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In this study, a novel label- and immobilization-free RNA aptamer-modified riboswitch-based biosensor
was developed by using RNA aptamer modified secondary-structural scaffolds to control the identity of
the ribosomal binding sequence (RBS). In the developed sensor, the duplex RNA aptamers-modified cis-
repressor sequence is introduced upstream to the RBS of the indicating gene (gfp gene), leading to
formatting an RNA bubble due to the none-complementary state of the RNA aptamers in the hairpin
structure of the cis-repressor sequence. Without the presence of the target molecule, the ribosome
cannot identify the RBS of the indicating gene as the RBS is hidden by the introduced cis-repressor,
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Se:;sor consequently, the indicating gene in the sensor would not be expressed, demonstrating the absence of
RBS the target. On the contrary, with the presence of the target molecule, the binding of aptamer with the

target would induce the enlargement of the RNA bubble, leading to the separation of the cis-repressor
sequence and RBS. Hence, the indicating gene would be expressed, manifesting the existence of the
target. In addition, the developed sensor can quantitatively report the target concentrations by
measuring the gfp gene-encoded GFP (green fluorescent protein) concentration. The approach proposed
in this study can be used to construct sensors for detecting various chemicals by introducing the
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corresponding aptamers, therefore, this strategy can potentially provide a new set of analytical tools in
the field of analytical chemistry.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Nucleic acid aptamer, including both RNA aptamer and DNA
aptamer, can be screened against any interested ligands from a
combinatorial library by using an iterative affinity selection pro-
cedure [1—3] at a relatively low cost [4,5]. Aptamers, often called as
“chemical antibodies”, are functionally comparable to the conven-
tional antibodies [6], but offer a variety of advantages including the
relatively flexible structure, small physical size, high stability, quick
chemical production, versatile chemical modification and lack of
immunogenicity [7—11]. On the other side, the predictive and
rational design of nucleic acids can be facilitated with excellent
chemical stability due to the current hybridization rules, meaning
that aptamer can be used in the harsher environment with the
characteristic of durability [ 12]. Therefore, aptamers can be used to
substitute for antibodies as sensors to directly report analyte con-
centrations in heterogeneous assays [5,13]. Which are actively be-
ing sought in the literatures [14]. Currently, most of the developed
aptamer-based sensors reply on the direct observation of the
target-induced conformational changes as the unstructured
aptamers form specific secondary structures upon binding with the
target molecules such as three-way junctions like G-quadruplex
structures [15—18]. Which are finding extensive applications in
medical diagnostics, drug screening, environmental monitoring, etc
[19,20].

However, the target-induced conformational changes are hard
to control, such as, some aptamers for detecting target molecular
have high dissociation constants [21], and some well-characterized
aptamers for detecting target molecular are structurally stable and
form a three-way junction even before binding with the target [15].
For improving the efficiency of the target-induced conformational
changes, Stojanovic et al. reported to destabilize the RNA aptamer
by truncating its sequences, so that the aptamer can exist in the
equilibrium state which including both the unfolded structure and
folded structure [22]. The destabilized aptamer exhibits the ex-
pected cocaine induced structure of folding, but still could form the
folding structure in the absence of target, leading to a limited
sensor sensitivity. This problem can be resolved by splitting the
aptamer into two or three fragments, which significantly reduces
the background signal; while the aptamer fragments can retain the
capability to recognize the target by successfully reassembling into
the complex secondary structure in the presence of cocaine.
However, the splitting of aptamers significantly weakens the
aptamer-target affinity; consequently, the sensitivity of the split
aptamer-based sensor would be compromised.

Diverse cellular processes can be regulated by the noncoding
RNAs, including the transcription and translation of gene expres-
sion [23]. Commonly, these functions are closely connected to t
noncoding RNA’s structure. An important such noncoding RNA
element is the riboswitch, which typically locating in the 5-un-
translated region of prokaryotic protein coding transcripts [24].
Riboswitch is the region of mRNAs which contain specific evolu-
tionarily conserved ligand-binding domain, termed the expression
platform, that enables regulation of the downstream coding se-
quences of mRNA. The term “riboswitch” reflects the potential
ability of these noncoding RNAs to function as biosensors [25]. In
this study, we have successfully structured a novel label-and

immobilization-free RNA aptamer-based sensor (G-EL sensor)
based on the detection of the gfp gene expression, which was
controlled by the exposure of ribosomal binding sequence (RBS) of
mRNA via the target induced conformational changes of RNA
aptamer-modified rioboswitch. It is well established that it is by the
translation process that ribosomes read the genetic message in
mRNA and produce amino acids product according to the in-
structions, which can be divided into three steps: initiation; elon-
gation and termination. In the initiation phase, the ribosome binds
to the RBS of mRNA, and the first amino acid, attached to its tRNA,
also binds [26]. In addition, the small noncoding RNAs (sRNA) in
prokaryotic provide the mechanism to precisely control of gene
expression the translation, especially the regulatory RNA (ribor-
egulator), which can control the expression of target genes to
require a coordinated cellular response [27]. The cis-repressor
(crRNA) included in the sRNA contains the sequence which com-
plementary bind to the RBS, repressing the target gene expression
by forming the hairpin structure upstream of RBS to prevent the
ribosomal binding [28]. Herein, a duplex RNA aptamers-modified
crRNA is introduced upstream to the RBS of gfp gene in the devel-
oped sensor, leading to forming an RNA bubble due to the none-
complementary state of the RNA aptamer in the hairpin structure
of crRNA. Without the presence of the target molecule, the gfp gene
cannot be expressed as the RBS is hidden by the modified crRNA.
While with the presence of the target, the RNA bubble would be
enlarged around the duplex aptamers in the local structure of
crRNA due to the binding of aptamers with the target (Fig. 1a—b);
consequently, the RBS in the RNA bubble can be recognized and
bound by ribosome, which leads to the expression of the target
gene. As the more concentration of target in the detection system,
proportional number of RBS can be recognized, leading to
expressing the proportional concentration of green fluorescent
protein (GFP) encoded by gfp gene, the concentration of the GFP can
be measured to quantify the concentration target ((y-n)/m; y: the
GFP concentration; n: the GFP concentration for the sample
without target, in this study n is O at the optimal conditions; m: the
ratio between increasing concentration of GFP and the increasing
concentration of target). When the concentration of target is
enough for enlarged the certain number RNA bubble, the GFP
concentration encoded by gfp gene reached to highest (a), hence,
the target concentration should be diluted to less than c (c: the
largest concentration of target which G-EL sensor can quantify) for
quantifying (Fig. 1c).

2. Experimental

The methods can be seen in the Supporting Information (Con-
struction of plasmids; mRNA analysis). Primers, plasmids used in
this study can be seen in Table S1. Structure sequences of the six cis-
repressor elements were constructed according to our previous
study [29], in the dark blue circle is the start code sequence (AUG);
in the red circle is the RBS sequence (AGGAGG) (Fig. S1). Structure
sequences of the three duplex thrombin RNA aptamers modified
crRNA 2 with different distance between the downstream RNA
aptamer and ribosome (DBDRAR: 11 bp, 6 bp and 16 bp), the green
sequences are the thrombin RNA sequences, in the dark blue circle
is the start code sequence (AUG); in the red circle is the RBS
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Fig. 1. The working mechanism of the developed G-EL sensor. (a) The formation and enlargement of the RNA bubble. (b) Without the presence of the target, the indicating gene (gfp
gene in this study) in the sensor would not be expressed since the ribosome cannot identify the ribosomal binding sequence (RBS) of the indicating gene due to the hiding of the RBS
via the introduced cis-repressor sequence complementing to the RBS, manifesting the absence of the target; with the presence of target, the RNA bubble would be enlarged around
the duplex aptamers in the local structure of crRNA due to the binding of aptamers with target; consequently, the RBS in the RNA bubble can be recognized and bound by ribosome,
leading to the expression of the indicating gene, indicating the existence of the target. (c) The working mechanism of the sensor to quantitatively calculate the target concentration.

sequence (AGGAGG) (Fig. 2). Structure sequences of the five duplex
thrombin RNA aptamers modified crRNA with DBDRAR = 11 bp, in
which, the modified crRNA naturally folds to a structure that se-
questers the different numbers of RBS sequences, preventing the
translation of downstream genes. The green sequences are the
thrombin RNA sequences, in the dark blue circle is the start code
sequence (AUG); in the red circle is the RBS sequence (AGGAGG),
the black circle is the sequestered sequences of RBS (Fig. S2).
Structure sequences of the five duplex different RNA aptamers
modified crRNA 2—1 with DBDRAR = 11 bp, the green sequences
are the RNA sequences, in the dark blue circle is the start code
sequence (AUG); in the red circle is the RBS sequence (AGGAGG),
the black circle is the sequestered sequences of RBS (Fig. S3). The 7
fragments of the modified or none modified gfp genes were ob-
tained through the method of PCR (Fig. S4-Fig. S10).

Calibration experiment of the G-EL sensor. Firstly, the S30
premix and the cell extract from the Promega S30 T7 High-Yield
Expression System kit (Promega TM306) were mixed in the pro-
portion recommended by manufacturer (reaction buffer), and
added the GFP (bs-0890P, bioss, China) to the final concentration of
0, 0.2 uM, 0.4 uM, 0.6 uM, 0.8 uM, 1.0 uM, 1.2 puM, 1.4 uM, 1.6 UM
1.8 uM and 2.0 uM, respectively in 1 mL. Fluorescence measure-
ments (485/20 nm excitation, 528/20 nm emission) were made in a
Biotek Synergy 2 plate reader, and then obtaining the standard
curve between the GFP concentration and fluorescence intensity.
The Promega S30 T7 High-Yield Expression System kit was used for
Cell-Free Protein Synthesis experiments (GFP in this study). The G-
EL sensor were used at 25 ng/uL concentration per reaction in the
reaction buffer, the thrombin or VEGF was added to the final con-
centration of 0, 0.2 uM, 0.4 uM, 0.6 uM, 0.8 uM, 1.0 uM, 1.2 uM,
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Fig. 2. Structure sequences of the three duplex thrombin RNA aptamers modified crRNA 2 with different DBDRARSs (11 bp, 6 bp and 16 bp), in which, the modified crRNA is within
the 5'-untranslated region of the mRNA and naturally folds to a structure that sequesters the whole RBS sequences, preventing the translation of downstream genes. The green
sequences are the thrombin RNA sequences, in the dark blue circle is the start code sequence (AUG); in the red circle is the RBS sequence (AGGAGG). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

14 pM, 1.6 uM 1.8 uM—5.0 pM, respectively per reaction, all the
reactions were set up in Corning CLS3820 plates following manu-
facturer’s instructions. For the GFP assays, the synthesis reactions of
cell-free proteins were prepared firstly, incubated at 30 °C with
shaking for 6 h, and fluorescence measurements (485/20 nm
excitation, 528/20 nm emission) were made every 7 min in a Biotek
Synergy 2 plate reader. Values indicated in the graphs representing
GFP concentrations were obtained after 6 h of synthesis reactions,
then obtaining the calibration curve between the target (thrombin
and VEGF in this study) and GFP concentration. The used thrombin
(MP Biomedicals, USA) and VEGF (bs-0279R, bioss, China) were
prepared by diluting the stock solution (in 50% glycerol) into 10 mM
Tris-HCl pH 7.5 and 50 mM KCl to ensure that the final glycerol
concentration in the cell-free protein synthesis reactions is less
than 0.5%.

Detection limit experiments for the G-EL sensor. 3 solutions
without of target were added to the reaction buffer with 25 ng/uL
G-EL sensor, incubated at 30 °C with shaking for 6 h, and fluores-
cence measurements (485/20 nm excitation, 528/20 nm emission)
were made for the 3 solutions, we report the average of 5 fluo-
rescence signals emerging from the fluorescence detector without
adding the target. After having obtained the SD of blank signal, this
value has been multiplied three times and use this value in the
formula obtained from the calibration curve to extrapolate the
value of target concentration corresponding to the detection limit
of the G-EL sensor.

The authors should report the average and SD of >3 fluorescence
signals emerging from the fluorescence detector without adding
the target (black). I can understand that the signal could be near
zero but it is difficult to believe that any background signal is
produced by the solution. After having obtained the SD of blank
signal, this should be multiplied three times and use this value in
the formula obtained from the calibration curve in order to
extrapolate the value of target concentration corresponding to the
LOD.

Thrombin detection in human serum. G-EL sensor for
thrombin detection: the Promega S30 T7 High-Yield Expression

System kit was used for Cell-Free Protein Synthesis experiments
(GFP in this study). The G-EL sensor were used at 25 ng/uL con-
centration per reaction in the reaction buffer and the diluted hu-
man serum with thrombin was added, incubated at 30 °C with
shaking for 6 h, and fluorescence measurements (485/20 nm
excitation, 528/20 nm emission) were made, the thrombin con-
centration was calculated by the calibration curve between the
target and GFP concentration. ELISA for thrombin detection:
Thrombin-antithrombin (TAT) complexes formed following the
neutralization of thrombin by antithrombin III have been used as a
surrogate marker for thrombin detection. TAT complexes were
examined by ELISA with the Thrombin- Antithrombin Complex
Human ELISA Kit (ac108907, Abcam). Briefly, diluted human serum
with thrombin was added into each well of a microtiter plate and
incubated for 2 h. Each well was washed and 50 pl of
1 x Biotinylated Thrombin-Antithrombin Complex antibody was
added, followed by incubation for 1 h. Then the well was washed
and 50 pl of 1 x SP conjugate was added. After 30 min, the well was
washed and 50 pul of chromogen substrate was added. The reaction
was stopped after 30 min. The plates were read at 450 nm with a
Variskan Flash Spectral Scanning Multimode Reader (Thermo
Scientific).

3. Results and discussion
3.1. Effectiveness of the G-EL sensor

The following six sequences with different thermodynamic
stability (crRNA1, crRNA2, crRNA3, crRNA4, crRNA5 and crRNA6)
were selected to repress the translation of the target mRNA
(Fig. S1). According to the Zuker's method [30], the AG value for the
six cis-repressor element are: crRNA 1, -41.4 kcal-mol-1; crRNA2,
-60.4  kcal-mol-1; crRNA3, -45.6 kcal-mol-1; crRNA4,
-47.5 kcal-mol-1; crRNA5, -49.9 kcal-mol-1;  crRNAS6,
-56.3 kcal-mol-1, respectively. The inhibitory effect of the crRNAs
for translating target mRNA was determined by measuring the GFP
concentration. As shown in Fig. 3a, the GFP concentration of
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Fig. 3. Effect of the inhibited element (crRNA) and activated element (RNA aptamer
modified crRNA with its target) of the G-EL sensor on the GFP concentration
(DBDRAR = 11 bp). (a) GFP concentration of templates introduced with different
crRNAs after 6 h of cell-free protein synthesis experiments without of thrombin. (b)
GFP concentration of templates introduced with crRNA 2 or RNA modified crRNA 2
after 6 h of cell-free protein synthesis experiments with/without the existence of
2.6 uM thrombin. (b) Kinetics of GFP concentration of templates introduced with
crRNA 2 or RNA modified crRNA 2 after 6 h of cell-free protein synthesis experiments
with/without the existence of 2.6 uM thrombin.

templates with crRNA exhibited a significant decrease compared to
that of the template without crRNA. Moreover, the gfp gene
expression becomes weaker with the increased thermodynamic
stability of the cis-repressor elements. The typical case is that the

gfp gene expression in the template harboring crRNA2 was
completely inhibited (no GFP concentration was detected), while
the expression level in the template harboring crRNA3 was signif-
icantly high (the GFP concentration was 0.24 pM). Therefore,
crRNA2 modified by the duplex thrombin RNA aptamers with the
distance between the downstream RNA aptamers and the RBS
(DBDRAR) of 11 bp was chosen to construct the sensors for
detecting thrombin. At the situation without thrombin, the GFP
concentration of the template introduced with the modified
crRNA2 exhibited no obvious difference compared with that of the
template introduced with the original crRNA2 (Fig. 3b—c) as the gfp
gene expression was completely inhibited in both templates,
demonstrating that the developed sensor can indicate the absence
of thrombin by the non-expression of the gfp gene. On contrary, in
the presence of thrombin of 2.6 pM, the gfp gene expression of the
template introduced with the modified crRNA2 can be turned to the
“ON” state (the corresponding GFP concentration was 0.89 pM),
while the gfp gene for the template introduced with the original
crRNA2 was still not be expressed, clarifying that the developed
sensor can manifest the existence of thrombin by switching the gfp
gene expression to the “ON” state.

3.2. Effect of the distance between the downstream RNA aptamers
and the RBS on the G-EL sensor

The performance of the developed thrombin sensors introduced
with the modified crRNA2 of different DBDRARs (6 bp, 16 bp) was
compared in Fig. 2, showing that although the gfp gene in both
sensors can be expressed with the presence of thrombin (2.6 pM),
the GFP concentration for the template introduced with the
modified crRNA2 of DBDRAR = 6 bp was only 0.19 uM (Fig. 4), much
lower than that for the template introduced with the modified
crRNA2 of DBDRAR = 16 bp (0.48 M), indicating a lower sensitivity
of the sensor with DBDRAR = 6 bp at the aspect of display intensity
level. The dependence of the sensor’s sensitivity on distance be-
tween the RBS site and the duplex RNA aptamers can be classified
into the followed four scenarios: i) the RBS cannot be contained in
the induced RNA bubble when the distance between the RBS site
and the duplex RNA aptamers is too long (Fig. 5a); the gfp gene
cannot be expressed even with the presence of thrombin, the
sensor loses the ability to detect the target; ii) when the RBS are
contained in the induced RNA bubble but in the edge, ribosome can
partially regain the recognition ability to the RBS, the gfp gene can
be expressed at a low level (Fig. 5a), resulting in the low sensitivity
of the sensor; iii) when the RBS site is contained in the middle
region of the induced RNA bubble at a suitable range of DBDRAR,
the ribosome can recognize the RBS site with the presence of
thrombin, leading to the maximum expression of the gfp gene
under crRNA (Fig. 5a), representing the best sensitivity of the cor-
responding sensors; iv) when DBDRAR is too short, although the
RBS can be contained in the induced RNA bubble, the RBS site could
be sequestered by the bound target, resulting in the weakened
recognition of the RBS by ribosome (Fig. 5a), the sensitivity of the
corresponding sensors is poor due to the low gfp gene expression.
Fig. 5b demonstrated the different concentrations of GFP for the
templates with different DBDRARs in the presence of 2.6 uM
thrombin. No RBS sequence can be contained in the induced RNA
bubble when DBDRAR >23 bp, the induced RNA bubble could not
affect the expression of the gfp gene, resulting in the silence of the
gfp gene (GFP concentration was 0). When 11 bp < DBDRAR<23 bp,
the increased GFP concentration could be obtained with the
decreased DBDRAR, indicating that the sensor’s sensitivity based on
the gfp gene expression can be enhanced by decreasing DBDRAR. At
this case, the induced RNA bubble starts to contain the RBS se-
quences when the DBDRAR = 23 bp. The improved recognition of
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Fig. 4. Effect of different DBDRARs (6 bp and 16 bp) of G-EL sensor on the GFP con-
centration. (a) GFP concentration of templates introduced with different DBDRARs (6
bp and 16 bp) after 6 h reaction of cell-free protein synthesis experiments with the
existence of 2.6 uM thrombin. (b) Kinetics of GFP concentration of templates intro-
duced with different DBDRARs (6 bp and 16 bp) after 6 h reaction of cell-free protein
synthesis experiments with the existence of 2.6 M thrombin.

ribosome to the RBS at a smaller DBDRAR leads to significantly
enhancement of the proposed sensor’s sensitivity. While when
DBDRAR <11 bp, the bound thrombin starts to sequester the RBS
site; the expression of gfp gene decreases sharply with a decreased
DBDRAR. Finally, when DBDRAR is decreased to 6 bp, the bound
thrombin sequesters the RBS site completely, the expression of gfp
gene reaches the lowest level. Therefore, the optimum DBDRAR for
the developed thrombin sensor is 11 bp.

3.3. Effect of the sequestered RBS number by the RNA aptamer
modified cis-repressor on the G-EL sensor

The sensitivity of a detection sensor can be usually reflected by
two indicators: the “display intensity level” and “detection effi-
ciency”. For the conventional aptamer-based sensors that detect
the target via the direct observation of the target-induced confor-
mational changes [15—18], the “display intensity level” can be
characterized by the amounts of aptamers with the conformational
change; while for the developed G-EL sensor, the “display intensity
level” can be measured by the GFP concentration. The other

indicator of “detection efficiency” represents the detecting speed of
the sensors with the aim to pursuer rapid, or even real-time
detection [31]. For further improving the developed sensor’s
sensitivity in the aspect of “detection efficiency”, five crRNAs with
the same AG value (—60 kcal mol~") of crRNA2 (crRNA2-1, crRNA2-
2, crRNA2-3, crRNA2-4, crRNA2-5) but with the different seques-
tered numbers of RBS sequence (NSRBS = 1 to 5) were designed and
compared with the crRNA2 sequestering the whole RBS sequences
(NSRBS = 6). The five crRNAs (DTMcrRNA2-1, DTMcrRNA2-2,
DTMcrRNA2-3, DTMcrRNA2-4, DTMcrRNA2-5) modified by
duplex thrombin RNA aptamers (DBDRAR = 11bp) (Fig. S2) were
encoded upstream of the gfp gene, respectively. The results in Fig. 6
indicated that the “detection efficiency” of the constructed sensors
increases with a decrease in NSRBS; the template with
DTMcrRNA2-1 (NSRBS = 1) displayed the fastest speed to reach the
maximum GFP concentration, while the template with
DTMcrRNA2-5 (NSRBS = 5) was the slowest to reach the maximum
GFP concentration. It is reasonable that the RBS with fewer number
of sequestered sequences included in the crRNA can be activated
more promptly by the enlarged RNA bubble.

3.4. Verification of the G-EL sensor by detecting VEGF

Fig. 7a demonstrated the calibration curve of GFP concentration
versus thrombin concentration for the optimized sensor (sensor
modified with DTMcrRNA2-1 and DBDRAR = 11bp) over a range of
0.2 uM—3.8 uM. Without thrombin, the gfp gene cannot be
expressed, indicated by the zero GFP concentration. After thrombin
are added, the GFP concentration firstly increases linearly with an
increase in thrombin concentration until it reaches the value of
3.8 uM, then keeps constant with a further increase in thrombin
concentration due to the saturation of RNA aptamers by thrombin.
Moreover, it was demonstrated that the detection limit of thrombin
is 88 nM. By following the same strategy, the sensors for detecting
VEGF can also be constructed by introducing the corresponding
duplex RNA aptamers in the DTMcrRNA2-1 (Fig. S3). Fig. 7 verified
that similar results can be obtained for all the constructed sensors,
but the maximum GFP concentration, the detection range and limit
for the different sensors are distinct (for VEGF, the detection range
is 0.2 uM—3.0 pM, and the detection limit is 55 nM). The reasons
can be explained in two aspects: i). The affinity between different
RNA aptamers and their specific ligands is different, leading to the
different amounts of the target-bound aptamers [32,33]; ii). The
size of the introduced RNA bubbles is different due to the varied
molecular weight of target and target-aptamer binding force [34].
In Table 1, the developed sensor was compared with other nucleic
acid-based sensors reported in the literatures [35—38]; in most
cases, the immobilization-free sensors have the shortcoming of
lower sensitivity compared to their immobilization-based sensors
without any signal amplification, which is one of the important
reasons that the development of the immobilization-free ap-
proaches was restricted. Xiang et al. [35] reported a label-free
sensor for detecting thrombin based on the ultrasensitive
electrochemical-based measurement for a G-rich secondary
aptamer with PCR amplification, which is highly sensitive in the
range from 27 fM to 2.7 nM. However, the strategy still requires the
immobilization of DNA probe. On the contrary, the sensor devel-
oped in this study is label-free and immobilization-free, simple, low
cost, and robust, which could potentially provide a new set of
analytical tools for clinical chemistry.

Gene expression including two steps (transcriptional or the
translational) [39]; while if the transcription level of the gene
expression is affected by the introduced RNA bubble, the amount of
the GFP concentration would also be affected [40]. Therefore, the
mechanism for the developed sensor should be further proofed,
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Fig. 5. Effect of different distances between RNA aptamer and RBS on G-EL sensor’s
sensitivity at the “display intensity level”. (a) i) when the distance is too long, the RBS
sequences cannot be contained in the induced RNA bubble, whose enlargement would
not affect the gfp gene expression, the G-EL sensor loses the function for detecting the
target; ii) when the RBS sequences is contained in the edge of the induced RNA bubble,
the recognition capability of ribosome to the RBS can be re-activated to some extent by
the enlarged RNA bubble; consequently, the gfp gene can be expressed at a low level,

accordingly, the proposed sensor was investigated under the
different concentrations of ligands, in which, the gfp gene expres-
sion was evaluated by analyzing mRNA using the real-time quan-
titative PCR at the transcription level and by testing the GFP
concentration at the translation level. As showed in Fig. 7b, with the
different concentrations of target (thrombin in this study), the
multiple of gfp mRNA amplification is constant, whereas the GFP
concentrations are almost proportional to the ligand concentration,
confining that the developed sensors detect the target by analyzing
the gfp gene expression at the translation level.

3.5. Thrombin detected in human serum

Human serum, which is considered as one of the most complex
sample matrices, was imported in the detection system to test the
stability of the established array technology. To access the appli-
cability of the assay in complex biological samples, diluted human
serum without thrombin was used as a sample matrix to evaluate
the recovery in the assay. The added thrombin (0.2 uM, 1.0 uM,
1.5 uM, 2.0 uM, 3.0 uM) in the 100-fold diluted human serum with
10 pl per sample was detected by our G-EL sensor and the ELISA
assay, respectively. The results are presented in Table 2. The re-
covery values of the added thrombin detected by GE-sensor were
89%—117% with relative standard deviations (RED) below 10%,
similar with the recovery values of the added thrombin detected by
ELISA (93%—107% with relative standard RED below 5%). It proved
the feasibility of this establishing platform and indicated that the
method has potential for quantitative detection of thrombin and
design of a clinic diagnostic kit in biological samples.

4. Conclusions

In summary, we have developed a strategy for engineering
label-free, immobilization-free, G-EL sensors via the crRNA and
RNA aptamer-controlled gfp gene expression, which are accurate
and can be used for detecting any chemicals whose binding
aptamers can be found or synthesized. Without the target, the gfp
gene expression in the sensor is inhibited by the RNA aptamer
modified crRNA as the RBS is hidden by the modified crRNA; while
at the presence of the target, the binding of the target with the RNA
aptamer included in the crRNA would induce the enlargement of
the RNA bubble, which leads to the exposure of the RBS sequences
and the subsequent recognition and binding by ribosome. Conse-
quently, the gfp gene can be expressed, manifesting the presence of
the target. More significantly, the G-EL sensor can quantitatively
report the target concentrations by measuring the gfp gene-
encoded GFP concentration. The developed G-EL sensors are not
dependent on the direct observation of the target-induced
conformational changes of RNA aptamer, which are the
commonly-used approach in the current aptamer-based chemical
sensors. Recently, Stojanovic and Landry [22] have reported a
detecting strategy by analyzing the changes in fluorescence,
resulting in the double-end labeled (a fluorophore and a quencher)
aptamers; therefore, the operation of the developed sensor is also
based on the indirect monitoring of the aptamer-based

the sensitivity of the sensor is poor; iii) when the RBS sequences are contained in the
middle region of the induced RNA bubble at a suitable range of DBDAR, the recognition
of ribosome to the RBS can be re-activated completely, leading to the maximum
expression of the gfp gene under crRNA, the sensitivity of the sensor is high; iv) when
DBDRAR is too short, although the RBS sequences can be contained in the DNA bubble,
the recognition region of the RBS is presumably sequestered by the bound target,
resulting in the weakened recognition of the RBS by ribosome and low expression of
the gfp gene, the sensitivity of sensor is poor. (b) GFP concentration of the template
introduced with RNA aptamer modified crRNA2 under different DNDRARs after 6 h of
cell-free protein synthesis experiments with the existence of 2.6 pM thrombin.
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Table 1
Comparisons between immobilization-based/immobilization-free and/or label-based/label-free nucleic acid-based biosensors.
Signal readout Principle Key words Target Linear range Limit of Reference
modes molecule detection
Label-free intrinsic redox-active properties of DNA bases DNA-gold affinity interactions immobilization-based aptamer, magnetic beads, thrombin 17 fM-2.7 nM 54 fM 31
PCR immobilization-free, PCR
Label-based electro-active intercalators peroxidase-mimicking DNAzymes redox-active immobilization-free, G-quadruplex, aptamer cocaine 5—1000 uM 5uM 32
indicators immobilization-based, G-quadruplex
Label-based electro-active intercalators peroxidase-mimicking DNAzymes redox-active immobilization-based, G-quadruplex thrombin 0.01-50 nM 2 pM 33
indicators
Label-based electro-active intercalators peroxidase-mimicking DNAzymes redox-active immobilization-free, G-quadruplex cocaine 1-500 uM 1 uM 34
indicators
Label-based electrochemical molecular beacons immobilization-based, carminic, aptamer, thrombin 11.8—141 pM 4.24 pM 35
magnetic nanobeads
Label-free crRNA-based molecular beacons immobilization-free, aptamer thrombin 0.2—-3.8 uM 88 nM This study
VEGF 0.2—3.0 uM 55 nM

[oe)

XXX (XXXX) XXX DOy DI pIUAUY / 1D 39 Supm [



J. Wang et al. / Analytica Chimica Acta Xxx (XXXX) XXX 9

Table 2
Detection of thrombin in 100-fold diluted human serum sample.

Sample thrombin added (uM) G-EL sensor for thrombin detection ELISA for thrombin detection
Amount measured (uM) Recovery (%) RSD (%) Amount measured (M) Recovery (%) RSD (%)

1 0.2 0.224 112 4.8 0.187 93.5 2.7

2 1.0 0.893 89.3 54 1.078 107.8 1.6

3 15 1.672 111.5 3.2 1432 95.5 31

4 2.0 2.348 1174 7.8 2113 105.7 19

5 3.0 2.788 89.6 6.3 2.879 96.0 3.2
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