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Abstract 

 Solution based biosensors that utilize aptamers have been engineered in a variety of formats to detect a 

range of analytes for both medical and environmental applications. However, since aptamers have fixed base 

sequences, incorporation of aptamers into DNA strand displacement networks for feed-forward signal 

amplification and processing requires significant redesign of downstream DNA reaction networks. We designed a 

novel aptamer transduction network that releases customizable output domains, which can then be used to initiate 

downstream strand displacement reaction networks without any sequence redesign of the downstream reaction 

networks. In our aptamer transducer, aptamer input domains are independent of output domains within the same 

DNA complex and are reacted with a fuel strand after aptamer-ligand binding. Aptamer transducers were 

designed to react with two fluorescence dye-labeled reporter complexes to show the customizability of the output 

domains, as well as being used as feed-forward inputs to two previously studied catalytic reaction networks, 

which can be used as amplifiers. Through our study we show both successful customizability and feed-forward 

capability of our aptamer transducers. 

Introduction 

Aptamers are single stranded nucleic acid sequences that bind selectively to a target ligand with high 

affinity. Identification of aptamers occurs through systematic evolution of ligands by exponential enrichment 

(SELEX), which has identified several hundred sequences to date.1–6 A duplexed aptamer is formed by 

hybridizing an aptamer with a short complementary sequence known as an aptamer complementary element.7,8 

Duplexed aptamers that release an aptamer complementary element upon biomolecular interaction with the 

sensing target have been used as sensing elements in novel aptamer biosensors.1,2 Biosensors utilizing such 

duplexed aptamers have been developed in a variety of formats, including solution FRET, surface FRET, solution 

fluorescence, surface fluorescence, electrochemistry, nucleic acid circuits, colorimetry, and nanoparticle FRET. 
3,5–22 While these approaches all offer biosensing capability, biosensors that incorporate nucleic acid circuits in 

particular, offer unique advantages because of their natural compatibility with DNA reaction networks capable of 

signal processing, signal amplification, and logic operations.23,24 Aptamer Reaction Networks (ARNs) are DNA 

reaction networks that incorporate an aptamer as an element to trigger a nucleic acid circuit. The usefulness of an 

ARN lies in its ability to transduce a biomolecular input of target analytes into a nucleic acid signal.18,25,26 When 

integrated with simple and inexpensive detection technologies, ARNs could one day become a potential 

replacement for assays that require more intensive labor or expensive equipment.26 Investigation of more sensitive 

and well-designed ARN circuit components is critical for the development of sensing technologies for medical 

diagnostic and environmental applications. 

Because an ARN produces a DNA output, it is capable of triggering further logic operations and signal 

amplification by downstream DNA reaction networks through feed forward signaling.27 This feed forward 

capability has made reaction networks a noted area of interest in aptamer biosensing.1,13,15,18,28 For example, 
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Cheng et al. demonstrated the coupling of the adenosine aptamer into a feed forward catalytic reaction network 

employing both target inhibited and target triggered approaches to amplify the detection of adenosine.15,28 

Furthermore, they utilized the aptamer strand or its complement to trigger a catalytic cycle in their network 

design. In this example, however, the ARN produced an output that is dependent on the aptamer sequence.15,28 As 

a result, these networks require significant sequence redesign of downstream DNA reaction networks for their 

intended function. Zhu et al., for example, developed an aptamer transduction unit based on a three-way junction 

that could translate a target-inhibited aptamer signal into an arbitrary output. The network’s feed forward 

capability, however, was not demonstrated.21 Other approaches toward developing a universal aptamer biosensor 

lack a transduction step and operate as labeled molecular beacons or as simple direct colorimetric 

devices.7,13,16,17,19,25 

While feed forward functionality has been considered by some groups,1,13,15,18,28 the community has 

focused more on modifications to increase the sensitivity of ARNs. Since aptamer biosensors are generally 

limited by the inherent aptamer-ligand binding affinity (Kd), approaches for designing more sensitive detectors 

depend on modifying an aptamer strand because its effective binding affinity (Kd,eff) can be improved with 

targeted alterations to its base sequence, including hybridization of complementary elements.1–3,7–14,14–23,25,26,28–34 

For example, many studies have aimed to optimize the adenosine aptamer effective binding affinity (Kd,eff) by 

manipulating the location of the aptamer sequence in their biosensor designs or by direct aptamer sequence 

alterations such as truncation and mutation.25,35  These studies have shown that even greater binding affinities can 

be achieved for many of the known aptamers using such modifications. Screening of novel aptamers through 

SELEX is another route for identifying selective aptamer sequences that yield greater sensitivities toward the 

same target.31 As novel and more sensitive aptamers are developed and discovered, general approaches for 

incorporating them into modular ARNs will be critical for the creation of biosensors with improved functionalities 

and performances.   

While many studies have dealt with increasing aptamer sensitivity, relatively few studies have attempted 

to incorporate such aptamers into two-layer feed forward networks.13,28 A feed-forward DNA reaction network is 

composed of multiple consecutive reaction networks in which the output of the first network functions as the 

input for the subsequent network. Using feed forward functionality allows for greater modularity between reaction 

networks, since different reaction networks can be chained together to achieve multi-functionality. For example, 

an ARN can be first used for biosensing and then can be chained to a catalytic network for signal amplification.  

Using an ARN in a feedforward network presents a unique challenge since the output of an ARN is dependent on 

the base sequence of the aptamer, which in turn requires a redesign of a subsequent network. Therefore, there is 

significant motivation to design ARNs that can transduce a molecular signal from the target into multiple DNA 

outputs without the need for significant domain level redesigns of downstream networks. 

In this work, we introduce an Aptamer Transducer (AT) as a non-enzymatic, modular, and customizable 

ARN that can be implemented in two-layer feedforward reaction networks. Using the well-known Huizenga & 

Stozak adenosine aptamer, we have designed and tested a practical biosensing platform that can fully transduce an 

adenosine signal into arbitrary DNA outputs based on a structure-switching aptamer design, where the AT’s 

output domain is not dependent on the sequence of the adenosine aptamer.30 This design modularity was 

accomplished by separating the aptamer input domain from the output domain, which is sequestered in a hairpin 

region of the AT complex. Incorporating an additional fuel strand into the AT design allows for the release of the 

output strand upon successful toehold mediated DNA strand displacement. Two dye and quencher labeled 

reporter complexes, differing in sequence, were used to show that the AT can successfully output differing 

signals. To further demonstrate the ATs customizability, we incorporated the AT with two catalytic amplification 

networks – an entropy-driven catalytic network developed by Zhang et al.23 and a 3-arm catalytic amplification 

network developed by Kotani et al.24 
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Results and Discussion 

As illustrated in Figure 1A, two critical regions for the functionality of AT are the aptamer input region 

(blue box) and the DNA Output region (brown box). The 6-nt long aptamer complement domain τ’ is duplexed to 

the aptamer input domain (α), forming the structure-switching element of the sensor. Upon aptamer-ligand 

binding, the τ’ domain dehybridizes from the aptamer to act as a toehold for an invading fuel strand. DNA strand 

displacement is initiated once the τ’ domain of the AT and τ domain of the fuel hybridize, initiating 3-way branch 

migration to replace β1 of the output strand. DNA strand displacement continues with 4-way branch migration 

through the μ domain. Finally, the 3-way branch migration through the β2 domain releases the output signal from 

the backbone of the AT, which makes available λ and μ domains as a ssDNA signal for downstream reactions. 

The μ’ was added to the fuel strand to suppress the cross-talk between μ domain of the fuel and μ’ domain of the 

reporter complex.  

Overall, the AT is analogous to an AND gate that requires both the ligand and the fuel as inputs to 

transduce a ligand signal into a ssDNA output. Using a fuel strand in the design allowed us to keep the aptamer 

and output sequences independent in the AT complex. Additionally, the reaction benefits from using a fuel, since 

the AT reaction becomes more irreversible. Once fuel has reacted with the substrate, it is much less likely for the 

original AT to reform, and therefore any output domains that are released remain available for downstream 

reactions. Since the λ and μ domains are independent of the aptamer sequence, their domain level sequences can 

be customized toward any desired output. To support this claim, multiple reporter probes and ATs differing in 

output sequences have been designed and tested using the same aptamer input region. 

Integration of AT with unique Reporters 

The adenosine binding DNA aptamer was chosen as the α domain, since it has been a well-studied 

aptamer in previous ARNs, providing a good basis for comparing sensitivity.16,18,21,22,26,31,32 The reaction of the 

AT, as illustrated in Figure 1A, proceeds with the binding of adenosine with the α domain, which has been shown 

to have two possible binding sites, freeing the τ’ toehold.16,18,21,22,26,31,32 Next, the fuel strand releases the output 

strand producing a waste 1 complex and frees λ and μ domains. These output domains can initiate other 

downstream reaction networks or reporters. Since λ and μ domains are independent of the α domain, they can be 

custom-designed to suit the input required for subsequent DNA reaction networks. To test the customizability of λ 

and μ domains, the AT was first integrated with duplexed dye-quencher reporters. 
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Figure 1: (A) Reaction schematics of the AT binding to adenosine, releasing ssDNA output, and reacting with a reporter 

complex. The structure switching aptamer input region is shown in the blue box and the ssDNA output region is shown in the 

brown box. (B) Fluorescence intensity normalized by the maximum intensity of the 2 mM adenosine trace shows the kinetic 

behavior of the AT reacting with a ZR reporter as initiated by 20 μM – 2 mM adenosine, using 13 nM protected fuel, over 

300 minutes. Calculated 2σ of the leakage trace (green dash) and the leakage moving average (red line) are also shown. (C) 

Initial rates of the AT reacting with ZR and KR reporters using both 13 nM and 300 nM AT fuel (10 nM AT complex, 20 nM 

Reporter) in 1×TE 25 mM Mg2+ (D) Initial rates of the AT reacting with ZR and KR using low concentrations of adenosine 

2-20 μM compared to the AT leakage rate. Initial rates above 2σ of the leak are considered detected.  

 

Two distinct TET/Iowa Black labeled reporters, whose sequences were derived from two amplification 

networks reported by Zhang et al. (ZR) and Kotani et al. (KR), were used to track the concentration of the output 

signal strand and overall reaction kinetics.23,24 These two reporters were chosen because they have previously 

been shown as reliable reporters for their respective amplification reaction networks. Upon dehybridization of the 

reporter by the output strand, the dye and the quencher are separated, reducing the fluorescence quenching and 

increasing the TET dye’s fluorescence signal that can be continuously monitored. In addition, two unique reporter 
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complexes were used to validate the modularity of the AT output domains. By showing that the AT can 

accommodate two unique reporter sequences selected from previous network designs, we validate that the AT can 

output arbitrary DNA sequences through redesign of only two domains and demonstrate the AT’s universal signal 

transduction capability. In addition to modularity, initial testing with simple reporters allowed us to characterize 

fundamental AT network performance metrics such as reaction rates, network leakage, and detection sensitivity 

without convoluting the system with additional reaction steps. The AT’s ability to accommodate customized 

outputs is further supported by showing that different output domain lengths can be incorporated, since a 

universal transduction platform should not be constrained by output domain lengths or specific DNA sequences.  

ZR and KR were mixed with their respective AT and were triggered by adenosine concentrations ranging 

from 2 μM to 2 mM. The limit of detection for adenosine sensing was determined by calculating the second 

standard deviation (2σ) of the leakage kinetic trace in each system, which describes the system’s overall reaction 

without the presence of adenosine. Any signal that exceeds 2σ was considered sensed with 95% confidence limits 

above the system noise.28,36 Representative kinetic traces for the AT reacting with the ZR is shown in Figure 1B. 

Over 300 minutes, the ATs integrated with ZR and KR were able to resolve varying adenosine concentrations. 

Initial reaction rates were determined by linearly fitting fluorescence intensity versus time traces for each 

adenosine concentration, within the first 30 minutes, using ATs reacted with ZR and KR and two fuel 

concentrations (13 nM and 300 nM, Figure 1C and 1D), the slope that represent the initial reaction rates were 

used as a metric to compare reaction kinetics for each system. At adenosine concentrations above 120 μM, KR 

reacts more quickly than ZR because of its longer toehold (μ’ domain) and greater GC content, which is 7 nt for 

ZR with 28% GC content and 10 nt for KR with 50% GC content. A higher initial reaction rate for KR is expected 

since longer toeholds with greater GC content provide favorable energetics for initial toehold binding and a 

greater barrier to spontaneous toehold dissociation.30,37 At low adenosine concentrations (20 μM and below, 

Figure 1D) ZR showed slightly faster reaction rates although both systems were not able to detect 2 μM  

adenosine because their rates approached the leakage reaction rate. Since the overall rate was limited by the 

generation of output signal at low adenosine concentrations, the impact of reaction rates between KR and ZR, due 

to their different toehold lengths, is significantly reduced. In fact, the reaction rates of AT with ZR are slightly 

faster than AT with KR due to fewer strand displacement steps involved in the 4-way branch migration reaction 

through μ  and μ’ domains which takes place during the reaction between AT and the fuel, affecting the overall 

reaction rate at 20 μM  adenosine and lower. Overall, these results indicate that a longer μ domain with higher GC 

content (28% versus 50%) greatly accelerates the reaction rate of the AT for higher ligand concentrations, but the 

rates at lower ligand concentrations take a slight reduction. 

As shown in Figure 1C, the initial reaction rates exhibited a sigmoidal relationship as a function of 

adenosine concentration. Such behavior is typical of substrate ligand binding, which originates from the inherent 

equilibrium reaction between adenosine molecules and the α domain of the AT.8,28 For other studies involving 

direct aptamer measurement, the aptamer binding affinity (Kd), which depends on aptamer-ligand binding strength 

and steady-state equilibrium, is determined by the sigmoid half-maximum concentration.8,28 Since aptamer 

binding is generally a weak interaction, initial rates quickly decay when the ligand concentration is below the 

Kd.
8,28 The Kd of the adenosine aptamer sequence used in this work was previously found to be 6 μM, which is 

near the concentration range found to initiate reaction of the AT and fuel, strongly indicates that the AT and 

adenosine interaction is the main cause for varied initial reaction rates.8,28 A maximum reaction rate is reached 

when all the ATs are bound in steady-state equilibrium to adenosine. Only ATs that are transiently bound to 

adenosine are available for strand displacement with the fuel, and the population of such ATs increase 

exponentially with higher adenosine concentrations. Conversely, reactions at lower adenosine concentrations 

proceed more slowly since fuel strands encounter ATs bound to adenosine molecules at a reduced rate. In the case 

of the AT reaction in the presence of a reporter, the sigmoidal relation caused by aptamer ligand binding is 

convoluted by two additional strand displacement steps, and therefore the aptamer binding affinity (Kd) or 
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effective binding affinity (Kd,eff) cannot be directly determined. Instead, we define Hmax as the ligand 

concentration at half-maximum for initial reaction rate of the AT and use it to compare the performances of AT-

reporter reactions. Hmax should theoretically approach the inherent Kd,eff of the aptamer input region (α + τ’) when 

the reaction between the aptamer and the ligand is the rate determining step. We initially tested a range of fuel 

concentrations from 13 nM – 500 nM, which showed diminishing reaction rate increase above 300 nM [See 

Supporting Information S1. Optimization of AT-Fuel Concentration Fuel Optimization]. In addition, we 

optimized the AT reaction conditions with varying buffer salt conditions and performed a selectivity test with two 

other purine nucleosides – cytidine and uridine - to demonstrate its selectivity [See Supporting Information S2 

and S3]. Based on these initial data, we chose to test the AT kinetics with fuel concentrations at 13 nM, which is 

near the AT concentration of 10 nM, and 300 nM at which the reaction rates leveled off. We observed that the 

initial reaction rate increased considerably when the fuel concentration increased from 13 nM to 300 nM, which 

led to the decrease of HMax by a factor of around 4 (4.2 for ZR and 3.9 for KR). The faster reactions can be 

attributed to the decreased reaction time between the fuel strands and activated ATs, which is significant because 

the overall reaction rate, hence the detection limit, could be increased without higher adenosine concentration.   

 One potential downside of increasing the fuel concentration is an increase in the AT reaction network 

leakage, which is defined as the unintentional reaction of ATs with the fuel without the presence of an input 

(adenosine).38 In the case of the AT network, leakage occurs when fuel strands displace the output strand by 

breathing or fraying of several domains (β1, β2, and μ) that leads to branch migration.38 Such leakage diminishes 

the sensitivity of the AT device because it is more difficult to differentiate the initial reaction rates at lower 

adenosine concentrations from the leakage. Although increasing the fuel concentration from 13 to 300 nM nearly 

doubles the leakage rate, the initial reaction rate at 20 μM adenosine increased by 5-6 times. Moreover, initial 

reaction rates at lower adenosine concentrations (10 μM and less) were only measurable with 300 nM fuel 

concentrations since signals at the low concentrations were not detectable when the fuel concentration was 13 nM.  

As expected, our results show that the AT reaction is rate limited by two primary factors - (1) the 

equilibrium reaction rate of the adenosine with the AT and (2) the AT-fuel reaction rate when the fuel 

concentration is similar to the concentration of AT. The second factor can be mitigated by using excess fuel 

strands as discussed above. Overall, our ATs were able to successfully accommodate two customized outputs with 

a limit of detection around 5 μM of adenosine. Therefore, the AT platform demonstrated both the modularity and 

customizability required for incorporation into feedforward reaction networks. In the next section we demonstrate 

that the AT can be customized to act as inputs to two amplification reaction networks. 
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Figure 2: (A) Reaction schematic for AT coupled linear amplification network, AT was redesigned to incorporate 4, 5 

domains from 5’-3’ ends. (B) Fluorescence intensities of the AT reacted with ZRm (AT+ZRm) compared to AT reacted with 

ZN (AT+ZN) from 2-20 μM adenosine for 24 hrs (1xTE 25 mM Mg2+) (C) Comparison of leak subtracted differential 

intensities at 24 hours showing amplification fold for each adenosine concentration from 2-2000 μM. 

AT + Entropy-Driven Catalytic Amplification 

In order to further validate the modularity of the AT, we redesigned the output strands to initiate DNA 

reaction networks capable of signal amplification, which is essential for improving signal recognition and the 

limit of detection.18,23,24 Catalytic reaction networks, which recycle catalyst strands, are commonly used for non-

enzymatic DNA amplification.23,24 We chose the entropy-driven catalytic network developed by Zhang et al. (ZN) 

and 3-arm junction catalytic network developed by Kotani et al. (KN) to test such modularity of the AT.23,24 By 
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demonstrating the AT’s feedforward capability with at least two published reaction networks, the applicability of 

the ATs to a variety of novel DNA reaction networks could be better evaluated.   

 As shown in Figure 2A, the integration of AT with ZN (AT-ZN) was accomplished while preserving the 

original sequences of ZN and by incorporating the initiator sequence into 4 and 5 domains of the aptamer output 

strand (AO1). Our approach is in contrast to other aptamer amplification networks that modify sequences of the 

ZN.18,31 In order to use ZN without such sequence redesign, the λ and μ domains from the original AT design 

(Figure 1A) were replaced with 4 and 5 domains of the ZN while keeping other original domains of AT the same. 

The catalytic network is initiated when the aptamer output strand (AO1) is used as the catalyst binding to the 5’ 

domain toehold on the ZN substrate (zS1). Upon binding, the 3’ toehold domain of zS1 becomes available when 

the signal strand (Sig1) is released, allowing for toehold binding of the fuel strand of ZN (zF), which then leads to 

the release of the output strand (O1) and the aptamer output strand (AO1). The ZR then detects the signal strand 

(Sig1) and produces a fluorescence signal that can be measured to track the progress of the adenosine sensing 

reaction. Multiple signal strands (Sig1) can be produced from regenerated aptamer output strand (AO1) and 

therefore the catalytic network amplifies the AT output signal. 

 To measure the signal amplification achieved by AT-ZN, a modified reporter (ZRm), whose sequence is 

presented in the Supporting Information (S4), was designed to directly detect AO1 produced from the reaction of 

AT-ZN with adenosine by targeting 4 and 5 domains. All amplification experiments were carried out in presence 

of 300 nM AT-Z fuel since it produced the optimal AT sensitivity in our initial kinetics investigation using ZR. A 

ratio of 5:1 ZN to AT was used so that the catalytic reaction did not limit the overall reaction rate. The coupled 

ZN-AT network was continuously monitored for 24 hours to detect adenosine signals (Figure 2B). Adenosine 

concentrations ranging from 2 μM-2000 μM were detected with the direct reporting method, though overall 

intensities remained low even after 24 hours. In comparison, the AT-ZN system showed a multifold increase of 

the leak-subtracted fluorescence intensity compared to the direct reporting method (Figure 2C). 

 Overall, the AT-ZN system resulted in successful amplification of the reporter fluorescence signal and an 

enhancement of the adenosine detection limit from 5 to 2 μM (Figure 2C). Compared to the direct reporting 

network using ZRm, the addition of an amplification network allows the reaction to continue generating signal 

after the AT has produced an output due to the presence of excess (5:1) ZN. Recycling of the AT output strands 

(AO1) continued the amplification reaction, leading to higher final fluorescence intensities compared with the 

direct reporting network that uses ZRm as the reporter. The 5:1 substrate to AT ratio allowed the system to 

amplify low adenosine concentrations by a factor of about 3-4 fold when compared to AT without an 

amplification network (Figure 2C). While an adenosine signal was successfully amplified, leakage from the AT 

network was also amplified in the process. Thus, minimization of the AT network leakage is an important 

consideration in improving device performance, especially when coupled to an amplifier. Similarly, the catalytic 

network in use must not introduce extraneous leakage to avoid signal interference.  
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Figure 3: (A) Reaction schematic for AT coupled 3-arm amplification network, AT was redesigned to incorporate 1, c, a 

domains from 5’-3’ ends. Note: the AT μ domain has been moved to preserve 5’-3’ of the amplifier RN (B) Fluorescence 

intensities of the AT reacted with KRm (AT+KRm) compared to AT reacted with KN (AT+KN) from 2-20 μM adenosine for 

24 hrs (1xTE 25 mM Mg2+) C) Comparison of leak subtracted differential intensities at 24 hours showing amplification fold 

for each adenosine concentration from 2-2000 μM. 

AT + 3-Arm Catalytic Amplification 

 The second catalytic network by Kotani et al. (KN), which utilizes 3-arm substrates, was integrated with 

the AT to create AT-KN. One difference between AT-ZN and AT-KN is how the catalyst is recycled. AT-ZN 

reuses the Aptamer Output strand (AO1 in Figure 2A) for catalytic amplification, while KN outputs a new 

catalyst strand (C1) that acts as the catalyst for multiple cycles (Figure 3A). This difference in the design of AT-
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KN plays a role in improved amplification compared to ZN, since the initial AT output strands (AO1) contain 

extraneous domains that could add steric hindrance to the system. The KN has been shown to have a rate 

comparable to ZN having rate constants within an order of magnitude of each other.24 Another important 

difference between KN and ZN is that KN was shown to reduce the rate of catalytic network leakage, which 

requires a slower 4-arm branch migration.24 Reduction in the leakage of the amplifying network translates to 

improvements in network stability and lower detection limit of the AT network in principle.  

Integrating the AT with the KN required slight modification of the AT network design since the location 

of the toehold domain (1 domain) is on the 5’ end of its input compared to ZN whose toehold domain (domain 5) 

is on the 3’ end of the input (Figure 3A). To accommodate such differences, the μ and μ’ domains simply have 

been moved to the opposite side of the λ domain, which further validates the sequence modularity and 

customizability of the AT design since other known feed-forward networks may require 3’ to 5’ reversal for 

function. In addition to changing the location of the toehold (domain 1), c and a domains were changed so that the 

probe strand could initiate the KN. The operation of AT-KN is initiated by the strand displacement between the 

aptamer output strand (AO2) and Substrate 1 (S1) which form Product 4 (P4). The remainder of S1 then reacts 

with Substrate 2 (S2) to generate Product 2 (P2), Product 3 (P3), and a catalyst strand (C1). C1 strand then reacts 

with S1 and generate Product 1 (P1) thus initiating another cycle. Since the C1 strand is regenerated for each 

subsequent reaction cycle, the system continues to operate as long as the S1 and S2 strands are available. The P2 

strand reacts with the reporter (KR) to generate fluorescence signals that can be continuously monitored.  

Similar to AT-ZN system and the use of ZRm, a modified reporter (KRm), whose sequence is presented 

in the Supporting Information (S4), was designed to directly detect AO2 produced from the reaction of AT-ZN 

with adenosine by targeting 1, c, and a domains.  As with the AT-ZN system, AT-KN substrates (S1 and S2) 

where reacted at 5:1 substrate to AT with excess AT-K fuel at 300 nM. After reacting for 24 hours, the AT-KN 

was able to achieve a limit of detection of 2 μM, whereas the AT-KRm was able to detect only 20 μM. A net 

amplification of about 4-6 times was achieved by the KN system comparing the leak subtracted signals for AT-

KRm and AT-KN (Figure 3C). Specifically, the fluorescence signal with 2 μM adenosine was amplified by 

around 4.6 times while there was little to detectable signal exhibited by the AT-KRm control. This result confirms 

that the KN can effectively boost even relatively weak adenosine signals into a detectable range. This may be 

partly due to the AT-KN’s ability to produce a smaller and more reactive catalyst strand, as well as smaller 

leakage signal produced the KN. 

  The adenosine detection tests with the feed-forward network reactions (AT-ZN and AT-KN) clearly 

demonstrate both modularity and customizability of the AT to effectively trigger downstream amplification 

networks. In both cases, redesigned AT outputs produced catalytic inputs to their targeted amplification reaction 

networks (ZN and KN) with minimal modification of the AT without any need for redesign of the original 

networks. One difference between the AT-ZN and AT-KN systems is the role of AT aptamer output strands (AO1 

and AO2) in their respective amplification networks. AO1 acts as the catalyst for ZN for every catalytic cycle 

whereas AO2 is involved only in the initial catalytic cycle of KN, which contributes to greater amplification of 

AT-KN. These different operation mechanisms, however, are a function of the design of original network. ATs 

integrated with ZN components (AT-ZN and AT-ZRm) showed a greater initial reaction rate than AT-KN and 

AT-KRm (Figures 2B and 3B), which could be attributed to ZN and ZRm’s shorter duplex domains (4 and 4’, 16 

nts) of the substrate compared to such domains in KN and KRm (a c and a’ c’, 45 nts). The AT-KN and AT-KRm 

branch migration domains were ~3 times longer, which contributed to their ~ 4 times smaller fluorescence 

intensity when compared with the AT-ZN and AT-ZRm systems.39 Despite slower reaction triggered by AO2, the 

AT-KN showed ~ 52%, 89%, and 52% greater amplification compared to AT-ZN for low adenosine 

concentrations, 2 μM, 5 μM and 20 μM respectively demonstrating that the KN is a more effective amplification 

network for our ATs due to its lower leakage rate and its smaller catalyst strand. 
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In comparison to published feed-forward adenosine detection network that also uses the entropy-driven 

catalytic network by Zhang et al. and has been shown to have a detection limit of 20 nM adenosine, the sensitivity 

and detection limits of our feed-forward AT networks requires further improvement and optimization.23,31 A 

thorough investigation of network leakage mechanisms and design alterations to the AT could help improve the 

sensitivity of the adenosine sensor, especially when coupled to a catalytic network for amplification of the AT 

output. Regardless of these limitations, our feed-forward AT network is a more versatile platform based on its 

customizability that allows the sequence and domain designs for previously optimized catalytic amplification 

networks to be incorporated as demonstrated with ZN and KN. Future study of the AT should aim to test the 

modularity of the α input domain with different aptamers to understand its applicability to detect other analytes. 

Understanding the interaction between the τ’ domain and other aptamer sequences poses a potential challenge 

since many structure-switching mechanisms are not yet well understood. Hence, a thorough study of the τ’ 

domain’s interactions with other aptamers and their respective secondary structures is vital for expanding the 

usefulness of the AT network. Additionally, rational design and testing of the τ’ domain will provide a greater 

understanding of how decreasing the Kd,eff of the AT might increase the downstream catalytic amplification and 

improve sensitivity. Multiplexed AT systems capable of detecting many ligands simultaneously with targeted and 

customizable AT networks could allow development of more sophisticated biosensing tools, as the understanding 

of aptamer structure-switching mechanisms by the community advances.  

Conclusions 

We demonstrated that the aptamer transducer network that contains independent aptamer sensing and 

downstream signal domains can function as a modular aptamer reaction network, which can produce customizable 

DNA outputs. Our aptamer transducer successfully detected adenosine and produced four different output strands 

that were integrated into different reporting and amplification networks without any modifications to the 

downstream reaction networks. The limit of adenosine detection was limited by the Kd,eff of the aptamer input 

domain. Integration of aptamer transducers with amplifications networks resulted in multifold increase of 

florescence signals indicating successful downstream reactions and enhanced detection limits.  

Overall, our aptamer transducer framework was successfully designed as a novel non-enzymatic modular 

aptamer sensor unit that can be incorporated into many other reaction networks for direct target detection. Our 

work with the aptamer transducer framework provides a good platform for the investigation of more general and 

modular aptamer reaction network systems that could lead to more sensitive and universal biosensing systems.  

Experimental 

DNA Preparation 

DNA strands were purchased from Integrated DNA Technologies (IDT). [See Supporting Information S4. 

Strand Sequences for Aptamer Transducer and Catalytic Amplification Networks for a list of base sequences.] 

Prior to ordering, validation of the correct secondary structures was tested using NUPACK.40 [See Supporting 

Information S5. NUPACK Secondary Structures of ATs] Dye- or quencher-labeled strands or those longer than 

80 nucleotides (nt) were purified by high performance liquid chromatography (HPLC) by IDT. Dye strands were 

modified on the 5’ end with Tetrachlorofluorescein (TET) and quencher strands were modified on the 3’ end with 

Iowa Black Quencher (IABkFQ, IDT). Upon receiving, strands were re-suspended until they reached ~100 μM in 

1×TE buffer (Sigma-Aldrich). AT, catalytic substrates, and reporter complexes were stoichiometrically mixed in 

1×TE buffer with 12.5 mM MgCl2 (1×TE Mg2+). Prior to annealing and PAGE purification, samples were diluted 

to 20 μM in 1×TAE buffer. All dsDNA complexes were annealed at 90 ºC for 5 minutes and then cooled to 20 ºC 

at a rate of 5 ºC per minute to room temperature.  
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DNA Purification 

DNA strands were purified by PAGE gel electrophoresis prior to use. 1.5 mm thick 10 cm × 10 cm non-

denatured 10% gels for PAGE (acrylamide:bis = 29:1) were prepared with 1×TAE buffer. A loading buffer was 

prepared by mixing a 50:50 solution containing ficcol and bromophenol blue. Previously annealed samples were 

mixed with loading buffer (4:1) prior to being loaded into gel wells in 25 μL increments. Electrophoresis was 

carried out at 150 V, 100 mA, 20 W, for 2.5 hrs. Bands cut from each gel contained the purified complex which 

were eluted in ~ 500 μL 1×TE buffer with 25 mM MgCl2. After 48 hours of elution, purified DNA complexes 

were transferred to new low binding Eppendorf Tubes.  

Kinetics Experiments 

Samples were vortexed and centrifuged before quantification using a NanoDrop One (Thermo Scientific) 

at 260 nm. Extinction coefficients, provide by IDT, were used to determine the DNA complex concentrations 

prior to mixing the reactants. Purified and diluted DNA samples were reacted in stoichiometric quantities. 

Reaction kinetics were measured with Varian or Agilent Cary Eclipse fluorometers using transparent disposable 

PMMA cuvettes (excitation λ=522 nm, emission λ=539 nm, 25 ºC).  
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