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Abstract Nucleic acid probes in living organisms play an essential role in therapeutics and diagnosis. Through the
imaging and sensing of nucleic acid probes in complex biological matrices, a variety of diseases-related biological
process, pathogenic process, or pharmacological responses to a therapeutic intervention have been discovered. However, a critical challenge of nucleic acid probes applied in complex matrices lies in enhancing the stability of nucleic
acid probes, especially when it suffers from nuclease degradation and protein adsorption. In order to enhance the
application of nucleic acid nanoprobes in complex matrices, great efforts have been devoted to improving the stability
of probes operated in complex media, including construction of nucleic acid nanoprobes with nuclease resistance and
protein adsorption resistance, sample pretreatment, anti-biofouling and signal correction. In this review, we aim to
summarize recent advances in the stability of nucleic acid nanoprobes in complex matrices, including the methods of
enhancing the stability of probes or signals, and the application of nucleic acid nanoprobes for disease diagnosis.
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Introduction

High recognition and binding ability of nucleic acid
through its programmable Watson-Crick base pairing and
structural versatility[1,2], such as ribozymes[3], circular RNA[4],
G-quadruplex(G4)[5] and I-motif[6,7] have provided the accessibility of constructing nucleic acid probes[8—11] to diseasesrelated biological process or pharmacological responses to a
therapeutic intervention[12,13]. For instance, several studies have
found that G4s are enriched in the regulatory regions of the
genome[14] and are associated with genomic instability, genetic
diseases and cancer progression[15—17]. Similarly, the formation
of I-motif also plays a regulatory role in replication[18] and
transcription[12,13].
Attributed to the quick response, specific binding and high
sensitivity of nucleic acid probes, researchers have developed
various artificially designed nucleic acid probes, which have
shown great potential in therapeutics and diagnosis. For example, two-ions imaging of lysosomes based on nucleic acid
reporters could chemically resolve the lysosome subpopulations[19]. Further, an important aspect dictating the design of
probes is the recognition, which is the basis of delivering the
message of combination between probes and targets[Fig.1(A)].
However, the low stability of nucleic acid in complex
biological matrices due to the nuclease degradation and

biofouling, such as proteins adsorptions severely interferes with
the structure integrity and binding stability of nucleic acid,
which shows great impact on its recognition in bioimaging and
biosensing[Fig.1(B) and (C)].

Fig.1

Structure integrity and binding stability
of nucleic acid probes as the core factors
on recognition

(A) The probe possesses a high binding ability to target without the
interference from complex matrices; (B) low integrity of probes
caused by nucleases degradation leads to low binding between probes
and targets; (C) low binding stability of probes caused by macromolecules adsorption, such as protein adsorption leads to low signal
stability of response.
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In order to expand the application of nucleic acid in vivo,
strategies based on protection or correction for biosensing and
bioimaging have been proposed. For example, improving nuclease-resistance of probes by constructing 3D DNA nanostructures[20—25], cyclization of nucleic acid strands[26], chemically
modified nucleic acid[27—29] and increasing the steric inhibition
associated with nuclease[30,31] could protect the probes stability
for a long time in complex biological matrices[Fig.2(A)].
Likewise, several attractive methods to combat the biofouling
include sample pretreatment by separating the probes from
contaminants[Fig.2(B)][32—34] and perform signal correction by
adding references to reduce false positive or false negative
signals and signal drift[Fig.2(C)][35—37]. In this review, we
focus on the application of nucleic acid probes in complex matrices, especially on the progress to enhance the probe stability,
and highlight the advantages of protection methods against
biofouling on bioanalytical and biomedical application.

Fig.2

Strategies based on protection or correction
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applications of nucleic acid probes and the methods of resisting
enzyme digestion related to different types of nucleases degradation.

2.1

DNA Cyclization

Various types of recognition between nucleases and
nucleic acid have been found, such as sequence dependent,
groove width dependent and specialized structure dependent,
etc.[Fig.2(A)]. Indeed, several endonucleases and exonucleases
were secreted to biological environments. Meantime, DNA or
RNA was degraded by exonucleases from 3-terminal or
5-terminal and releases nucleotides[41]. Cyclizing DNA could
eliminate the binding site of exonucleases and reduce the degradation[42]. One remarkable example is the comparation for
degradation of exonucleases between linear TAR RNA and
circular TAR RNA. Linear TAR RNA was rapidly degraded in
HeLa nuclear extracts with a half-life of 20 min while circular
TAR RNA remained stable within 12 h[43]. Besides, circular
DNA aptamers suggested that the lack of 3′ end results in nuclease resistance in small and discrete DNA objects[44]. More
recently, the combination of DNA cyclization with DNA nanostructures has also improved the stability of nanostructures.
Manetto and co-workers[26] illustrated the interlocked singlestranded rings, which was efficiently formed by DNA cyclization via click reaction[Fig.3(A)], increasing the resistance of
exonuclease activity and solving the stability of DNA
“chain-armor” tubes in vitro and in vivo[Fig.3(B)]. The TEM
image of DNA tubes with cyclization, which suffered denatured
at 65 °C and exposed to Exonuclease I(Exo I) at 37 °C for 3 h,
showed the high structural integrity.

(A) Protection of nucleic acid probes based on different types of
nucleases degradation; (B) resisting biofouling by sample pretreatment through separation; (C) reducing the signal impact caused by
interference.

2 Strategies on Resisting Nucleases
Degradation in Complex Biological
Matrices
The optimization of nucleic acid probes with enhanced
integrity and binding stability increases the possibility of
various biological applications. Nevertheless, the application of
nucleic acid probes is impeded by the presence of interference,
such as macromolecules and nucleases in biological environment. Indeed, DNA and RNA degrading enzymes exist in the
biological environment, such as serum and blood. Also, various
diseases are caused due to the lack of proper degradation of
nucleic acid[38]. The half-life of nucleic acid probes in serum or
blood is one of the essential factors that assessing degradation.
Further insight into nucleic acid stability in serum, which is the
commonly serum supplement in cell and tissue culture, was
provided by the half-lives in degradation experiments, where it
showed that the naked DNA was easily degraded within 30 min
in 10% FBS at 37 °C[39] and within 70.5 min in human serum at
room temperature[40]. For further application in biological
environments, nuclease-resistant methods with its biological
function have been published. Herein, we discussed the

Fig.3

DNA cyclization to resist degradation

(A) The cyclization of DNA occurred in DNA nanotube by clicking
reaction(reprinted from ref.[26] with permission. Copyright 2015,
John Wiley & Son); (B) left: comparing probes stability of 6HT, M24
and M24*. C represents control, Top: 1 represents 24 h at 37 °C;
2 represents 24 h at 37 °C in DMEM. Bottom: 1 represents 15 min at
65 °C; 2 represents 15 min at 65 °C and 3 h at 37 °C in Exo I. Right:
TEM image of M24*, which suffered denatured at 65 °C and exposed
to Exo I for 3 h at 37 °C(reprinted from ref.[26] with permission.
Copyright 2015, John Wiley & Son).

2.2

Chemically Modification

In contrast to the strategy of cyclization, researchers seek
to broaden the application of DNA or RNA nanostructures
in vivo by using modification strategies: terminal modification
of nucleic acid, phosphodiester linkage modification, sugar
ring and bases modification, and 3′ end capping and 5′ end
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PEGylation[Fig.4(A)] . Gait and coworkers
demonstrated
that chemically modified siRNAs could be useful when the
frequently cleavage happened after pyrimidines. Interestingly,
2′F modification on sugar ring was also popular to enhance
endonuclease-resistance to pyrimidine-rich sequences[47].
Generally, Dougan and co-workers[48] found that 3′-biotin on
the end of thrombin aptamer imparts significant resistance to
the 3′-exonuclease in the blood. Further, the unnatural base
pairs 5-Me-isoC/isoG and A/2-thioT added to the double
helices could enhance the resistance of six-arm DNA junction
to T7 exonuclease digestion[49]. In the backbone of the molecular beacons, the deoxyribonucleotides were replaced by
2′-O-methylribonucleotides, which made the molecular beacons resistant to DNase I cleavage, and their hybrids with RNA
became difficult to digest by ribonuclease H[Fig.4(B)][50].
Through imaging over 90 min, the transport of native oskar
mRNA could be observed that from a nurse cell to the posterior
cortex of the oocyte[Fig.4(B)]. Alternatively, to realize a better
nuclease-resistance of modified aptamers than unmodified ones
in serum, the phosphodiester linkage of DNA was replaced
with methylphosphonate or phosphorothioate analogue[28].
Combining the modification with DNA nanostructures, the
topologically catenane necklaces with DNA-end modification
single-stranded cages could increase the mean lifetime from
62 h to 200 h in 10%(volume fraction) FBS.

Fig.4

single-strand
. Indeed, designing various DNA nanostructures to probes also improved the lifetime of nucleic acid
probes in vivo[Fig.5(A) and (B)]. Importantly, DNA nanostructures, such as DNA tiles[20], tetrahedra[21], nanotube[22], icosahedra[23], DNA origami[24], and complex curvatures[25], could
serve as amplifiers[53], carriers[54] and bioreactors[55] due to its
high molecular programmability, spatial addressability and
modified ability. For example, multiple-armed tetrahedral DNA
nanostructures were much more stable than single-strand
probes in 80% mice serum at 37 °C. Using folic acid modified
DNA nanostructure probes could target imaging tumor in
mice[Fig.5(B)]. Similarly, Leong and co-workers[56] performed
nature-inspired nanosensor under nucleases conditions in order
to identify the shielding ability of nanoshell to exonuclease III.
This design enabled rapid and accurate in situ detection of gene
expression within a single cell, and the visual detection of
mRNA was ca. 9—25 fold higher than that of unprotected
nucleic acid probes[Fig.5(C)]. More specifically, 3D-DNA
nanostructures have been proven to enhance the ability of protecting oligonucleotides from enzyme digestion by Zhang’s[57].
Also, the location and concentration alteration of ATP in live
cells could be detected effectively by adding oliogomycin and
Ca2+, which is ATP inhibitor and ATP inducer, respectively
[Fig.5(D)]. Besides, DNA nanostructures with dense structures
have been shown to be three times more stable than single- and
double-strands by measuring the half-time in complex matrices[58,59]. They also showed that DNA nanostructures hinder
the binding for enzyme DdeI to decrease the digestion by

Chemically modification to resist degradation

(A) Various modification methods for nucleic acid resistance to degradation, which have a series of modification sites, such as a backbone, a base, and a sugar(reprinted from ref.[45] with permission.
Copyright 2017, MDPI). (B) Top: the replacement of deoxyribonucleotides with 2′-O-methylribonucleotides made molecular beacons
resistant to cleavage of DNase I, and their hybrids with RNA became
difficult to digest by ribonuclease H. Bottom: direct imaging on the
native oskar mRNA transporting(reprinted from ref.[50] with permission. Copyright 2003, National Academy of Sciences).
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Constructing DNA Nanostructures

According to the recognition of curvature, flexibility and
groove width of nucleic acid, duplex structure of nucleic acid
had better resistance to nuclease-mediated cleavage than

Fig.5

DNA nanostructures to resist degradation

(A) Various types of DNA nanostructures and multilayer origami were
resistant to several nucleases. (B) Comparing multiple-armed tetrahedral
DNA nanostructures and single-strand probes in 80% mice serum at
37 °C and imaging tumor in mice using folic acid modified DNA nanostructure probes(reprinted from ref.[58] with permission. Copyright 2016,
American Chemical Society). (C) Rapid and accurate in situ detection of
gene expression within a single cell by nature-inspired nanosensor(reprinted from ref.[56] with permission. Copyright 2015, American
Chemical Society). (D) Fluorescence images of the location and the
change of ATP in HeLa cells(reprinted from ref.[57] with permission.
Copyright 2017, American Chemical Society).
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comparing the recognition sequence in the middle of the edge
and close to the vertexes.
There are several examples on characterizing the stability
of DNA origami, such as transmission electron microscopy
(TEM)[60,61], scanning electron microscopy(SEM)[62,63], atomic
force microscopy(AFM)[64,65] and gel electrophoresis
(GEL)[42,66]. Dietz and co-workers[67] also assessed multilayer
origami resistance to several nucleases including DNase I, T7
endonuclease I, T7 exonuclease, Escherichia coli exonuclease I,
lambda exonuclease and Mse I restriction endonuclease by
TEM and GEL. Although the degradation occurred in the
presence of DNase I and T7 endonuclease I, origami with the
close-packed double-helical domains was several hundred-fold
stable than plasmid DNA that lack of protection domain. Interestingly, Dong and coworkers[65] investigated the dynamic
degradation of 3D box origami in serum by AFM, and found
that the degradation process in 0.1%(volume fraction) serum
could be separated to two phases: a rapid height collapse and a
slow degradation phase. The separation of degradation
suggested that improving the stability of DNA nanostructures
in the collapse phase will give a better protection. Further,
Bermudez and co-workers[68] summarized the sizes and the
half-lives of various DNA nanostructures in 10% FBS.
Triangular prisms had a larger size and a longer half-life
than linear dsDNA, but nanotubes had a larger size and a
shorter half-life than triangle prisms[69]. Therefore, the size of
nucleic acid might not be the only direct factor to resist degradation. Labeling oligonucleotide termini with hexanediol(C6)
or hexaethylene glycol(HEG) groups and covalent crosslinking
(e.g., ligation) could increase the stability of triangular prisms
in complex matrices[42].

2.4

Coating Nucleic Acid

Although DNA nanostructures have a better stability
against nucleases than single- or double-stranded DNA, the
degradation still exists due to the non-specific recognition of
enzymes. Several strategies on coating DNA nanostructures
have been proposed to improve the stability against nuclease
degradation and protein adsorption for biological application
[Fig.6(A)]. For instance, coating DNA nanostructures with
cationic polymers, such as polyethylenimine(PEI)[29], PEG-poly[2-dimethylaminoethyl
methacrylate(PEG-PDMAEMA)][70]
and polyethylene glycol(PEG)-oligolysine[27] have been proven
to be more stable than that uncoated. Notably, PEI and
PDMAEMA both exhibited some cytotoxicity and PEI had
haemolytic activity to biological applications[71,72]. Therefore,
the design of coating polymers with low-cytotoxicity and high
biocompatibility is urgently required for biological application.
PEG was a good example of wrapping DNA nanostructures or
cooperating with PDMAEMA to encapsulate DNA nanostructures with good biocompatibility and without particles aggregation[70,73]. Therefore, DNA nanostructures stabilized by oligolysine-PEG remained their structural integrity in bone
marrow-derived dendritic cells medium at 37 °C within 24 h
imaged by TEM and GEL[Fig.6(B)]. In particular, oligolysine-PEG coated DNA nanostructures had more slowly renal
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clearance than uncoated ones. In addition, the elimination
half-lives and relative bioavailability of PEGylated lipid bilayers encapsulated DNA octahedron were increased by factors of
9 and 17, respectively[Fig.6(C)]. Alternatively, different materials encapsulated the nucleic acid with different interaction
mechanisms. Cationic polymers coated DNA nanostructures by
electrostatic interaction, and proteins, such as bovine serum
albumin(BSA) and human serum albumin(HSA) could coated
nucleic acid through hydrophobic interactions and cysteinemaleimide bond[74,75]. Overall, based on previous reports, the
coating methods on nucleic acid could earn ca. 1000-fold more
nuclease-resistance than the bare one[27].

2.5

Steric Inhibition

Apart from the modification and cyclization on nucleic
acid probes, the oligonucleotide modified nanoparticles, such
as gold nanoparticles have the similar nuclease-resistance
in complex biological matrices[Fig.7(A)]. Mirkin and
co-workers[30,31] found that dense packing of nucleic acid
probes on gold particles called spherical nucleic acids(SNAs)
could withstand degradation within cellular environments at
least 48 h. A similar observation was found by fluorescence
experiments, which considered to be a steric inhibition effect
[Fig.7(B)]. Steric inhibition of nuclease on the surface of nanoparticles was one factor that causes stability of nucleic acid
probes in complex matrices. Also, SNAs could control gene
expression as intracellular gene regulation agents in
cells[Fig.7(B)][30]. Interestingly, SNAs could be endocytosed
into PC-3 prostate cancer cells and be packaged into exosomes,
then it was secreted into the extracellular environment. In this
approach, exosomes encased SNAs could knockdown target
miR-21 effectively [Fig.7(C)][76]. Besides, circulating tumor
cells(CTCs) related to metastasis in whole blood could be detected by SNAs through detecting intracellular mRNA in live
cells[Fig.7(D)][77,78]. Moreover, steric inhibition effect on the
surface of biosensor, which was regulated by the lateral distance of nucleic acid probes, could improve the detection accuracy in rat whole blood[79].
As further research has found that the charge and local salt
within the tightly packed monolayers was another factor
affecting the nuclease degradation activity[80], they also found
that gold nanoparticles could not prevent the binding of
enzymes to nucleic acid probes, but the hydrolysis of nucleases
was inhibited due to the surrounding environment. Particularly,
non-specific adsorption of serum proteins could decrease the
degradation rates and block the nuclease to the gold surface[81].
Overall, dense packing monolayers could provide a protection
from nucleases for nucleic acid probes through steric inhibition
effect or special local environment.

3 Strategies on Resisting Biofouling in
Complex Biological Matrices
An important aspect dictating the accuracy of sensing by
nucleic acid probes is their stability in complex matrices. The
ready access to various sample pretreatment has also sparked
interest in their widely biological application. For instance,
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Fig.6 Coating nucleic acid to resist degradation
(A) Schematic illustration of the resisting enzymatic hydrolysis by
preventing the nucleases from approaching the coated nucleic acid;
(B) oligolysine-PEG coated DNA nanostructures maintained the structural integrity and slowed down the rate of kidney clearance(reprinted
from ref.[27] with permission. Copyright 2017, Nature Publishing
Group); (C) virus-inspired membrane encapsulation with PEGylated
lipid bilayers of DNA octahedron increased the elimination half-lives
and relative bioavailability in mice(reprinted from ref.[82] with permission. Copyright 2014, American Chemical Society).
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electrodes. Interestingly, nanoporous gold electrodes kept excellent biofouling resilience and sensitive DNA detection ability in complex matrices, such as serum. Nanopore could selectively transport targets and block macromolecules, such as
proteins at the entrance. Through the separation on nanopore,
80 pg/μL target DNA could be detected in complex biological
fluids[Fig.8(A)]. Also, Plaxco and co-workers[37] proposed a
continuous-flow diffusion filter(CDF), which could prevent the
contaminants to the sensor surface. In this design, separation
was related to the diffusivity of molecules and the proper
transport fraction. In particular, the target molecules(doxorubicin) possessed a higher transport fraction than the interfaces in
whole blood. Real time detection of drugs in the blood of live
rats could be detected effectively[Fig.8(C)]. Besides, using this
method could monitor circulating drug levels in live animals,
which opened up the possibility of personalized medicine[84].
To further use sensor in animals, microelectrodes with polysulfone membrane was built to measure molecules in the rats in
real-time[33]. Importantly, the biofouling design of polysulfone
membrane was small enough to coat electrode and prevent
fouling of blood cells. In this approach, the pharmacokinetics
of drugs, such as doxorubicin could be monitored in live
animals, which opens the door to many applications, such as
monitoring the health status[Fig.8(B)]. In addition, separating
targets based on electric-field-induction could increase the
detection limits of miRNAs to about 1000 times that of
conventional methods in whole blood[85].

Fig.7 Steric inhibition effect on resisting degradation
(A) Schematic illustration of the steric inhibition on enzyme degradation(reprinted from ref.[83] with permission. Copyright 2016,
American Chemical Society); (B) SNAs improved resistance to nucleases by steric inhibition effect and controlled EGFP expression as
intracellular gene regulation agents in C166-EGFP cells(reprinted
from ref.[30] with permission. Copyright 2006, American Association for the Advancement of Science); (C) SNAs were secreted into
the extracellular environment and regulated miR-21 expression
(reprinted from ref.[76] with permission. Copyright 2014, John Wiley
& Son); (D) CTCs could be detected by SNAs by its intracellular
mRNA(reprinted from ref. [78] with permission. Copyright 2014,
National Academy of Sciences).

separating strategies were used to isolate probes from contaminants in complex biological environments, which facilitates
long-term and real time biosensing in complex environments
associated with disease. It is also important to construct an
anti-adsorption interface that blocks interfering substances,
such as proteins. In the following sections, we discussed the
resisting biofouling methods based on pretreatment and its
application in complex biological matrices.

3.1

Sample Purification

Seker and co-workers[32] combined sample purification
and integrated electrical detection through nanoporous gold

Fig.8

Strategies on resisting biofouling

(A) Nanopore blocks macromolecules at the entrance(reprinted from ref.
[32] with permission. Copyright 2016, American Chemical Society);
(B) polysulfone membrane protects the sensor from biofouling(reprinted
from ref.[33] with permission. Copyright 2017, National Academy of
Sciences); (C) the continuous-flow diffusion filter(CDF) decreases the
diffusion of contaminants(reprinted from ref.[37] with permission.
Copyright 2013, American Association for the Advancement of Science);
(D) membranes or fluid sheaths prevent contaminants from approaching
the sensor(reprinted from ref.[34] with permission. Copyright 2017, John
Wiley & Son); (E) framework nucleic acid prevents contaminants from
approaching the interface(reprinted from ref.[86] with permission.
Copyright 2016, Nature Publishing Group).
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Surface Treatment

Severe signal drift and low detection sensitivity always
challenged the detection in undiluted whole blood and
live animals. Many methods on surface treatment have been
proposed to resist biofouling and nonspecific adsorption,
reduce signal drift and improve detection sensitivity. The
biomimetic surface treatment with physical barriers could
prevent biofouling from approaching the sensor and eliminate
the signal drift[34]. Using this sensor in the veins of rats could
monitor drugs(doxorubicin) in real time and reduce the baseline
drift from around 70% to just a few percent[Fig.8(D)]. In
another example, framework nucleic acid was built on the
sensor surface to decrease the nonspecific adsorption. By
attaching a single-stranded oligonucleotide to a framework
nucleic acid, sensitive and specific determination of small
molecules, DNA/RNA, proteins, cells, and the like in a complex biological environment, such as serum or whole blood
could be achieved[86]. Also, a single-base mismatch and cocaine
with its analog could be distinguished effectively with its
detection limits of 1 fmol/L and 100 nmol/L, respectively
[Fig.8(E)][87,88].

frequency and signal off with low frequency. Taking their
difference could reduce signal drift from ca. 30% to 2% and
improve >300% in SNR[Fig.9(C)].

Fig.9

The application of nucleic acid probes in complex matrices for a long time suffered the signal drift and false positive or
false negative signals. Recently, researchers proposed several
processing methods on the challenge, such as adding reference
to correct the drift and amplification methods to decrease the
signal to background ratio.

Signal Correction Methods

Signal correction methods mainly relay on ratiometric
methods. Plaxco and co-workers[35] reported a dual-reporter
drift correction method by modifying anthraquinone(AQ) and
methylene blue(MB) with nonoverlapping wavelengths. Only
one reporter had the response to the target binding while
two reporters suffered from the same complex environment.
Another reporter could serve as a reference to correct the background signal. With two reporters on the same nucleic acid
probe, the nucleic acid probes could detect the molecules for a
long time in whole blood[Fig.9(A)]. Alternatively, the fabrication variations between sensors could be corrected by
dual-frequency calibration-free methods[36]. The signals from
two frequency were analyzed by its ratio of the peak current of
square wave voltammetry, which collected from response and
non-response frequencies[Fig.9(B)]. At different frequencies,
the electron transfer kinetics could be affected by the conformational change of nucleic acid probes. Also, kinetic differential measurement was the similar strategies on correction,
which could improve the signal caused by biofouling and low
signal gain in long time detection[37]. It explored the electron
transfer between target binding and unbinding. Indeed, binding
state and unbinding state had two stage: signal on with high

Signal processing on signal stability

(A) Dual-reporter drift correction methods(reprinted from ref.[89]
with permission. Copyright 2016, American Chemical Society);
(B) dual-frequency calibration-free methods(reprinted from
ref.[36] with permission. Copyright 2017, American Chemical
Society); (C) kinetic differential measurement strategy(reprinted
from ref.[37] with permission. Copyright 2013, American Association for the Advancement of Science); (D) hybridization chain
reactions(HCR) signal amplifier(reprinted from ref.[90] with
permission. Copyright 2014, American Chemical Society);
(E) framework nucleic acid(FNA) signal amplifier(reprinted from
ref. [91] with permission. Copyright 2018, John Wiley & Son).

4 Strategies on Signal Processing in
Complex Biological Matrices

4.1

Vol.36

4.2

Signal Amplification Methods

False positive or false negative signals are related to the
low sensitivity and low signal to background ratio. The use of
hybridized chain reactions as signal amplifiers to increase the
sensitivity of detection signals was one of the widely accepted
methods. Interestingly, combining HCR amplifiers with
fluorescence method to map mRNA expression in situ in
complex biological matrices could clarify developmental and
pathological processes. Also, five target mRNAs have been
mapping in cells[92]. Attaching nucleic acid probes to the apical
end of the FNA, followed by the addition of a DNA initiation
strand could cause a series of signal amplifications that
increased the sensitivity of detecting microRNAs[Fig.9(D)][90].
Zuo and co-workers[91] designed multi-valency FNA amplifier
detecting target ALU115 with stronger signal. This design
improved the detection limits and changed dynamic range
by orders of magnitude[Fig.9(E)]. Moreover, in the presence
of total DNA in rabbit reticulocyte lysates of the liver of mice,
the entropy-driven amplification from the catalyst system was
determined and at least a 3% trigger was detected. Also, the
entropy-driven reaction mechanism proposed by the authors
does not require an enzyme and does not change the covalent
bond[93]. Typically, the SNAs amplifier called nanoflares had

No.2

DENG Mengying et al.

a high recovery rate and a fidelity of up to 99% when detecting
target mRNA of breast cancer cells in human blood, and the
incidence of false negative results was ≤1%[78].

5

Conclusions and Perspective

Nucleic acid probes have made a remarkable progress
towards practical applications in complex biological matrices,
such as serum, blood, cells and live organisms. Nucleic acid
probes with various structures targeting a range of molecules
have already applied to diseases-related biological process or
therapeutic and diagnosis in vitro and in vivo. However, probe
stability related to the recognition has been proven not stable in
complex matrices due to nucleases degradation and biofouling.
Nuclease degradation includes sequence dependent degradation,
groove width dependent degradation, specialized structure
dependent degradation and so on. Strategies on nucleaseresistance rely on the recognition types of nucleases to nucleic
acid. Furthermore, biofouling caused signal drift and false
positive or false negative signals that disturbed the sensitivity,
selectivity and detection limits of biosensing and bioimaging.
Strategies on anti-biofouling consist of sample pretreatment
and signal processes. Separation of nucleic acid probes from
biological contaminants enables effectively sample purification.
Besides, signal drift and low SNR could correct by ratiometic
methods and amplification methods. Taken together,
these advantages will widen the application of nucleic acid
probes.
Protein adsorption and enzymatic degradation in complex
biological matrices are the main factors affecting nucleic acid
probe affinity and sensitivity. There have been many solutions
to the biofouling caused by them, but there are still many deficiencies. The following aspects should be taken into account in
the future. First of all, nucleic acid probes in living system,
such as riboswitches and i-motif, can still play an effective role
in complex biological environments. The design of nucleic acid
probes used in living systems should learn from nature as much
as possible, and combine the charge and size of the nucleic acid
probe itself with electrostatic effects and confinement effects.
Secondly, the development of portable nucleic acid biosensors
also requires the assistance of external devices. It is particularly
important to develop the design of anti-biofouling based on the
size of proteins. In addition, better portable design can be
achieved by combining the mechanism of electron transfer in
the process of anti-protein adsorption.
After anti-interference treatment in complex biological
matrices, nucleic acid probes could achieve higher sensitivity,
higher selectivity and lower detection limit than untreated ones,
and could sort and detect a variety of cancer-related molecules
and circulating tumor cells, and also could distinguish many
disease subtypes. In addition, the nucleic acid probes with
specific design could regulate gene expression. Further, the
development of nucleic acid probes with high stability, high
recognition, high transfection ability and feedback ability in
living organisms for a long time will open a new world for
disease diagnosis and therapeutic.
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