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Taking the advantage of the high selectivity of aptamers and enzyme-free
catalyzed hairpin assembly (CHA) amplification strategy, we herein describe a
label-free and enzyme-free sensitive fluorescent and colorimetric strategy for
amplified thrombin detection in this paper. To support both biological inquiry and
technological innovation, thermodynamic models are introduced to predict the
minimum energy secondary structure of interacting nucleic acid strands and calculate
the partition function and equilibrium concentration for complexes in our system.
Then, the thermodynamics properties of interacting DNA strands and the reactions
of toehold strand displacement-driven assembly have been simulated, validating the
feasibility of the theory and optimizing the follow-up lab tests. Following that, our
strategy for thrombin detection is proved to be feasible and effective in biological

experiments.



Highlights

e A model and algorithm has been introduced for analyzing the thermal
performance of interacting DNA strands, demonstrating the validity of DNA
sequences in our strategy.

e The reaction processes of catalytic hairpin assembly in this sensor are
simulated to preliminary verify the theoretical feasibility prior to the test.

e The sensing model has good capability of thrombin detection with no
fluorescent modification, making the detection method more facile,
economical and effective.

e The reaction process is verified and optimized initially by simulations before
attempting to build them in lab, to ensure that the actual experiments are more
efficient and saves.

e Three experimental methods, fluorescent/colorimetric/PAGE, are used to

verify the feasibility of the sensor.

Abstract

The development of efficient and convenient strategy without involving enzyme
or complex nanomaterial for the micro molecules detection has profound meaning in
the diagnosis of diseases. Herein, taking the advantages of the strong affinity of
aptamer and catalyzed hairpin assembly, we develop a new non-label optical
amplified strategy for thrombin detection in this work. To support both biological
inquiry and technological innovation, thermodynamic models are introduced to
predict the minimum energy secondary structure of interacting nucleic acid strands

and calculate the partition function and equilibrium concentration for complexes in



our system. Then, the thermodynamics properties of interacting DNA strands and the
reactions of toehold strand displacement-driven assembly have been simulated,
validating the feasibility of the theory and optimizing the follow-up lab tests.
Following that, our strategy for thrombin detection is proved to be feasible and
effective in biological experiment. Taken together, such a biosensor has a good
potential in bioactive molecules detection and disease diagnosis for future biological

research.

Keyword: Computation and simulation; catalyzed hairpin assembly; fluorescence

biosensor; DNA strand displacement; G-quadruplex

1. Introduction

Biosensor is actually a molecular sensor, which consists of a biomolecular
recognition mechanism and a signal transduction technique [1]. This cost-effective
and portable equipment is capable of carrying out rapid qualitative and quantitative
analysis of analyte at decentralized locations. As a powerful detection and analysis
tool, it have raised widespread concern in biomedical research, health care,
environmental monitoring, and homeland security [2-3]. For example, ultrasensitive
electrochemical biosensors based on nano-materials have been proposed for HIV gene
detection in recently years [4-5]. The qualitative and gquantitative analysis of bladder
cancer is extremely significant in early stage of clinical diagnosis, so this protein is
also used as a target of sensors for in-depth study [6]. However, developing more

convenient and effective biosensor is still the main objective, and various signal



amplification techniques are being studied to improve sensitive at present [7-10].

Among them, catalytic hairpin assembly (CHA) is a common signal
amplification method under isothermal and non-enzyme conditions, which is
essentially DNA strand displacement reaction [11]. With the advantages of excellent
information accumulation, high-performance parallel computing and flexible
programmability, DNA strand displacement technology has been extensively studied
in the fields of molecular computing, nano-machine, diagnosis and treatment of the
diseases. In addition, the construction of the biosensor based on this displacement
reaction is of great research significance by mastering the design procedures.
Combining the predictability of Watson—Crick base pairing with the programmability
of the DNA base sequence [12], researchers are able to build and manipulate

molecular machines accurately to achieve multiple types of molecular calculations.

With these outstanding features, Visual DSD [13] has been proposed to aid the
design of various systems implemented experimentally, as a tool for the design and
analysis of strand displacement reaction. Support for reusable module in program
code makes it easy and quick to build more complex system using pre-designed
components. That means this tool can improve efficiency and productivity of DNA
device design and analysis by carrying out simulates before laboratory testing, thereby

saving materials and reducing time consuming [14-15].

The prediction of folded RNA/DNA structure has also considerable biological

importance. Here, thermodynamic models are based on nucleic acid secondary



structure and nearest-neighbor identities [16] underlying dynamic programming
algorithms. They have been used to predict the minimum energy secondary structure
(MFE) [17] and compute the partition function over secondary structure set [18]. By
rational DNA sequences design, synthetic nucleic acid sets can be programmed to
self-assemble into complicated structural systems, which can be used to implement
dynamic mechanical task [19]. The development of nucleic acid nanotechnology is
extremely beneficial to many fields of science and technology, such as biocomputing,

molecular robotics, and biosensing and so on.

In our work, a label-free optical sensing platform based on DNA strand
displacement has been constructed and investigated, taking a pivotal biological
functional protein-thrombin as example [20]. Before biological experiments, we
introduce a model and algorithms firstly for analyzing the thermal performance of
interacting DNA strands, demonstrating the validity of DNA sequences in our strategy.
Next, to preliminary verify the theoretical feasibility, the reaction processes of
catalytic hairpin assembly are simulated by Visual DSD prior to the test. At last, our
strategy for thrombin detection has been validated to be feasible and effective by
biological experiments. It is worth noting that the sensing performances such as
sensitivity, specificity, real serum test and optimum experimental conditions, are

tested and discussed in our another experiment [21].

2. Principle of the proposed method

Detection model design As shown in Fig. 1, the optical platform for thrombin



detection consists of three parts: (I) Target recognition process. At the beginning of
the reaction, due to strongly binding with corresponding aptamer, thrombin binds to
its aptamer strand and the S strand is released. (I1) Signal amplification process. In
essence, it is a toehold strand displacement-drive CHA reaction. More importantly, we
ingeniously introduce two special hairpin structures of which partial stem can serve as
the substrate of trigger chain, and quadruplex-rich sequences can form G-quadruplex.
The S chain is used to trigger hairpins assembly, and then released to partake in next
round of CHA reaction, generating a large number of ds-DNA (H1:H2) with
G-quadruplexes at both ends. (111) Signal transformation and readout. There are many
G-quadruplex structures in solution by previous signal amplification process.
Fortunately, we have found that the special structure has many excellent chemical
properties in biosensing for molecular detection. For example, there are a large
number of fluorescent signals under the action of NMM (N-methyl-mesoporphyrin 1X)
[22-23]. Besides, the special G-rich oligomer can interact with hemin to produce
peroxidase-mimicking DNAzymes and catalyze the oxidation reaction of H.O> [24].
Under this action, TMB (3,3’,5,5’-tetramethylbenzidine) is oxidized from colorless to
blue visible to the naked eye [25]. Briefly, in this process, the concentration signal of
G-quadruplex is converted into a corresponding fluorescent or color variation that be

observed by the naked eyes or instrument.
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Fig. 1. Schematic diagram of biosensor for thrombin detection.

Sequence design and analysis According to the principle, we have designed four
ss-DNA (Aptamer, S, H1, H2) in Table 1. These strands are obtained by NUPACK
Design Module [18], and then modified slightly some modifications according to their

biological characteristics.

Table 1 Sequences of oligonucleotides.

Name Sequences

Aptamer | 5’-GGT TGG TGT GGT TGG AAT AGT C-3’

S 5’-AGT CAC ACG GAC TAT TCCAACC-3°

H1 5’-GGG TAA TAG TCC GTG TGA CTA TGG ACT ATA GGA GTC ACA CGG GCG GGT AGG
G-3

H2 5’-GGG TTG TAT GAC TCC TAT AGT CCA TAG TCA CAC GGA CTATTG GGC GGG TAG
GG-3°

Since secondary structures of nucleic acid are crucial for the DNA/RNA

functionality, a prediction algorithm is presented to analyze and verify the thermal



characteristics of designed strands in ours work. In generally, thermodynamic model
is used to predict MFE and compute the partition function. Then, the partition
function is of great significance not only for researching the conformational ensemble,

but also for evaluating the nucleic acid sequence in design.

More concretely, for a given DNA/RNA sequence, the base-pairing graph of its
structure is decomposed into distinct loop configurations based on thermodynamic
model (Figure 2A). The loop with different loop sequences, lengths and types
corresponds to unequal enthalpic and entropic values [26]. To be specific, the free
energy of secondary structure s is considered as a estimation according to the sum of
the empirically determined free energies of the constituent loops in Egs. (1). Then,
partition function is a weighted sum over the set of all possible secondary structures 7’

inin Egs. (2), where k and T represent the Boltzmann constant and temperature.
AG(s) = ZlOOpES AG(IOOp) €]

Q = Xsere 2O/ (2)

Hence, the partition function for sequence of N length Q = Q;n can be
calculated with a dynamic programming algorithm of cubic order [27]. Based on these
calculations, the MFE structure of hairpins H1 and H2 used in our design has been
computed and simulated. The results show that their structures are consistent with
design expectation and have lower free energy at 37°C (AG(H1)=14.48 kcal/mol,

AG(H2)=13.10 kcal/mol).

Then, the final equilibrium concentration of each complex in the thermodynamic



limit of large populations can be calculated. Consider the tube containing the set of
strand species Wo that interact with each other to form the set of complex species ¥.
The first step is to calculate the partition function Q(¢;) for each complexje ¥ ,

with sequence ¢; and structural ensemble Tj in Eqgs. (3) [28].

Q(¢)) = Zser, e (3)

The partition function is then a weighted sum over the set of all secondary

structure s € I; in Egs. (4). Here, k and T are same with above.s

~AG($.5)/KT

_e
p(d)j' S) - o(¢)) 4)
Next, the base-pairing probability matrix P(¢;) is described for the equilibrium

base-pairing properties of complex j in Egs. (5).

P = D p($5,5)5%(s) ®)

SEFJ'

Here, base pair a,b froms at equilibrium within ensemble I; and S(s) is the structure

matrix. In this, S%P(s) is 1 when structure s contains base pair a,b, otherwise it is 0.

Let Qup =Q;,Vj €V denotes the set of complex partition function. The
equilibrium concentration of complexes, xy, is determined by solving the optimal

problems in Egs. (6) [29].

min
Xy

> x(logx; —log @; — 1) ©)

je¥

subjectto A; jx; =x{ Viey°

Here, the constraints subject to conservation of mass. A represents the stoichiometry



matrix with entries Aij corresponding to chains number of type i in complex j, and x;

represents the total concentration of strand i.
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Fig. 2. (A) Canonical loops of nucleic acid secondary structure. (B) Simulation results of the CHA
process in our strategy.

According to the calculation introduced above, Fig. 2B shows the equilibrium
concentrations for every species of mixing solution in CHA reaction. In equilibrium,
there are multiple nucleic acid structures in the solution. The proportion of H1-H2
strands is up to 96%, which consistent with our expectations. At the same time,
background products produced by additional reactions, such as S-H1-H2, H2-H1-
H2-H1, can be neglected to some extent. Therefore, the rationality of the sequence

design of designed hairpins can be proved by simulations in theory.
3. Results and discussion

Reaction mechanism Consider the DNA reaction diagram [30] of biosensors for
thrombin detection given in Fig. 3. Here, the strands inside the bold boxes are initial
reactants. The strands at the end of the gray line with arrows represent the products of

positive reaction while those at the end of the black arrow represent the products of



the negative reaction. The number of each reaction in this diagram stands for DNA

bind and unbind rate. For convenience, we regard the thrombin as ss-DNA

complementary to its aptamer.
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Fig. 3. DNA reaction diagrams of the DNA strand displacement in our design

According to our design, the <g>, <G> domains are quadruplex-forming structure
together and the <0>, <3>, <4> domains are the toehold. Other represents the branch

migration domains. Ideally, Thrombin will bind to AstamerS to produce spl3 and



liberated S. Then, due to the toehold domain <3*> of S hybridizing with exposed
complement toehold domain <3> of H1, the hairpin of H1 can be unfolded and forms
sp7 with strand displacement reaction. Subsequently, sp7 exposed toehold domain
<4*> binds spontaneously to toehold domain <4> of H2. Owing to branch migration
from 5’ to 3’, the strand of S is displaced and dsDNA DuplexH1H2 appears. Next, S
participates in the multiple round of CHA with H1 and H2 successively, resulting in

the generation of massive DuplexH1H2.
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Fig. 4. Visual DSD simulations. The change in the number of strands over time in the system with
thrombin (A); without thrombin (B).

Finally, quantitative changes in strands over time under different circumstances
can be seen in Fig. 4. When thrombin exits, the amount of thrombin and the AptamerS
strands is rapidly reduced to O because of the interaction between them (Fig. 4A,
green, blue line). The free S strands first rise, then fall, to patriciate in hairpins
assembly, and rise to maximum eventually (Fig. 4A, light blue line). In CHA reaction,
the number of H1 and H2 reduces quickly to minimum due to self-assembly reaction
(Fig. 4A, yellow, purple line), while the reaction product-DuplexH1H2 raise rapidly to
the maximum and maintained balance ultimately (Fig. 4A, red line). In contrast, Fig.

4B is shown as a control group experiment without target thrombin. Both thrombin



and S are almost unchanged at 0 (Fig. 4B, green, light blue line), so the AptamerS also
maintains in the initial state (Fig. 4B, blue line). However, traces of DuplexH1H2 still
appeared in the solution due to the weak interaction (Fig. 4B, yellow, purple, red line,
respectively). In summary, the value of DuplexH1H2 in the presence of thrombin is
amost 30 times more than that in the absence of thrombin. Accordingly, it proves the

feasibility of the sensing model in theory by simulating the experiment process.
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Fig. 5. Visual DSD simulations (A) The DuplexH1H2 strand’s change over time in the system
with different thrombin concentrations (B) The concentration of DuplexH1H2 strands at the
equilibrium state corresponding to different thrombin concentrations, respectively.

Optimization of the reaction conditions To evaluate target recognition process of
the present strategy, different concentrations of thrombin are measured under the
condition of standardization. Fig. 5A shows the change of DuplexH1H2 strands over
time in cases where the thrombin concentration is 0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 5.0,
10.0, and 50.0 nM, respectively. It can be seen that the reaction rate gradually
increases along with the increase of thrombin concentration in the range from 0.2 to
2.0 nM. At the equilibrium state, the amount of DuplexH1H2 strands corresponding
different thrombin concentrations can be seen from Fig. 5B. Obviously, when the

thrombin concentration is greater than 1 nM, the number of products reaches the



maximum value. From the simulation experiment, 2 nM can be selected as the
optimal thrombin concentration at the beginning of biological experiments due to the

faster convergence and higher product conversion rates.

Next, to achieve the optimal amplification performance, the toehold length of
first hairpin H1, the incubation temperature of CHA, the concentration of hairpins H1
and H2 are optimized. Firstly of all, toehold-mediated strand displacement reaction
(TSDR) is a common reaction pattern in vivo. By adjusting the number of bases and
the sequence composition of toehold, TSDR rate control can be achieved and further
influent the next reaction process. When the toehold length is too short, the H1 will
unable to fully hybridize with trigger S. However, too long toehold length will lead to
the irreversible binding between S and H1, which is conducive to hairpin
self-assembly and next CHA circulation. Six kinds of H1 strands with different length
of toeholds (3, 4, 5, 6, 7, 8 nt) are simulated in Fig.6A. We can see that 6nt toeholds
length lead to the best of product yield (H1:H2) and is chosen for the following
experiments. In addition, temperature affects not only the stability of the hairpins
structure, but also the bind, unbinding and migration rate of strand displacement
reaction. Hence, the incubation temperature of CHA is also simulated in Fig. 6B. In
the absence of trigger S, only slight change can be achieved (Fig. 6B, black line).
Upon the addition of S, the product yield increases rapidly with the increase of the
incubation temperature, and then reaches equilibrium at 35°C (Fig. 6B red line).
Therefore, 35°C is determined to be the appropriate temperature initially in actual

biological tests.
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Fig. 6. Simulation results: Optimization of experimental conditions. (A) Toehold length of H1. (B)
Incubation temperature of CHA.

In addition, many reactions under different conditions are simulated to roughly
determine the concentration range of each DNA chains. The amount of hairpins
structure H1, H2 involved in self-assembly also greatly influences the reaction
process and results. According to Fig. 7, we can see the change of DuplexH1H2
strands over time in cases where the concentration ratio of hairpin to substrate
AptamerSis 1, 2, 3, 4, 5, 6, 7, 8, and 9, respectively. Simulation result shows that the
reactions reach saturation basically and the conversion rate tends to be the same, when
the ratio is greater than 5. Considering the discussed above and economic
considerations, experimental results are expected to be best when the amount of

hairpin structure H1, H2 is about 5-6 times of the substrate AptamersS.
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Fig. 7. Visual DSD simulations (A) The change in the number of DuplexH1H2 strands over time
in the system in cases where the concentration ratio of hairpin to substrate AptamerSis 1, 2, 3, 4, 5,

6 7 8 9



6, 7, 8, and 9, respectively. (B) The concentration of DuplexH1H2 strands at the equilibrium state
corresponding to the above conditions, respectively.

Feasibility for thrombin detection in biological experiments This dynamic process
molecular reaction is validated by 10% native-PAGE (polyacrylamide gel
electrophoresis) in Fig. 8A. From this result, we can observe several distinct bands for
Aptamer-S (lane 1), H1 (lane 2) and H2 (lane 3), respectively. The mixture of two
hairpins had the same bands as H1 or H2 (lane 4). It indicates that the H1 and H2 can
coexist and almost no self-assembly reaction without trigger strands. Then, there is a
blurred band above H1 and H2 with the addition of Aptamer-S, because two hairpins
are likely to generate slight amounts of H1/H2 complex (lane 5). Next in the presence
of thrombin, a distinct band corresponding to H1/H2 ds-DNA appears in mixed
solution (lane 6). Besides, the band intensities of H1, H2 and Aptamer-S became
weaker than those in lane 5. This bands distribution shows that thrombin liberates S
from the Aptamer-S duplex, then the released S effectively triggers the catalytic
hairpin assembly to produce numerous H1/H2 complex with the consumption of H1
and H2. Therefore, the native-PAGE experiments in accordance with simulation, give

more sufficient verification of this proposed biosensor.
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Fig. 8. (A) 10% native-PAGE analysis of different solutions: (1) Aptamer-S; (2) H1; (3) H2; (4)
Hland H2; (5) Aptamer-S, H1 and H2; (6) Aptamer-S, H1, H2 and thrombin. The concentration of



thrombin, Aptamer-S, H1, and H2 are 1 nM, 5 nM, 5 nM, and 5 nM, respectively. (B)
Absorption/ fluorescence intensity value of different samples. Sample a-f correspond to 1-6,
respectively.. The concentration of thrombin, Aptamer-S, H1 and H2 are 1 nM, 50 nM, 300 nM
and 300 nM, respectively. Error bars=3.

Meanwhile, two kinds of optical detection methods are also performed to prove
the feasibility of this design. On the one hand, the fluorescent intensity values (at 608
nm) of different samples are measured after incubation with NMM for 25 min. As
shown in Fig. 8B, negligible fluorescence signal is obtained from sample containing
Aptamer-S (sample b). Compared to it, there is only a slight increase in the case of
thrombin addition (sample c¢). This is a result of that the aptamer strands fold into
G-quadruplex, leading to the slightly enhanced fluorescence signal from NMM. In
addition, the mixtures of hairpins (sample d) and the mixtures of Aptamer-S, H1, H2
(sample e) retain the low fluorescence intensity, and increase slightly compared to the
former three sample, which may be due to the weak interaction between H1 and H2
forming a few G-quadruplex. Next, thrombin is added to the mixture solution with
Aptamer-S, H1, H2 probes, and causes significant fluorescence enhancement from
NMM (sample f). The results demonstrate that thrombin effectively liberates S strands
from the Aptamer-S duplex, which triggers the assembly of H1 and H2. Thereby, a
large number of generated G-quadruplexes lead to a significantly amplified
fluorescence response from NMM. On the other hand, the NMM was replaced by
TMB, producing a visible green color. According to the same strategy, the presence of
thrombin would trigger the amplification reaction. As shown in Fig. 6A, the sample e

can offer the highest colorimetric signal, which not only measured by

spectrophotometer, but also clearly distinguished by the naked eyes.



4. Conclusion

In conclusion, we have developed an enzyme-free and label-free optical
biosensor for thrombin detection based on target-induced assembly, verified by
simulations and biological tests. The follows are several excellent merits in our
designed sensing. First of all, this strategy allows a homogeneous assay of thrombin
activity without fluorescent labels, making it much more convenient and
cost-effective. In addition, simulation experiments can not only verify the reaction
process, but also preliminarily optimize the reaction conditions, so as to complete
actual biological experiments more efficiently in lab. Next, this fluorescent approach
does not require constrained proteinase and complicated thermal-cycling procedure
for signal amplification. There is low detection limit with pM level, which has been
verified by our previous experiments [21]. Finally, it has the potential to be easily
extended for other analyte detection by ingeniously designing molecular probe. Taken
together, this method has good prospect in interdisciplinary subject of computer and
biology, which exhibits enormous application potentiality in clinical diagnosis of

genetic diseases.
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