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Sensitive detection and accurate diagnosis/prognosis of glioma remain urgent challenges. Herein, dispersed
magnetic covalent organic framework nanospheres (MCOF) with uniformed Fe3O4 nano-assembly as cores and
high-crystalline COF as shells were prepared by monomer-mediated in-situ interface growth strategy. Based on
the unique interaction between MCOF and hairpin DNA, a fluorescent signal amplified miRNA biosensor was
constructed. It could realize the sensitive detection of miRNA-182 in different matrixes, where the detection
limit, linearity range and determination coefficient (R?) in real blood samples reached 20 fM, 0.1 pM-10 pM and
0.991, respectively. Also, it possessed good stability and precision as observed from the low intra-day/inter-day
RSD and high extraction recovery. As a result, it could quantify miRNA-182 in serum of glioma patients, the
concentration of which was significantly higher than that of healthy people and obviously decreased after sur-
gery. Finally, a proof-of-concept capillary chip system using this biosensor was proposed to realize the visualized
detection of miRNA-182 in microsample. These findings suggest a robust way for sensitive detection and accurate
diagnosis/prognosis of glioma.

1. Introduction adopted to detect tumor occurrence [5]. However, they are incapable of

differentiating the benign and malignant lesions especially with early

The low survival rates of glioma patients have spurred researchers to
develop various strategies for glioma treatment [1,2]. Clinically, sur-
gery, combined radiotherapy or chemotherapy remains the main treat-
ment for glioma [3]. Unfortunately, glioma is difficult to be discovered
owing to its special location in central nervous system (CNS), which
would result in missing the optimal treatment period for most glioma
patients after diagnosed [4]. Therefore, timely early detection and ac-
curate diagnosis of glioma are ultimately important for the effective
clinical treatments. Currently, imaging methods such as magnetic
resonance imaging (MRI) and computed tomography (CT) are often
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small sizes. Although the tissue biopsy could improve the accuracy, its
invasion is not beneficial for the diagnosis of glioma in CNS. Compara-
tively, liquid biopsy based on tumor markers in biological fluids
(including miRNAs, ctDNAs, proteins, exosomes and CTCs) shows great
promise for cancer diagnosis due to its simplicity, rapidity and
non-invasion [6-11]. Among these, miRNAs, as small non-coding RNAs
that target corresponding messenger RNAs to post-transcriptionally
down-regulate certain gene expression, exhibit high specificity during
the tumorigenesis, which therefore could be utilized for the tumor liquid
biopsy [12,13]. Recently, miRNA-182, being found to play an important
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Scheme 1. Schematic diagram of synthesis and detection. (A) The dispersed and high-crystalline COF-coated Fe3O4 magnetic nanospheres (MCOF) prepared by
monomer-mediated in-situ interface growth strategy. (B) The fluorescent signal amplified miRNA biosensor constructed by using two hairpin DNA probes.

regulatory role in the proliferation and invasion of glioma cells [14], has the accurate glioma diagnosis or even the prognosis monitoring [16].
been reported to indicate the occurrence and development of glioma However, the scarce miRNA-182 spiked in the human blood with com-
with high specificity [15], and thus can serve as the special marker for plex components makes it a great challenge to achieve the sensitive
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Fig. 1. Characterizations of MCOF. (a) TEM images and ED pattern (inset) of magnetic Fe304 nano-assembly. (b) TEM image and ED pattern of multiple MCOF
nanospheres. (¢) TEM image of single MCOF nanosphere. (d) HRTEM image of COF shell. (¢) HRTEM image of magnetic Fe304 core. (f) STEM image and EDS element
mappings of MCOF. (g) XRD pattern of MCOF. (h) FT-IR spectra for monomers (TT, Benzidine), mid products (Fe304, Fe304@SiO,) and MCOF nanospheres.
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Fig. 2. Structural analysis of MCOF. (a) XPS survey spectrum and corresponding (b) C 1s, (c) N 1s, (d) O 1s and (e) Fe 2p spectra. (f) Nitrogen adsorption-desorption

isotherms and pore size distribution curve.

detection [17].

As a simple and effective isothermal signal amplification technique,
hybrid chain reaction has recently been used for biosensing, bioimaging
and biomedicine, and also shows superiority in low-content miRNA
detection [18]. Nevertheless, the hybridization chain reaction requires a
suitable signal amplification sensing platform. Although traditional
fluorescence quenchers such as graphene, molybdenum disulfide, black
phosphorus (BP) nanosheets, polymeric nanoparticles exhibit potentials
for the fluorescence “turn-on” sensing detection of nucleic acid through
n-n interaction and distinctive superiorities in biomedical applications
[19-23], traditional 2D materials are not beneficial for the sensitive
biosensing due to the weak interactions between the materials and the
hairpin DNA. The platforms to synergize this “turn-on” sensing with
fluorescence signal amplification based on hairpin DNA hybridization
for enhanced miRNA detection are seldom exploited. Most recently,
two-dimensional COF nanosheets have been found with the capability of
combing hybrid chain reaction to achieve fluorescence signal
amplification-based DNA sensing via the sensitive interactions between
the crystalline COF framework and the special hairpin DNA strands [24].
However, most COF nanosheets suffer from severely aggregation, low
crystallization and easy degradation (instability) [25], which greatly
depresses  their  biosensing  performances. @ Moreover, the
two-dimensional nanosheets with sharp edges cannot fulfill their in-
teractions with the DNA molecules [26]. And also, the pristine COF
organic nanomaterials are sneaked into complicated detection system
(blood), thus troubling the isolation during the detection. All these
would worsen the sensitivity and stability of COF-based fluorescence
biosensors. Therefore, preparation of spherical COF nanoparticles with
high crystallinity to fulfill their interactions with the DNA molecules and
simultaneously endow them with convenient magnetic separation
properties are urgently demanded for sensitive miRNA detection and
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fast glioma diagnosis/prognosis [27].

In this work, the dispersed and high-crystalline COF-coated Fe3O4
magnetic nanospheres (MCOF) were prepared by monomer-mediated
in-situ interface growth strategy (Scheme 1A). Consequently, a fluo-
rescent signal amplified miRNA biosensor was constructed by using two
hairpin DNA probes (Scheme 1B). Taking virtues of the special magnetic
COF nanospheres and the unique sensing system, this miRNA biosensor
could realize the sensitive detection of miRNA-182 in different matrixes.
Moreover, this biosensor could quantify the miRNA-182 in serum of
glioma patients, which displayed low detection limits, wide linearity
range and high stability. It was found that miRNA-182 in the serum of
glioma patients was significantly higher than that of healthy people and
obviously decreased after surgery. Finally, a visualization strategy for
sensitive miRNA-182 detection in micro-sample was also proposed by
using this biosensor with a capillary system. All these paved a robust
way for convenient detection and accurate diagnosis/prognosis of
glioma.

2. Results and discussion

To construct the MCOF-based fluorescence signal amplification
biosensor, magnetic Fe3O4 nanospheres (~310 nm) assembled by ultra-
small crystalline nanoparticles (Fig. 1a) were firstly prepared via the
solvothermal synthesis. Then, aminated silica were uniformly coated on
the Fe3O4 nanospheres via the interface hydrolysis-condensation reac-
tion of silane to facilitate the 2,4,6-Trihydroxybenzene-1,3,5-tricarbal-
dehyde (TT) monomer linkage, whereafter the crystalline COF could
be grown on the surfaces of the nanospheres by the monomer-mediated
in-situ polymerization (Scheme 1A). The as-synthesized nanoparticles
were dispersed nanospheres (~430 nm) with distinct core-shell struc-
ture (Fig. 1b and c, Table S1). The cores kept crystalline Fe304 indexed
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Fig. 3. Optimizations of the fluorescence signal amplification biosensor. (a, b) Fluorescence spectra of the fluorescence signal amplification biosensor for the miRNA
biosensing in the absence of H2 and in the simultaneous presence of H1 and H2, respectively. (c-f) Relative fluorescence intensities of the fluorescence signal
amplification biosensor for the miRNA biosensing at different hybrid chain reaction temperatures, at different H1 and H2 probe concentrations, with or without

magnetic separation, and in different media, respectively.

by its obvious lattice fringes of (311) planes and typical ED patterns of
(311)/(440) planes, while the shells were about 60 nm in thickness and
possessed obviously ordered micropores with a pore size of about 1.8
nm. Interestingly, these microporous channels in the shell were almost
vertical to the core surfaces (Fig. 1d and e). These revealed the high
orderliness of the shell, which would be the crystalline COF layer.
Further characterizations by STEM image and EDS element mappings
confirmed the core-shell architecture with the Fe/O species as core and
the dominated C/N species as shell. Notably, a silica layer sandwiched
between the Fe/O core and the C/N shell was clearly observed (Fig. 1f
and Fig. S1), verifying the aminated silica-grafted TT monomer for in-
situ interface growth of COF. Meanwhile, XRD pattern also revealed
the magnetic COF nanoparticles as it simultaneously exhibited charac-
teristic COF peaks at low angles of 3.3° (100) and 6.0° (200) [28], and
typical magnetic Fe3O4 peaks at high angles (Fig. 1g). Additionally,
FT-IR also suggested the aminated silica coating on Fe304 followed by
TT-grafting and then COF growth, as indicated by the successively added
Si-O stretching vibration (1100 c¢cm™ ) from aminated silica, C=C
stretching vibration (1600 cm’l) from TT and C-N stretching vibration
(1295 ¢cm ™) from benzidine as well as the decreased C-O stretching
vibration (1192 cm’l) and C-H bending vibration (606 cm’l) from the
polymerizations between the -CHO group and —NH; group, respectively
(Fig. 1h).

Further investigations into MCOF by XPS confirmed C, O, and N el-
ements, and the atomic ratios were calculated to be 75.83%, 14.77% and
8.82% on the surfaces, respectively (Fig. 2a). The dominated C—C bond
at 283.71 eV and C=N-C bond at 398.74 eV in deconvoluted Cls and
N1s [29], respectively, revealed the crystalline COF framework via the
polymerizations between TT and Benzidine (Fig. 2b and c). Meanwhile,
the minor C=0 bond and -C-NH,; bond as well as the obvious
oxygen-contained bonds in deconvoluted Cls, N1ls and Ols [30],
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respectively, suggested some unreacted groups terminated on the sur-
faces, which promised the water dispersity of MCOF (Fig. 2¢ and d).
Moreover, no obvious Fe signals in XPS confirmed the well-coated Fe3O4
cores by COF shells, which could not be detected by the surface elements
analysis (XPS) (Fig. 2e). In these MCOF nanoparticles, the COF layer had
about 54 wt% content and good thermal stability (>300 °C) (Fig. S2). As
a result, the BET surface area and pore volume of MCOF reached 224
m?/g and 0.32 cc/g, respectively, as measured by the Ny
adsorption-desorption isotherms (Fig. 2f). Also, uniformed micropores
of 1.84 nm, in good agreement with the measurements by HRTEM,
emerged in pore size distribution cures, validating the highly crystalline
COF coating. All these suggested well-prepared magnetic COF nano-
spheres of MCOF, which could be easily dispersed in the water, ethanol
and PBS, and achieve fast separation under the magnetic field for further
applications (Fig. S3).

Owing to the well-architected structure and unique properties,
MCOF could be exploited as the fluorescence signal amplification
biosensor through its differentiated adsorption (hydrogen bonding and
n-n interaction)-mediated fluorescence (FL) quenching or amplification
for the double-stranded DNA (dsDNA) and the hairpin DNA, respectively
(Scheme 1B). Therefore, selecting a special hairpin DNA probe 2 (H2)
and a suitable fluorescence Texas Red-labeled hairpin DNA probe 1 (H1)
to hybridize the targeted miRNA (Table S2) into dsDNA, this MCOF-
based biosensor could realize the sensitive detection of miRNA-182,
an important biomarker in the blood to indicate the oncogenesis and
development of glioma [16]. As shown in Fig. 3a, MCOF quenched the
fluorescence of H1 via the special adsorption. However, this quenching
reserved after adding targeted miRNA-182 (T) because of the incapa-
bility of forming dsDNA under the absence of H2. Comparatively, in the
simultaneous presence of H1 and H2, MCOF still quenched the fluo-
rescence of H1, but this quenching was significantly blocked under the
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Fig. 4. The miRNA-182 detection using the MCOF-based biosensor and a capillary-assisted visualization system. (a) Relative fluorescence intensities of the MCOF-
based biosensor upon exposure to different miRNA molecules. (T: Target miRNA; SM: Single-base mismatch miRNA; FM: Four-base mismatch miRNA; R: Random
miRNA. (b) Concentrations of miRNA-182 from blood samples of 12 healthy donors, 12 glioma patients before and after surgery determined by the MCOF-based
biosensor. (GP: glioma patients before surgery; AS: after surgery; HD: healthy donors). (c) Concentrations of miRNA-182 from blood samples of 6 glioma patients
before and after surgery determined by the MCOF-based biosensor. (GP: glioma patients before surgery; w1l: one week after surgery; w2: two weeks after surgery). (d)
Fluorescence images and schematic illustration of the capillary-assisted MCOF-based visualized sensing systems upon exposure to different concentrations of miRNA-
182 molecules. Data are expressed as Mean + SD. ***: p < 0.001; ****: p < 0.0001.

Table 1
Intra-day and inter-day precision, extraction recovery of miRNA-182 assay using
the MCOF-based biosensor (mean + SD, n = 5).

Concentration Inter-day RSD Intra-day RSD Extraction Recovery
(pM) (%) (%) (%)

5.0 3.37 1.00 92.42 + 5.04

2.0 4.49 2.93 96.72 + 4.01

1.0 6.31 3.57 98.97 +7.15

0.1 6.56 2.38 94.23 + 6.46

existence of miRNA-182 due to its hybridization with H1 and H2 into
non-adsorbable dsDNA (Fig. 3b). In this event, miRNA-182 could be
quantified by comparing the fluorescence intensities before and after its
addition. Much importantly, one miRNA-182 molecule could initiate the
multiple hybridization with numerous H1 and H1 into dsDNA, which
therefore was the fluorescence amplification process mediated by the
MCOF-based biosensor. Benefiting from this behavior, the biosensor also
exhibited miRNA concentration responsive relative fluorescence in-
tensity under different conditions, where the detection temperature at
25 °C, H1+H2 probe concentration of 50 nM and synergism with
magnetism separation contributed the optimal linear relationship with
maximal R? (Fig. 3c-e, Fig. 54, and Tables S3-5). Correspondingly, this
biosensor could detect miRNA with good linearity in different media
including phosphate buffered saline (PBS), serum, plasma and even
blood (Fig. 3f, and Table S6). In the real human serum, the detection
limit, linearity range and determination coefficient (R?) reached 20 M,
0.1 pM-10 pM, and 0.991, respectively (Fig. S5), which were much more
superior to those fluorescent miRNA detections in previous reports
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Table 2

Concentrations of miRNA-182 from blood samples of 12 healthy donors, 12
glioma patients before and after surgery determined by the MCOF-based
biosensor.

Patients before surgery Patients after surgery Healthy donors
(pM) (pM) (pM)
1.656 + 0.034 0.733 £ 0.080 0.961 + 0.074
2.415 + 0.027 0.921 + 0.023 0.508 + 0.085
2.105 + 0.018 0.892 + 0.021 1.002 + 0.029
1.575 + 0.029 0.749 £ 0.019 0.246 + 0.038
2.767 + 0.050 1.127 4+ 0.060 0.862 + 0.069
1.704 + 0.074 0.509 + 0.030 0.520 + 0.084
1.961 + 0.047 0.773 + 0.058 0.499 + 0.063
1.582 + 0.089 0.562 + 0.064 0.423 £ 0.094
2.242 + 0.035 0.911 + 0.048 0.810 + 0.082
1.933 + 0.075 0.474 + 0.009 0.781 + 0.088
2.409 £ 0.074 0.776 £ 0.045 0.683 £ 0.084
2.014 £ 0.015 1.024 £+ 0.087 1.186 + 0.054
Average  2.036 + 0.394 0.791 + 0.211 0.681 + 0.274

(Table S7). Moreover, this biosensor had high specificity to the target
miRNA, where even the single-base mismatch sequences (SM) did not
cause significant interferences to the relative fluorescence intensity
(Fig. 4a). In addition, this biosensor possessed good stability and pre-
cision, where the intra-day/inter-day RSD and extraction recovery
reached 6.56%/2.38% and 94.23 + 6.46%, respectively, even at a very
low miRNA concentration of 0.1 pM (Table 1).

Since the MCOF-based biosensor could selectively detect low con-
centration of glioma miRNA-182 in the blood, it was expected that this
biosensor could serve for the glioma diagnosis and prognosis. To
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validate this, human blood samples from glioma patients before and
after surgery were collected and subjected to miRNA-182 detection
using the MCOF-based biosensor. As shown in Fig. 4b and Table 2, the
average concentrations of miRNA-182 in the blood of glioma patients
before surgery were all significantly higher than those for healthy peo-
ple. One week after surgery, the values were obviously decreased to
approximate the normal level (Fig. 4c) and then maintained in this level
to 2 weeks, which indicated the potential of the biosensor to detect
postoperative recovery. These suggested the MCOF-based biosensor
could be used for practical glioma diagnosis and prognosis via its sen-
sitive quantification of the glioma biomarker (miRNA-182) in blood.

In practical applications, it would be prevailed to take blood as little
as possible for the detection. Therefore, a capillary-assisted visualization
system was exploited as the proof of concept for micro sample detection
using the MCOF-based biosensor. As shown in Fig. 4d, only H1 + H2
could not probe the miRNA due to the unchanged fluorescence in
capillary after miRNA addition. However, the red fluorescence in
capillary was gradually enhanced with the increased miRNA addition
when using the MCOF as the sensing platform. This special and sensitive
biosensing performances were in good agreement with the above mea-
surements by fluorescence spectra. Herein, the micro samples were used
and the outcomes could be directly visualized, which would be great
promising for the practical diagnosis application.

3. Conclusion

In this work, a monomer-mediated in-situ growth strategy was
exploited for the preparation of dispersed magnetic COF nanospheres
(MCOF). This MCOF possessed uniformed magnetic Fe304 nanoparticles
as core and high-crystalline COF as shell, which thus exhibited obvious
water-dispersity with fast magnetic separation and highly ordered mi-
cropores with their channels almost vertical to the core surfaces.
Consequently, a fluorescence signal amplified miRNA biosensor was
constructed by using MCOF and two hairpin DNA probes. Attributing to
the special fluorescence quenching or amplification induced by the
different adsorption of double-stranded DNA (dsDNA) or hairpin DNA
on MCOF, this MCOF-based biosensor could realize the sensitive quan-
tification of miRNA-182 in even the real patient blood. As a result, it was
found that the obviously high concentration of miRNA-182 for glioma
patients was significantly decreased after surgery. Moreover, this
biosensor could also achieve the visualized detection of miRNA-182 in
micro-sample via the proof-of-concept capillary chip system. All these
findings showed great potential of this MCOF-based biosensor for ac-
curate diagnosis and prognosis of glioma.
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