results indicated that the
circRNAs had good diagnostic accuracy for OSCC and could
serve as effective biomarkers of OSCC.

Meta-Regression and Subgroup Analysis
Overall, the studies exhibited relatively high heterogeneity in
sensitivity and specificity (I = 64.12 and I” = 75.08, respectively).
Thus, a meta-regression analysis was first conducted to
investigate the heterogeneity source (Appendix 4). The meta-
regression analysis demonstrated that three covariates (specimen
type, expression status, and sample size) could explain 100% of
the between-study variance.
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FIGURE 2 | Quality assessment of the included studies according to QUADAS-2 (A) Methodological quality graph; (B) Methodological quality summary.

Table 2 and Figures 6-8 present further subgroup analyses to
identify the source of the heterogeneity. Subgroups of studies
utilizing serum (n = 2), plasma (n = 1), and saliva (n = 1)
specimens exhibited better diagnostic performance with DOR
(24.70 vs. 9.00) and the AUC (0.90 vs. 0.80) compared to the
tissue (n = 12) subgroup. The pooled sensitivity and specificity
were both greater than in the tissue subgroup. No significant
heterogeneity was observed in the tissue subgroup (I* = 0.0, P =

0.450) or other specimen types (I* = 47.6%, P = 0.125). Therefore,
the variance between these two subgroups of specimen types may
account for the heterogeneity.

We analyzed the subgroups according to the expression status
of dysregulated circRNAs. The studies on upregulated circRNAs
(n = 5) had a significantly higher pooled DOR (20.35 vs. 7.49)
and AUC (0.89 vs. 0.78) than those on downregulated circRNAs
(n=11). In the forest plots, the results covered no heterogeneity in
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upregulated (I” = 18.4%, P = 0.298) and downregulated circRNAs
(I* = 0.0, P = 0.797). Since no heterogeneity was observed in the
subgroups, the difference between these two expression status
subgroups may account for the heterogeneity.

An analysis of subgroups classified by the sample size of the
included cohorts (= 100 and < 100) was also carried out. The >
100 subgroup (n = 7) had a higher DOR (14.22 vs. 7.58) and
AUC (0.86 vs. 0.79) than the < 100 subgroup (n =9) (Table 2). In
the former subgroup, evident heterogeneity was detected with a
value of I = 53.4 (P = 0.045). However, no heterogeneity was
observed in the latter subgroup (I* = 0.0, P= 0.545). Hence, the
subgroup analysis results indicated that the sample size of the
enrolled cohorts might be the source of heterogeneity.

Publication Bias

Deek’s funnel plot asymmetry tests were employed to assess the
publication bias, as illustrated in Figure 3G, with the results
indicating no obvious publication bias (P = 0.13). The funnel plot
and Harbord test shown in Figure 9 were used to track the
potential publication bias in the meta-analysis. The P-value of
both was > 0.05 (P = 0.13 and P = 0.175), suggesting no
publication bias in the meta-analysis.

Sensitivity Analysis

A sensitivity analysis was carried out to explain the heterogeneity
of each study. As shown in Figure 10, omitting any individual
study had no substantial impact on the pooled statistics,
indicating that the results were credible and reliable.

15 .W 1 2
Diagnostic Odds Ratio LOGIT_SPEC

FIGURE 3 | Forest plots of sensitivity, specificity, PLR, NLR, DOR, AUC, and funnel plot for diagnosis of circRNAs in OSCC among 16 studies. (A) Sensitivity;
(B) Specificity; (C) PLR; (D) NLR; (E) DOR; (F) AUC (SROC curve); (G) Deek’s funnel plot; and (H) Bivariate boxplot. OSCC, oral squamous cell carcinoma; PLR,
positive likelihood ratio;NLR, negative likelihood ratio; DOR, diagnostics odds ratio; SROC, Summary receiver operator characteristics curve; AUC, the area under

TSA Outcome

The overall required information size was calculated for the 1762
participants (Appendix 5). The z-curve crossed both the
conventional and TSA monitoring boundaries. However, it
failed to reach the RIS line, indicating statistical significance
and sufficient evidence on the diagnostic performance of
circRNAs as biomarkers for OSCC.

DISCUSSION

Previous cumulative investigations have demonstrated that
dysregulated circRNAs played a critical role in the cell
proliferation, metastasis, and occurrence of various cancers.
The closed, covalent, and continuous circular structure of
circRNAs makes them more steady than their linear
counterparts (36). Moreover, dysregulated circRNAs have been
discovered in plasma, tissues, and serum (37). The characteristics
above render circRNAs favorable as molecular biomarkers
of cancer.

Opverall, 16 studies were included in this meta-analysis. The
final results based on all the enrolled studies showed an AUC of
0.83 for circRNAs, with a sensitivity of 0.74 and specificity of 0.79
in distinguishing OSCC patients from healthy controls. The
pooled sensitivity and specificity showed moderate diagnostic
test accuracy, indicating that circRNAs had sufficient statistical
ability to identify or exclude suspected cases to enhance the
clinical diagnosis. A DOR of 10.74 (> 1.0) was obtained in the
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FIGURE 4 | Fagan’s nomogram for likelihood ratios.

present analysis, indicating that the dysregulated circRNAs were
effective predictive biomarkers for OSCC. Furthermore, the
higher AUC value showed better performance in the balance of
sensitivity and specificity. Notably, the high AUC value of 0.83 in
the current analysis reflects the overall relatively high diagnostic
accuracy of circRNAs in OSCC detection.

To the best of our knowledge, this study was the first
systematic review and meta-analysis to estimate the diagnostic
ability of circRNAs as biomarkers in OSCC patients and
summarize their sensitivity and specificity. Other published

systematic reviews have evaluated several biomarkers for
OSCC diagnosis, such as microRNAs, mRNAs, and proteins.
Rapado-Gonzalez et al. performed a systematic review of
microRNAs in OSCC and summarized the clinical correlation,
including proliferation and progression, with a relatively high
AUC of 0.91 (38). Gaba et al. assessed the diagnostic value of a
specific mRNA, DUSP1, which proved insufficient with an AUC
of 0.66. In addition, Gaba et al. reviewed the clinical correlation
of a protein named IL1-f protein and estimated its diagnostic
value, which was considered good with an AUC of 0.82 (39).
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TABLE 2 | Results of subgroup analysis of cricRNAs reported by 16 studies in diagnostic meta-analysis.

Analysis No. of Sensitivity Specificity PLR (95% CI) NLR DOR (95% Cl) AUC(95%CI) 12(%) p-
studies (95% ClI) (95% ClI) (95% CI) value

Overall 16 0.74(0.69-0.79) 0.79(0.73-0.84) 3.50(2.78- 0.33(0.27- 10.74(7.81- 0.83(0.79- 43.0 0.035
4.45) 0.39) 14.77) 0.86)

Sample type

tissue 12 0.72(0.7-0.76) 0.78(0.71-0.84) 3.26(2.50- 0.36(0.32- 9.00(6.61-12.25) 0.80(0.76- 0.0 0.450
4.24) 0.42) 0.83)

serum or plasma or 4 0.83(0.71-0.91) 0.83(0.74-0.90) 4.93(3.32- 0.20(0.12- 24.70(14.37- 0.90(0.87- 476 0.125

saliva 7.33) 0.34) 42.44) 0.92)

Sample size

>100 7 0.75(0.66-0.82) 0.83(0.77-0.87) 4.36(3.33- 0.31(0.23- 14.22(9.41- 0.86(0.83- 53.4 0.045
5.70) 0.41) 24.50) 0.89)

<100 9 0.73(0.66-0.80) 0.73(0.64-0.81) 2.76(2.06- 0.36(0.30- 7.58(5.17-11.11) 0.79(0.76- 0.0 0.545
3.71) 0.45) 0.83)

Expression

downregulated 11 0.71(0.65-0.76) 0.75(0.67-0.82) 2.88(2.20- 0.38(0.33- 7.49(5.38-10.44) 0.78(0.74- 0.0 0.797
3.76) 0.45) 0.82)

upregulated 5 0.80(0.68-0.88) 0.84(0.78-0.89) 4.94(3.75- 0.24(0.16- 20.35(13.10- 0.89(0.86- 184 0.298
6.50) 0.38) 31.62) 0.91)
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However, despite the growing number of reviews and analyses
based on diagnostic biomarkers for OSCC, no consensus has
been reached on determining which biomarker has the best
diagnostic performance for OSCC and what is the most
accurate sample for testing.

Meta-regression and subgroup analyses of specimens, sample
size, and the expression status of the dysregulated circRNAs were
performed to explore the sources of the heterogeneity. The
random-effects-based meta-regression analysis showed that
these three covariates were the main sources of the
heterogeneity. Studies that utilized serum, plasma, and saliva
specimens performed significantly better in diagnosing OSCC
patients compared to those using tissue specimens, with no
heterogeneity detected. The subgroups with upregulated
circRNAs and > 100 samples were found to possess a much
higher diagnostic accuracy than the downregulated circRNAs
and those with < 100 samples and these two subgroups showed
no heterogeneity. Apparent heterogeneity was found in the
subgroup with > 100 samples. Therefore, the heterogeneity

I
256

FIGURE 6 | Forest plots of subgroup analysis of the combined ORs with 95%Cls according to expression status of circRNAs in patients with OSCC.

might be related to the sample size, specimen type, and
expression status.

We further considered the reasons for the differences in the
diagnostic accuracy between the tissue and liquid biopsies.
Concerning tissue biopsies, OSCC, as a solid tumor, exhibits
tissue heterogeneity even for the same histological type. The
proportion of tumor cells and mesenchymal cells vary in
different patients and even in different parts of the same
tumor. Therefore, the sample used for detection only accounts
for part of the tumor. This cannot accurately reflect the whole
tumor status, which is the potential reason for the lower accuracy
in tissue samples than detection by body fluid specimens.

Currently, tissue-based diagnostic strategies require the
testing of materials obtained through invasive procedures, such
as biopsy or aspiration, which are usually associated with severe
discomfort and medical costs (40). Compared to tissue biopsies,
body fluids are a better choice for disease screening and diagnosis
due to the advantages of accessibility, low invasion, low cost, and
various sample types to monitor disease development (41).
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Several studies have reviewed the potential of mRNAs as
diagnostic markers, illustrating the possible clinical application
of OSCC-specific signals in body fluids (42, 43). These molecules
can be prospective candidates for biomarkers due to their stable
circulation in human body fluids and accessibility through non-
invasive methods. Likewise, circRNA detection can be regarded
as a novel method for body fluid-based biopsies, which would be
helpful as significant diagnostic and monitoring tools in the
clinic. At present, there is a shortage of research on the diagnostic
value of circRNAs in body fluids for OSCC, which provides a
new direction for researchers worldwide to utilize the saliva and
serum of high-risk patients with lesions in the oral cavity
suspected of oral squamous cell carcinoma.

Nevertheless, it is not yet possible to apply these molecular
biomarkers in clinical diagnosis and monitoring. New
techniques, such as digital PCR, make it possible to test cancer

|
256

FIGURE 7 | Forest plots of subgroup analysis of the combined ORs with 95%Cls according to specimen type of circRNAs in patients with OSCC.

and phenotype-specific molecular changes to improve sensitivity
and accuracy. After this technique is used more widely, the
successful application of molecular markers in liquid biopsies of
other tumors (e.g., lung carcinoma) will encourage further
evaluation of this method in OSCC cases.

Several deficiencies in the present study merit consideration.
(a) Based on our inclusion criteria, all samples and relevant
statistics accidentally came from China. (b) Subgroup analysis of
different circRNA should be further performed. (c) Conspicuous
heterogeneity existed in the included studies. The sample size,
specimen types, and expression status might be sources of the
heterogeneity. (d) The sample size and number of the enrolled
studies in this analysis were relatively small. Thus, more
comprehensive high-quality studies that encompass larger
scales, more regions, well-designed operations, and further
exploration into the functional mechanisms are necessary.
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CONCLUSION

In summary, this meta-analysis revealed a strong association between
the altered expression of circRNAs and the diagnosis of OSCC.
Hence, circRNAs can potentially serve as promising biomarkers and
therapeutic targets for OSCC. Nevertheless, the clinical application of
cricRNAs for the detection of OSCC requires further research.
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