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Nucleic acids, as biological macromolecules essential for life, play major roles in 

transferring, encoding and expressing genetic information across generations, as well 

as in regulating biological reactions. As an effective way to explore unique and versatile 

functions of nucleic acids, molecular engineering focuses on understanding the physical 

behavior of nucleic acids under different conditions and the effects of possible chemical 

modifications. The central theme of this thesis is to develop “smart” DNA systems for 

intelligent therapy on the molecular level via molecular engineering methods.  

In the first phase of the research, an aptamer-based DNA nanocircuit was 

designed for the selective recognition of cancer cells, controllable activation of a 

photosensitizer and amplification of the photodynamic therapeutic effect. The aptamers 

can selectively recognize target cancer cells and bind to the specific proteins on the cell 

membrane. Then the overhanging catalyst sequence on the aptamer triggers a toehold-

mediated catalytic strand displacement to activate the photosensitizer and produce 

reactive singlet oxygen. The specific binding-induced activation allows the DNA circuit 

to distinguish diseased cells from healthy cells, reducing damage to nearby healthy 

cells. Moreover, the catalytic amplification reaction takes place close to the target 
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cancer cells, resulting in a high local concentration of singlet oxygen to selectively kill 

the target cells. The principle employed in this study demonstrated the feasibility of 

assembling a DNA circuit on cell membranes and could further broaden the utility of 

DNA circuits for applications in biology, biotechnology, and biomedicine. 

In the second project, azobenzene-incorporated DNA was used as a control 

agent to precisely monitor three-dimensional DNA nanostructures. The shape of a DNA 

tetrahedron can be controlled by alternate irradiations with different wavelengths of light, 

thus enabling the future application for intelligent drug delivery manipulated by photons. 

The third project involved describing the first logical circuit based on DNA-protein 

interactions with accurate threshold control, enabling autonomous, self-sustained and 

programmable manipulation of protein activity in vitro. Previous designs were based 

primarily on DNA hybridization and strand displacement reactions. The new design uses 

diverse nucleic acid interactions with proteins. The circuit can precisely sense the local 

enzymatic environment, such as the concentration of thrombin, and when it is 

excessively high, a coagulation inhibitor is automatically released by a concentration-

adjusted circuit module. To demonstrate the programmable and autonomous 

modulation, a molecular circuit with different threshold concentrations of thrombin was 

tested as a proof of principle. In the future, the advantages of tunable regulation, design 

modularity and target specificity of this prototype could lead to the development of novel 

DNA biochemical circuits to control the delivery of aptamer-based drugs in smart and 

personalized medicine, providing a more efficient and safer therapeutic strategy. 

Finally, an artificial DNA biomimetic network was developed for vertebrate 

acquired immune system. The dynamic networks of biochemical reactions display 
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extremely complex functional behaviors which can be classified as specific recognition, 

antigen tolerance, immune response, and long-term memory. We have reproduced 

such functions by the rational design of dynamic reaction networks based on DNA 

biochemistry. Rather than enrolling cellular components as in the real acquired immune 

system in vivo, we used DNA and enzymes as simplified and artificial analogs to mimic 

their systematic response to specific molecular stimuli in vitro. Building on the 

successful implementation of each step, our results show patterns that follow the 

macroscopic behaviors of vertebrate acquired immune system. This approach provides 

rational and simplified bottom-up construction strategies to design complex biomimietic 

reaction networks. 
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CHAPTER 1 
INTRODUCTION 

Nucleic Acids and the “Art” of Molecular Engineering 

Battling diseases has been a never-ending task in human history. Current studies 

reveal that many diseases are characterized by abnormal behavior on the molecular 

level, such as deviant gene expression. The key to the effective and successful 

treatment of disease is the development of intelligent diagnostic and therapeutic 

methods, including specific recognition of targets, precise control of drug release with 

temporal and spatial resolution, and effective inhibition of drug side effects.  Molecular 

tools that can specifically recognize disease-related biomarkers, and then efficiently 

regulate abnormal functions of targets will greatly facilitate the development of intelligent 

therapy. Among many potential molecular tools, functional nucleic acid tools hold great 

promise in a variety of diagnostic and therapeutic applications. 

Functional nucleic acid probes, such as molecular beacon biosensors,1, 2 and 

molecular targeting ligands,3 have shown to be sensitive and selective in recognizing 

disease-related biomarkers. In addition, nucleic acid nanotechnology has been 

developed by employing DNA and RNA as basic building blocks for designing various 

nanostructures and nanocircuits which may be used for material, biological and medical 

applications.4, 5 The investigation of the physical behaviors of nucleic acids under 

different conditions, as well as their possible chemical properties, are critical factors in 

the development of new functions. Consequently, these studies have given rise to a 

new subject area called “nucleic acid-based molecular engineering”. This dissertation 

focuses on engineering nucleic acids into molecular tools for intelligent diagnosis and 

therapy of diseases. 
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Structures and Chemical Synthesis of Nucleic Acids 

Nucleic acids are biological macromolecules essential for life, including DNA 

(deoxyribonucleic acid) and RNA (ribonucleic acid). The basic building blocks of nucleic 

acids are called nucleotides, comprised of a pentose sugar ring (2-deoxyribose in DNA 

and ribose in RNA), a phosphate and a nucleobase (purine or pyrimidine). Different 

nucleotides are linked to each other in an alternating chain to form an oligonucleotide 

(sugar-phosphate backbone) through phosphodiester linkages. (Fig.1-1) 

The topological structure of DNA was first discovered by James Watson and 

Francis Crick in 1953.6 In their models, two single-stranded oligonucleides form an anti-

parallel duplex structure following the base complementary principle (Chargaff’s rule), in 

which specific bases interact with each other mainly through hydrogen bonds. (Fig.1-2) 

There are five types of natural bases to compose DNA and RNA sequences: adenine 

(abbreviated A), cytosine (C), guanine (G), thymine (T) only found in DNA, and uracil 

(U) only found in RNA. According to Chargaff’s rule, for DNA duplexes the hydrogen 

bond pairs are between G-C and A-T, while for RNA duplexes, the pairs are G-C and A-

U. Noticeably, the sequence stability of DNA duplex is dependent on the DNA sequence 

length and the number and ratio of G-C base pairs, which have three hydrogen bonds, 

to A-T pairs (two hydrogen bonds). 

As important biological macromolecules, nucleic acids mainly carry the functions 

of transferring and encoding genetic information across generations. Furthermore, they 

are also extremely important for regulation of biological reactions, as well as expression 

of numerous functional components.7 Many advances in nucleic acid chemistry have 

advanced since 1992, when Beaucage developed an automated solid-support system 

for synthesis of nucleic acid chains via phosphoramidite chemistry.8, 9 As shown in 
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Fig.1-3, the phosphoramidites are composed of a base, a sugar ring and protection 

groups (dimethoxytrityl (DMT), diisopropylamino, and 2-cyanoethyl). In addition, a solid-

support called CPG (controlled pore glass) is used to load the starting reactant 

phosphoramidites. The basic procedure includes: (1) dichloroacetic acid (DCA) 

detritylation of DMT (dimethoxytrityl)-protected phosphoramidite to form the 5’-hydroxyl 

group; (2) tetrazole activation to protonate the nitrogen of the incoming nucleotide and 

to form the phosphate linkage; (3) acetic anhydride and N-methylimidazole capping to 

block the remaining active 5’-hydroxyl group; and finally (4) iodine oxidation to generate 

the phosphate ester bond. (Fig.1-4) Other modifications, such as addition of 

fluorophores, quenchers, biotin etc, can be introduced into any desired position of an 

oligonucleotide, if they can be converted into a phosphoramidite derivative and is 

compatible with DNA synthesis process. To facilitate the synthesis yield and speed, 

nucleic acid synthesizer is mainly applied to implement the synthesis procedure. 

After many cycles of this synthesis, oligonucleotides with pre-designed 

sequences and lengths can be prepared. However, due to incomplete reactions and 

limited chemical reaction yields, the products actually contain a mixture of multiple 

oligonucleotide species in different lengths requiring off-machine purification, which is 

usually carried out using high-performance liquid chromatography (HPLC). Specifically, 

the nucleic acids tethered on the CPG are cleaved by reaction with weakly basic 

conditions (generally ammonium hydroxide or a mixture with other additives) at a high 

temperature. The collected products can then be purified by HPLC with a typical mobile 

phase of acetonitrile and 0.1M triethylammonium (TEAA) water solution and a reversed 

phase C-18 column. The purified nucleic acid samples are incubated with weak acid 
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(generally 80% acetic acid) to remove the DMT group, and the concentrations are 

determined by measuring the absorbance at 260nm. 

Functional Nucleic Acids: Aptamers 

As discussed above, both DNA and RNA participate in genetic storage and 

transfer. Moreover, they can also be employed as enzymes (for catalysis) and receptors 

(for ligand binding). Increasingly, researchers are making interesting use of these 

molecules, now collectively called functional nucleic acids. Natural functional nucleic 

acids include ribozymes, allosteric ribozymes and riboswitches, while artificial functional 

nucleic acids comprise aptamers, ribozymes and deoxyribozymes by in vitro selection. 

Among the most intensively studied functional nucleic acids are aptamers, single-

stranded oligonucleotides that fold into unique three-dimensional structures, allowing 

them to bind specifically to a broad range of target molecules or even whole cells. They 

are isolated via an in vitro selection process named systematic evolution of ligands by 

exponential enrichment (SELEX) against various targets.10-13 As mimics of antibodies, 

aptamers have some unique advantages such as high recognition specificity, excellent 

stability, reproducible synthesis and non-toxicity, which make them novel molecular 

probes capable of replacing antibodies. Furthermore, the flexibility and programmability 

of aptamers provide researchers broad opportunities for molecular engineering, making 

aptamers adaptive for more innovative applications, such as drug delivery,14 signal 

transduction15 and biosensing.16 

In the SELEX process, a target and perhaps a possibly negative control are 

chosen firstly. Then, a DNA/RNA library is designed to have a random sequence of 30-

40 bases and two primer sequences flanked by 18-20 bases for polymerase chain 
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reaction amplification (PCR). Because the DNA/RNA library contains 1013-1016 different 

DNA molecules, suitable aptamers will ultimately be selected from it.  

A typical selection cycle is shown in Figure 1-5. First, the library pool is incubated 

with the target, leading to the binding between the target molecules and specific 

portions of the library. After physically separating the strong binders from the remains of 

the pool, the library can be further narrowed using only the high affinity sequences, 

which is the key concept of the entire SELEX process. As another important step, PCR 

is used to amplify the remaining eluted sequences after separation from the target.17 

Afterwards, the eluted ssDNA is considered as the enriched pool for the first round and 

used as library for the next round.  

To improve the selectivity of aptamers, counter selection is usually implemented 

by incubating the amplified sequences with the negative controls. In counter selection, 

the negative control is incubated with eluted sequences and only the unbound probes 

are collected and amplified by PCR. In this way, the nucleic acid sequences with 

unspecific binding can be removed. Herein, the concentration of targets, DNA, ionic 

strength, incubation time and temperature can be optimized to provide more stringent 

conditions to favor the selection of aptamers with high affinity. In most cases, the pool 

can be highly enriched after 10-20 rounds of selection cycles. After sequencing the 

selected aptamers, it is possible to re-synthesize them and evaluate their binding 

affinities, i.e. Kd, which are in the µM to nM range for useful aptamers.  

As a successful expansion of theSELEX technique, our group has developed a 

whole-cell-SELEX (Cell-SELEX) strategy to generate panels of aptamers recognizing 

different types of cancer cells, including acute lymphoblastic leukemia (ALL) (T cell 
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leukemia),18 liver cancer,19 acute myeloid leukemia (AML) leukemia,20 lung cancer,21, 22 

ovarian cancer,23 B cell lymphoma,24 colorectal cancer,25 and breast cancer26. Cell-

SELEX provides a unique set of capabilies, such as obtaining aptamers that target 

specific cells without prior knowledge of the molecular differences between target and 

nontarget cells as well as simultaneous generation of a panel of aptamers, which may 

have different molecular targets. Cell-SELEX has not only provided specific molecular 

probes for cancer diagnosis, but has also facilitated clinical therapy to identify new 

cancer drugs and tumor treatment. 

Photocontrollable DNA Nanostructures 

DNA Nanostructures 

The DNA molecule has appealing features for use in the field of nano-assembly. 

First, its minuscule size, with a diameter of about 2 nanometers, matches the size 

requirement for nano-assembly. Second, the reversible, specific and stable 

hybridization between complementary strands enables the construction of robust 

building blocks with various pre-designed shapes. In addition, the possibility of 

predicting the hybridization behavior by computer programs facilitates programmable 

and autonomous structural design, thus greatly improving the assembly yield.  

The field of DNA nanostructures was pioneered in the 1980s by Nadrian 

Seeman. In his design, the basic building block is called a DNA title, which is a DNA 

nanostructure having a number of sticky ends (pads) on its sides. (Fig.1-6A) Another of 

his structural concept is termed as DNA lattice, which is a DNA nanostructure 

composed of a group of DNA tiles that are assembled together via hybridization of their 

pads. Generally the strands composing the DNA tiles are designed to have melting 

temperatures above those of the pads, ensuring that when the component DNA 
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molecules are combined in solution, the DNA tiles assemble first, and only then, as the 

solution is further cooled, do the tiles bind together via hybridization of their pads. 

Subsequently, with proper sticky-ends design, these tiles were successfully self-

assembled into linear arrays,27 2D lattices,28, 29 and DNA tubes.30 Figure 1-5 shows 

some examples of different DNA nanostructures using DNA tiles as building blocks. 

Another significant method to prepare DNA nanostructures was developed by 

Rothemund in 2006.31 His approach termed “DNA origami”, makes use of a long strand 

of “scaffold” ssDNA (e.g., from the genome of a viral phage) that has only weak 

secondary structure. (Fig. 1-6B) After the addition of a large number of relatively short 

“staple” ssDNA sequences, with subsequences complementary to certain 

subsequences of the scaffold ssDNA, the long scaffold can be induced to fold into a 

fully addressable 2D DNA nanostructure. This method allows for the construction of 

arbitrary patterns with computer assistance, including rectangles, stars, smiley faces, 

maps and other 2D shapes. In addition, DNA origami provides the opportunity to 

position molecules or objects with nanoscale precision, for use in nanoparticle 

assembly32 and protein nanoarrays. 33, 34 

Other than 2D DNA nanostructures, 3D DNA nanostructures have also been 

investigated to provide more profound knowledge of the molecular structures of DNA. 

Shih et al.35 first built a rigid DNA octahedron by folding a 1.7-kb ssDNA in the presence 

of five 40-mer helper strands. Turberfield et al. and Mao et al. developed a series of 

DNA 3D structures, including tetrahedra, dodecahedra, and buckyballs, using a one-pot 

annealing strategy. 36, 37 Other 3D DNA nanostructures with controllable shape or 

pattern change include a nanobox38 with controllable lids and a nanobucket with 
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intelligent covers.39 These 3D DNA reconfigurable nanostructures, although still in their 

infancy, have great potential for use in drug delivery and tissue engineering. 

Azobenzene and Azobenzene-Incorporated DNA 

Azobenzene is a chemical compound with two phenyl rings linked by a N=N 

double bond. The most attractive feature of this molecule is photo-isomerization, which 

can be induced by alternative exposure to light irradiation with different energies 

(wavelength).40 Specifically, the azobenzene isomerizes from its planar trans- form to 

the non-planar cis- form after UV-light irradiation (300nm ~ 400nm), and back to the 

trans- form after irradiation with visible light (400nm ~ 500nm). This process is 

completely reversible under UV and visible irradiation, and can be used in triggering 

photo-initiating or photo-regulating processes. 

The successful synthesis of an azobenzene phosphoramidite derivative has 

enabled the manufacture of azobenzene-incorporated DNA molecules as well as 

photosensitive DNA nanostructures.41 The mechanism of this photo-controlled DNA 

behavior has been shown to result from the isomerization of azobenzene moieties, 

which induces hybridization/dehybridization between complementary stands.42 When 

the azobenzene incorporated DNA is irradiated with visible light, the azobenzene 

moieties adopt the planar trans configuration and stabilize the hybridization by aromatic 

- stacking interactions. When irradiated with UV light, the azobenzene moieties 

isomerize to the non-planar cis configuration and disrupt the duplex structure by steric 

hindrance (Fig.1-6). Therefore, by incorporating azobenzene moieties into DNA 

nanostructures, shapes mediated by strand hybridization can be controlled by the 



 

24 
 

interconversion of azobenzene moieties, allowing the construction of photocontrollable 

DNA nanostructures.43, 44 

DNA-Based Logical Devices  

Overview of DNA-based Computation 

Silicon-based computers have been intensively applied in a vast array of areas, 

because of the properties such as unprecedented computing power, seamless coupling 

ability and incredible adaptability. However, the development of more powerful 

microprocessors is heading towards a barrier, due to the physical limitations of 

conventional silicon chips.  Continued progress will require miniaturization their 

components, which may affect the instrumental performance.45 To address the 

challenge ahead, researchers have been pursuing the idea of constructing computers in 

which computations are performed by individual molecules, as they may allow the 

continuously exponential increase in performance and decrease in size for 

microprocessors. 

Nucleic acids have been found extremely effective for miniaturization of 

information storage, because only approximately 50 atoms are used for one bit of 

information. In addition, the easy chemical synthesis, combinatorial structures, and 

Watson-Crick complementarity principle provide sufficient theoretical and experimental 

basis for design of logical devices. Therefore, researchers have challenged themselves 

to use DNA or RNA to build logical devices for molecular computation. As early as 

1994, Leonard Adleman used DNA to solve a computational problem. He encoded the 

Hamiltonian path problem into different ssDNA sequences and applied biotechnologies 

(such as Ligation, PCR, Sequencing) to decode the answers to the correct Hamiltonian 

path.5  
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However, subsequent progress in constructing molecular computing devices has 

been frustratingly slow. Scientists have demonstrated that DNA-based biocircuitry can 

perform logic gate operations, signal restoration, amplification, feedback, and 

cascading, all by distinct DNA strands.46 But the chief objective is still to emulate or 

mimic the digital logic found in typical circuit boards with computing power far from 

rivaling that of silicon computers on the execution of any algorithm. It has become 

increasingly clear that the ability to interact with naturally occurring biomolecules, 

together with such unique properties as programmability, nanometric size, and 

autonomous operation, can be used for practical applications of NA-based logical 

devices. This has allowed biological properties to be interfaced to other materials and 

has opened a novel and exciting direction in biological and biomedical applications.  

Construction of DNA Circuit: Toehold-Mediated Strand Displacement 

A detailed understanding of nucleic acids, including the specific connectivity of 

the nucleotides, the Watson-Crick base pairing, and the double-helical structure of the 

double-stranded DNA (dsDNA), provides the theoretical basis for constructing DNA-

based logical devices. To engineer complex logical modules from molecules, the 

stereotypical structures of these modules should include three components 

corresponding to input, processor and output. In addition, specific mechanism should be 

employed to allow the signal transfer through these elements. For DNA-based devices, 

several common strategies to make circuit construction a predictive science are 

described. 

One significant mechanism to construct a DNA-based logical network is the 

toehold-mediated displacement reaction,47 in which a ssDNA (input) “reacts” with a 

dsDNA to displace one strand (output) of the dsDNA through binding to an overhanging 
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ssDNA region (toehold) of the dsDNA. As shown in Fig. 1-8A, this reaction involves a 

three-step process, including toehold binding, branch migration and strand dissociation. 

Toehold binding occurs via the complementary sequences of the input ssDNA and the 

toehold. The displacement rate can be adjusted by changing the toehold base numbers. 

Branch migration is a reversible process with the same binding sequences between the 

input and output, except that, the remainder of each sequence can be freely designed, 

allowing the design diversity of a logical network.  

Although signal cascading by this classic toehold displacement reaction allows 

programmability of circuitry design, this methodology is feasible only for simple circuits 

which allow initial information-processing. One important reason is that the 

displacement reaction requires longer strand to displace shorter one, resulting 

decreasing sequence freedom for the downstream strands, thus leading to small 

amount of circuit layer assembly. In order to improve circuit complexity, people have 

developed toehold-exchange displacement. (Fig 1-8B) The incoming single strand can 

be designed with a “shifted sequence” that is complementary to the bottom strand. This 

can still allow the displacement reaction occur, but the displaced strand will also have a 

single strand-toehold region that may initiate the backward displacement reaction.48 

This will result in a reversible DNA displacement reaction with the input and output 

signals of the same sequence length. To drive the reaction in the forward direction, a 

smart toehold exchange reaction has been developed, in which a fuel strand with much 

higher concentration creates a catalytic cycle and allows the input sequence to be 

converted to output without being consumed.49 The reaction described above is driven 

forward by the entropy of equilibration for entire circuits. With this mechanism at hand, 
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Qian et al. constructed DNA-based logical circuits with much highly complexity, 

including a neural network having 110 DNA strands that demonstrates associative 

memory capable of answering 81 possible questions,50 as well as a 130-stranded DNA 

computer capable of computing the square root of a 4 digit binary number.51  

DNA-based Circuit for Analytical and Biomedical Applications 

Signal amplification is an important strategy in the development of molecular 

systems with increased responsiveness. Recent advances in the field of nucleic acids 

have generated DNA-based circuits, in which enzyme-free signal amplification can be 

achieved by simple nucleic acid hybridization. Compared to traditional enzyme-based 

amplification, pure DNA-based amplification has the advantages of robust adaptability, 

flexible engineering and the feasibility for intracellular applications. Dirks and Pierce 

demonstrated an isothermal, enzyme-free method for highly sensitive detection of a 

particular DNA strand.52 The protocol made use of multiple copies of two distinct DNA 

hairpins that are initially stable without any cross-hybridization. A ssDNA sequence is 

able to initiate hybridization between the two hairpins, allowing the cascade effect to 

occur completely and autonomously. In addition, Zhang et al. developed a general 

methodology for designing amplification circuits with pure DNA molecules by using 

entropy-driven catalytic reactions.53 Such DNA logical circuits have applications to a 

variety of analytical procedures, in which a larger response (e.g., a cascade response) 

is needed as output in response to one of multiple molecular detection events. 

In addition to their analytical applications, researchers increasingly envision an 

important role for artificial DNA-based circuits in biological engineering. For example, 

DNA-based circuits could be utilized as a type of servomechanism to manipulate the 

functions of biological molecules in vitro 54and regulate gene expressions in vivo.55 Also, 
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as discussed above, because of their roles in monitoring biological reactions, functional 

nucleic acids provide excellent platforms to bridge nucleic acid-based circuits to other 

biological components (such as proteins and carbohydrates). By involving functional 

nucleic acid components into a circuit, smart and flexible manipulation of their functions 

can be realized, thus extending the biological and biomedical applications of nucleic 

acid-based circuitry. (Fig.1-9) 

DNA-based Biomimicry 

The design of artificial chemical alternatives that mimic living systems, especially 

in regard to complex self-organizing systems, has been an effective means to elucidate 

biological process. Likewise, natural systems also provide us with insight into the design 

and construction of artificial mimicry systems. For instance, inspired by the self-

assembly process in nature, the strategy of “bottom-up” was intensively applied in the 

construction of various nanostructures using molecular interactions without external 

guidance. However, to mimic complex natural system, many challenges need to be 

overcome, including controlling programmability and systemization, as well as 

transferring high-level biological codes into simple artificial modules and physical 

implementations. Another difficulty involves forming robust molecular structures and 

precisely controlling their temporal dynamics. As discussed above, building on the 

richness of DNA logical circuit construction, synthetic DNA-based systems have been 

used to explore the possibilities of mimicking both simple and complex systems. For 

example, small-scale in vitro circuits encoding elementary functions, such as counters,56 

bistable memory,57 or oscillations,58 have successfully been engineered. In addition, 

larger networks, including mimicry of the neural network50 and predator-prey 

ecosystems59, 60 continue to demonstrate the excellence of DNA biochemistry for 
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biomimicry implementation. These successful investigations definitely will broaden the 

scope of using DNA to mimic complex natural systems for various applications. 
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Figure 1-1. Chemical structure of nucleic acids and nucleosides. 
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Figure 1-2. Structure of DNA duplex and scheme of Chargaff’s rule. 
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Figure 1-3. Chemical structure of DNA phosphoramidite.  
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Figure 1-4. Automated oligonucleotide synthesis based on phosphoramidite chemistry. 
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Figure 1-5. Scheme of Systematic Evolution of Ligands by EXponential enrichment 
(SELEX). 
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Figure 1-6. A) Illustration of some DNA titles.61 B) Schematic folding of DNA origami. 
Reprinted by permission from Paul Rothemund, Folding DNA to create 
nanoscale shapes and patterns (Page 298, Figure 1-e), Nature 440, Page 
297-302, 2006, Macmillan Publishers Ltd, New York, USA. 
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Figure 1-7.Scheme of the reversible hybridization/dehybridization of an azobenzene 
incorporated DNA duplex. 
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Figure 1-8. A) Scheme of toehold-mediated displacement reaction. B) Scheme of 
toehold-exchange displacement reaction. 
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Figure 1-9. Example of functional nucleic acid-based circuit for biological and 
biomedical applications                      
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CHAPTER 2 
MOLECULAR ENGINEERING OF A CELL-SURFACE APTAMER CIRCUIT FOR 

TARGETED AND AMPLIFIED PHOTODYNAMIC CANCER THERAPY 

Significance and Background 

As a minimally invasive therapeutic modality, photodynamic therapy (PDT) is 

already greatly used in clinical treatment of cancers. PDT can destroy cancer cells when 

light irradiates a photosensitizer (PS), generating reactive singlet oxygen (1O2).
62 Briefly, 

PDT involves a two-step process, whereby a nontoxic PS is delivered to an organism 

and then activated by an appropriate light source. However, because the 1O2 has a 

limited lifetime and diffusion distance, efficient and reliable PDT depends on generating 

1O2 with methods that offer the greatest selectivity.63  

PDT selectivity is usually controlled at two levels. The first level controls the 

spatial localization of PS reagents. This approach has been actively pursued by 

specifically delivering PS to the tumor site with regional light shining, which has 

effectively improved PDT selectivity and efficiency. 64, 65 But the tendency to cause 

damage to surrounding normal tissues still exists. To achieve greater selectivity, a 

molecular activation layer is added to further control the specificity of the PS. At this 

level, the probe initially stays in the nontoxic state and can only be activated when it 

interacts with its corresponding trigger at the tumor site. For example, we and others 

have developed activatable PDT methods which can be triggered by biomarkers, 

including membrane proteins66 and extracellular proteases,67 as well as cellular 

environments (e.g., pH)68 or other external stimuli, including artificial molecular 

switches.69-71 Molecular activation allows the PS to distinguish diseased from healthy 

cells, thus greatly improving the selectivity of PDT. 
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To achieve higher oncolytic efficacy in tumors, a sufficient dosage of drugs 

should be administered at the tumor site. However, greater selectivity is typically 

achieved by introducing multiple activation processes, but at the cost of decreasing the 

active drug amounts at the tumor site. For example, the triggers of activatable PDT are 

usually biomarkers present inside or outside the cells. However, the limited amount of 

trigger elements in the disease cells coupled with low activation efficiency may 

dramatically decrease the activation and killing effects of the PS. Selective amplification 

would effectively solve this problem. Researchers have applied some enzymes, such as 

protease whose overexpression is correlated with specific diseases, to continually 

catalyze PS activation, thereby amplifying the PDT effects.72 However, the application of 

enzymes is often limited by their microenvironment, including pH and temperature, in 

turn reducing the applications of enzyme-activatable PDT. Thus, to achieve more robust 

PDT with selectivity and amplification effect, a suitable medium is required that can both 

recognize the target cell and amplify the therapeutic effect.  

As carriers of genetic information with well-regulated and predictable structures, 

nucleic acids are promising materials for signal amplification based on their nanometer 

size and programmability. Recent advances in the field of nucleic acids have generated 

nucleic-acid based circuits, in which enzyme-free signal amplification can be achieved 

by simple nucleic acid hybridization, such as hybridization chain reaction,52, 73 entropy-

triggered hybridization catalysis49 and DNA hairpin fuel catalysis.74, 75 These methods 

show promise in amplifying PDT with such properties as high amplification efficiency, 

environmental robustness and ability to interact with other naturally occurring 

molecules. Meanwhile, the exploration and development of special single-stranded 
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oligonucleotides, well known as aptamers,10, 76, 77 have extended the recognition 

capabilities of nucleic acids from Watson-Crick base-pairing to interactions with various 

targets, such as small molecules,78 proteins,79 and cells,80 via the aptamers’ unique 

secondary or tertiary structures. We recently developed an effective method to generate 

aptamer-based molecular probes for the specific recognition and targeting of cancer 

cells.81-83  Therefore, by combining the recognition and amplification abilities of these 

oligonucleotides, more efficient and specific PDT methods can be developed.  

In this chapter, we report the design of an aptamer-based DNA circuit capable of 

the selective recognition of cancer cells, controllable activation of PS and amplification 

of therapeutic effect. In particular, the amplification circuit motif comprises two DNA 

hairpins developed by Yin et al.74 and Li et al.75 In principle, two DNA hairpin structures, 

A1 and A2 initially do not hybridize with each other because of the effective block 

created by complementary domains. However, in the presence of another ssDNA 

sequence, termed catalyst (C), A1 and A2 can form a stable duplex without consuming 

C. As shown in Figure 2-1, A1, A2 and C contain a few functional domains labeled in 

lowercase letters. Complementarity between lettered domains is denoted by an asterisk. 

Initially, C can hybridize with the exposed toehold domain a of A1 and gradually open 

the stem of A1 to form intermediate A1C, but A1C has an exposed ssDNA domain c* 

able to hybridize with the exposed domain c in A2. Hence, after hybridization of c and c*, 

the sequence dc*b*d will undergo branch migration and displace the C sequence 

(c*b*a*) to form the A12 duplex. Importantly, the released C triggers further 

hybridizations of A1 and A2 in repeating cycles, thus providing the multiple-trigger effect 

absent in previous models. In this example, C catalyzes the formation of duplex A12 
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from A1 and A2 through a prescribed reaction pathway. The overall reaction is driven by 

a decrease in enthalpy resulting from the formation of A12 with a greater number of base 

pairs.  

Selectivity is achieved by encoding the catalyst sequence C (a*b*c*) into an 

aptamer sequence (Apt-C) that targets cancer cells. To avoid forming undesired 

secondary structures, 17 poly T bases are used to separate the aptamer sequence and 

C. Under these conditions, the aptamer part can bind to the receptor on the target 

cancer cell membrane with a tail (C) exposed for the catalytic hybridizations of A1 and 

A2. Thus, one aptamer binding event can induce multiple hybridization events between 

A1 and A2 to form dsDNA A12, and the all-important amplification step essentially derives 

from the catalytic reaction. 

To apply this cell-catalyzed hairpin amplification circuit to PDT therapy, dsDNA 

sequences denoted as R12 are employed to carry the photodynamic therapeutic 

reagents. Because of its high photosensitizing efficacy and low dark toxicity, Chlorin e6 

(Ce6), a second-generation and easily modifiable photosensitizer, is modified on ssDNA 

R1, and a quencher, BHQ2, is conjugated on ssDNA R2 to quench the generation of 1O2 

by Ce6 when no target cell is present. This design has several advantages. First, 

specific binding-induced activation allows the DNA circuit to distinguish diseased cells 

from healthy cells, reducing damage to nearby healthy cells which otherwise might be 

destroyed during PDT with conventional photosensitizers.  Second, since the circulatory 

system in vivo can flush away the unbound aptamers and the catalyst C with aptamer is 

only present on the target cell membrane, the catalytic reaction will only take place 

close to the target cancer cells, resulting in a high local concentration of 1O2 to 
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selectively kill the target cells. Third, traditional aptamer-based PDT has suffered from 

the drawback of insufficient killing effects from the 1:1 binding-induced singlet oxygen 

generation (SOG). While, in this new design, by incorporating the catalyst sequences of 

the hairpin amplification circuit on cell membranes, numerous binding-induced SOG 

events can be realized on each cell membrane. In addition, the uncatalyzed background 

of the circuit is nearly undetectable, resulting in fewer side effects to other healthy cells. 

Finally, to our best knowledge, this is the first design using the target cancer cell as the 

trigger to drive the DNA hybridizations. As such, this method may provide a universal 

strategy for signal amplification on cell membranes. 

Experimental Materials and Methods 

Cell Culture  

Ramos (CRL-1596, B-cell line, human Burkitt's lymphoma) and CCRF-CEM 

(CCL-119, T-cell line, human acute lymphoblastic leukemia) were cultured in RPMI 

1640 medium (American Type Culture Collection) with 10% fetal bovine serum (FBS, 

Invitrogen, Carlsbad, CA, USA) and 0.5 mg/mL penicillin-streptomycin (American Type 

Culture Collection) at 37°C under a 5% CO2 atmosphere. Cells were washed before and 

after incubation with washing buffer [4.5 g/L glucose and 5 mM MgCl2 in Dulbecco's 

PBS with calcium chloride and magnesium chloride (Sigma-Aldrich)]. Binding buffer 

used for selection was prepared by adding yeast tRNA (0.1 mg/mL; Sigma-Aldrich) and 

BSA (1 mg/mL; Fisher Scientific) to the wash buffer to reduce background binding. 

Ce6-Modified DNA Synthesis 

An amino group (Glen Research Corp.) was incorporated at the 5’-end using the 

synthesis protocol specified by the company. After removing the MMT protection group 

on the 5’-amino of the sequence on machine, the CPG beads were washed with 
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acetonitrile (ACN) 10 times and dried with nitrogen for off-machine coupling of Ce6. 

Each Ce6 molecule has three carboxyl groups for conjugation with the amino group. To 

improve the coupling efficiency and reduce the multiple coupling products, the amount 

of Ce6 was 10 times more than DNA product in the coupling reaction. Ten μmole Ce6 

was mixed with an equal molecular amount of N,N’-dicyclohexylcarbodiimide (DCC, 

Sigma-Aldrich, Inc.) and N-hydroxysuccinimide (NHS, Sigma-Aldrich, Inc.) and 

dissolved in 250 μL N,N-Dimethylformamide (DMF) for the activation reaction with 1 hr 

stirring. The coupling reaction was performed with vigorous stirring overnight, followed 

by washing with ACN. Then the DNA product was purified by HPLC. 

DNA Purification 

Native PAGE was applied to purify the A1, A2 hairpin strands to remove excess 

strands and avoid undesired system leakage. A1 and A2 were annealed at 

concentrations of around 50 μM in 1 TAE-Mg buffer (40 mM Tris-Acetate-EDTA, pH 

8.0, 12.5 mM Mg(Ac)2) and cooled to room temperature. Native PAGE gels (12%) in 1 

TAE-Mg buffer were run at 110 V for 90 minutes at 4°C and stained with GelRed stain 

solution (Biotium, Inc., Hayward, CA). Only the sharp bands were cut from the gels, 

chopped into small pieces, and soaked in 1 TAE-Mg2+ buffer for 24 hr. The buffer was 

extracted and concentrated with centrifugal filter devices (Millipore, Billerica, MA). 

Finally, the purified DNA sequences were quantified by UV spectrometry and kept in 

buffer for future use. 

Fluorescence Kinetics of DNA Hairpin Circuit in Buffer 

All fluorescence measurements were performed using a Fluorolog (Jobin Yvon 

Horiba) with a 100 μL macro cuvette. DNA sequences A1, A2 were separately refolded 
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in the Fluo buffer (20mM Tris, pH 7.5; 140mM NaCl; 5mM KCl). This and other refolding 

reactions involved heating to 90°C for 1 min, followed by slowly decreasing the 

temperature to 25°C at a rate of 0.1°C s-1. After purification by gel electrophoresis, the 

annealed sequences were stocked in Fluo buffer for later use. An amount of 10 μM 

stock of R was prepared by annealing 10 μM FAM-R1 and 15 μM DABCYL-R2 in Fluo 

buffer. An excess of R2 ensures efficient quenching of R1, but does not interfere with the 

readout of A1 and A2. A mixture of 100 nM A1, 100 nM A2 and 150 nM R12 was prepared 

in 1×Fluo buffer. The fluorescence at 518 nm was monitored at 25 °C after adding 

different amounts of TDO5-C. To evaluate the amplification effect of the circuit, a 1:1 

displacement reaction was performed under the same conditions by mixing 10 μM A1 

and A2 in 1×Fluo buffer and heating to 90°C for 3 minutes, followed by slowly 

decreasing the temperature to 25 °C to form the stable duplex A12. A 150 nM sample of 

R12 was incubated in 1×Fluo buffer, followed by adding different concentrations of A12 

and monitoring the fluorescence. 

Test of Fluorescence Response and SOG of DNA Hairpin Circuit 

For these experiments, Ce6-modifed R1 and BHQ2-modified R2 were used to 

form duplex R12. To study the Ce6 fluorescence response to different concentrations of 

TDO5-C, 100 nM A1, 100 nM A2 and 150 nM R12 were mixed in 1×Fluo buffer. The 

excitation wavelength was set at 404 nm with emission scanned from 600 nm to 800 

nm. When testing the SOG, the concentration of SOSG probe was set at 2 μM together 

with 100 nM A1, 100 nM A2 and 150 nM R12 in 1×Fluo buffer. To extend the lifetime of 

1O2 and increase the sensitivity of SOG assay, all buffers and samples were prepared 

using deuterium oxide. The SOG was triggered by irradiation at 404 nm, the maximum 
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absorption of Ce6, for 10 minutes. The SOSG fluorescence was obtained with excitation 

at 494 nm and emission from 500 nm to 600 nm.  

Test of SOG Response of DNA Hairpin Circuit to Cancer Cells 

3×105 of Ramos and CCRF-CEM cells were prepared in 100 μL of washing 

buffer separately. Fifty pmol of nonlabeled TDO5-C were added and incubated for 30 

minutes. After washing the cells twice with washing buffer, the two different cell types 

were resuspended in 100 μL of washing buffer. Then 100 nM A1, 100 nM A2 and 150 

nM R12 were incubated with cells for 1 hr. To extend the lifetime of 1O2 and increase the 

sensitivity of SOG assay, all buffers and samples were prepared using deuterium oxide. 

Two micromolar SOSG sensors were added to the cell medium, and SOG was triggered 

by irradiation at 404 nm, the maximum absorption of Ce6, for 10 minutes. The 

fluorescence was monitored at 25 °C with the excitation wavelength at 494 nm and 

emission from 500 nm to 600 nm. 

Flow Cytometric Analysis 

In flow cytometry tubes, 250 nM Biotin-labeled TDO5 or TDO5-C was incubated 

with 3×105 Ramos or CCRF-CEM cells at 4°C in 200 μL of binding buffer for 30 

minutes. The cells were washed twice with 1 mL of washing buffer, centrifuged at 1300 

rpm for 3 min, and then resuspended in 200 μL of washing buffer. One μL (1:400) 

Streptavidin-conjugated PE dye was incubated with the cells for another 20 minutes and 

washed twice using washing buffer. The cells were analyzed on a FACScan Flow 

Cytometer by counting 30,000 events. The PE-labeled unselected ssDNA library was 

used as a negative control. 
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Confocal Imaging of Cells Bound with Aptamer 

For confocal imaging, the Ramos and CCEF-CEM cells were incubated with 50 

pmol of TAMRA-labeled TDO5-C in 100 μL of binding buffer containing 20% FBS on ice 

for 30 min. The cells were washed twice with 1 mL of washing buffer, centrifuged at 

1300 rpm for 3 min, and then resuspended in 100 μL of washing buffer. Twenty 

microliters of cell suspension bound with TAMRA-labeled TDO5-C were dropped on a 

thin glass slide placed above a 60× objective on the confocal microscope. Imaging of 

the cells was performed on an Olympus FV500-IX81 confocal microscope. A 5-mW, 

543-nm He-Ne laser was the excitation source for TAMRA throughout the experiments. 

The objective used for imaging was a PLAPO60XO3PH 60× oil-immersion objective 

with a numerical aperture of 1.40 (Olympus). 

Cytotoxicity Study 

The cytotoxicity study was performed using the CellTiter 96 Aqueous One 

Solution cell proliferation assay (MTS) for Ramos and CCRF-CEM cell lines in a 96-well 

cell culture plate at 500k/well, 100 μL. Five groups of cell samples were set up as 

follows: group 1, cells only; group 2, cells+ 3.3 μL 30 μM A1, 1.3 μL 77 μM A2 and 2 μL 

50 μM Ce6-modified R12; group 3, cells incubated with the same amount of A1, A2 and 

R12, together with 1 μL 10 μM free C; group 4, cells incubated with 1 μL 100 μM 

preannealed A12 and 2 μL 50 μM Ce6-modified R12. For group 5, the cells were 

incubated with TDO5-C conjugates for 30 min at 4°C, followed by centrifugation at 1300 

rpm for 3 min to remove the unbound DNA. Then probes in the same amount as that of 

group 2 were added. All groups of cells were suspended in cell medium (No FBS) and 

then irradiated with white light on ice for 3 hr. After irradiation, the cells were incubated 

in a CO2 incubator for 36 hr. Finally, a 6×-concentrated MTS solution (120 μL/well) in 
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RPMI 1640 medium solution was added to each well and incubated at 37 °C for 2 h. 

The absorbance value at 490 nm was determined by a VersaMax microplate reader 

(Molecular Devices, Inc., Sunnyvale, CA). 

Results and Discussion 

Signal Amplification Effect of Aptamer Circuit in Buffer 

To demonstrate the effectiveness of the C (a*b*c*) in catalyzing the A1 and A2 

hybridization, native gel electrophoresis was used. As shown in Figure 2-2, without C, 

A1 and A2 can be present stably without hybridization. However, when C is added, A1 

and A2 hybridize with each other to form A12 with a yield even higher than that achieved 

by annealing of A1 and A2. To further study the amplification efficiency of the hairpin 

circuit, a FRET-based dsDNA R12 was designed with a stable fluorophore (FAM-R1) and 

quencher (DABCYL-R2) pair. To improve the thermostability and anti-enzymatic 

digestion ability of the R12 duplex, we incorporated 4 LNA (Locked nucleic acid) 

nucleotides into FAM-labeled R1.
84 C was linked to an aptamer sequence TDO5,81 

which targets acute lymphoblastic leukemia B-cells (Kd=74.7 nM) via a poly-T linker. 

Thus, TDO5-C was used as catalyst to initiate the A1/A2 hybridization, and the 

fluorescence was monitored. In the presence of different concentrations of TDO5-C (0-

20 nM), dramatic signal enhancement was observed (Fig. 2-3A), indicating the effective 

catalytic effect of TDO5-C. In addition, the signals approached a maximum in 2 hr, 

indicating rapid kinetics of the catalytic hybridization.  

We also studied the fluorescence kinetics of the 1:1 displacement reaction (Fig. 

2-3B). In particular, A12 was prepared by annealing equal concentrations of A1 and A2 in 

advance. Then, different concentrations of A12 were added to displace R12 in buffer 
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solution. In Figure 2-3C, the fluorescence enhancement ratio ( 1:

1:1

nF B

F B




) between 

catalytic amplification circuit (1:n) and displacement reaction (1:1) is 8-fold at the target 

concentration of 20 nM after about 2 hr, indicating high amplification efficiency of this 

circuit. 

For therapeutic applications with the DNA circuit, A1, A2 and R12 will be present 

together in the deactivated forms around cells, and small leakage hybridizations may 

occur. Therefore, we tested the leakage hybridization rate by measuring the 

fluorescence of buffer solution containing A1, A2 and R without TDO5-C for 8 hr (Fig. 2-

4). Although a small leakage did occur, the result indicated that the second-order rate 

constant of uncatalyzed reaction could be estimated to be <10 M-1s-1, which is almost 

negligible for PDT applications.  

Next, the photosensitizer Ce6 was conjugated to the ssDNA R1, and the BHQ-2 

quencher was modified with ssDNA R2. Because of the close proximity between Ce6 

and BHQ-2, up to 95% quenching efficiency of Ce6 was observed by our previous 

studies.85 Herein, the DNA hairpin circuit had significant fluorescence enhancement 

upon the addition of different concentrations of TDO5-C. This was illustrated by the Ce6 

fluorescence which increased up to 10-fold with 20 nM TDO5-C in buffer (Fig. 2-5). To 

evaluate the effect of different concentrations of TDO5-C on the amount of 1O2 

generated by Ce6-modified R1, singlet oxygen sensor green (SOSG) was added, and its 

fluorescence enhancement was measured before and after irradiation at 404 nm. As 

shown in Figure 2-3D, SOSG fluorescence increased 3-fold with the introduction of 20 

nM TDO5-C in the span of 1 hr, indicating that SOG could be mediated by TDO5-C. 
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Selective Recognition Ability of the Aptamer Circuit  

For proof of concept, a leukemia cell line was chosen as the target. Compared 

with solid tumor cells, leukemia cells are widespread in the circulatory system and are 

surrounded by normal blood cells. Under these circumstances, any nonspecific 

cytotoxin would also destroy the normal blood cells. Therefore, a therapeutic method 

which can selectively recognize and kill the target leukemia cells is highly desirable. As 

mentioned above, aptamer TDO5, which binds to the cancer cell membrane protein IgM 

with high affinity and selectivity, was used in our study with target cancer cell Ramos 

(acute lymphoblastic leukemia B-cells) and negative control cell CCRF-CEM (acute 

lymphoblastic leukemia T-cells). Therefore, if TDO5-C is present, it recognizes the 

target cancer cells and, importantly, also catalyzes the DNA hairpin hybridization to 

trigger SOG around cells. First, the selective binding of TDO5-C to Ramos cells was 

demonstrated by flow cytometry, as shown in Figure 2-6 A and B. Herein, aptamer 

TDO5 was used as positive control. Compared with TDO5, TDO5-C showed almost 

equally strong binding affinity to Ramos cells at 4°C, indicating that the cell membranes 

were partially covered by TDO5-C. However, both TDO5 and TDO5-C exhibited weak 

affinity to the control CCRF-CEM cells, as evidenced by only small fluorescence peak 

shifts. In addition, to confirm that TDO5-C was bound to the cell membrane surface 

without internalization, confocal microscopy images were taken with TMR-labeled 

TDO5-C incubated with Ramos and CCRF-CEM cells (Fig. 2-6 C and D). Since only the 

cell membrane surface was labeled with fluorescence, the strong binding and low 

uptake efficiency of TDO5-C makes it suitable for the catalysis of the hairpin circuit in 

close proximity to the target cancer cells. 
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Singlet Oxygen Amount with Different Cancer Cells 

To determine whether the amplification effect of TDO5-C remains active on the 

cell membrane, SOG was evaluated by incubating TDO5-C-labeled cells with the circuit 

(A1, A2 and R12) in PBS buffer, followed by adding SOSG sensor and monitoring the 

fluorescence. As shown in Figure 2-7, obvious SOSG fluorescence enhancement was 

observed when incubating the circuit with TDO5-C-labeled target cells (Ramos), which 

can be attributed to the catalytic effect of TDO5-C on the target cell membranes. As a 

control, the SOG triggered by TDO5-C-labeled CCRF-CEM cells was studied. Little 

SOSG fluorescence enhancement was observed compared to the circuit only (A1, A2 

and R12), indicating that the selective binding of TDO5-C can induce selective SOG. 

Selective Cytotoxicity Effect to Cancer Cells 

Cell destruction by PDT was studied by irradiation with white light. As indicated 

by the SOSG studies, 1O2 is produced after the binding of TDO5-C with Ramos followed 

by the hybridization reaction of A1 and A2 to form A12 and the displacement of R1 from 

R12 by A12. Therefore, the phototoxicity of the cell-surface circuit to cancer cells was 

studied by MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium] assay. After 3 hr of light irradiation, the target cells 

(Ramos) and the control cells (CCRF-CEM) were cultured for 36 hr before evaluating 

cell viability with MTS reagent. Figure 2-8 shows the MTS data expressed as the mean 

viability (standard deviation). The statistical differences were assessed by Student's t-

test. When A1, A2 and R12 were combined with nonlabeled cells and irradiated with 

white light, very little damage was observed to either target or control cells (cell viability 

of around 85%). These data are consistent with the previous SOG resulting from the 

weak leakage hybridizations of A1 and A2. However, when 100 nM free C was incubated 
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with both cell lines, no statistical difference was evident (P > 0.30), and both cell types 

showed low cell viabilities of about 50%.  Herein, because the free C sequence did not 

selectively recognize target cells, it catalyzed the amplification reaction without 

selectivity and caused relatively equal cell death for both target cells and control cells. 

On the other hand, when each of the cell lines was first incubated with TDO5-C, rinsed, 

and then incubated with A1, A2 and R12, high phototoxicity was observed for the target 

Ramos cells (45%), compared to 80% for the control cells (CCEF-CEM) with P < 0.02, 

indicating that TDO5-C can catalyze the hairpin circuit on specific cell membranes. In 

addition, we also found that the statistical toxicity difference between (A1+A2 + C+ R12) 

group and (A1+A2 + TDO5-C+ R12) group is evident (P < 0.001) for CEM cells, but not 

for Ramos cells (P > 0.3) as the consequence of catalytic selectivity of TDO5-C. Finally, 

to compare the cytotoxicity of our method with the 1:1 displacement method, we 

incubated the preannealed A12 (1 µM) and R12 with cells and found a much higher cell 

viability of 79% for both cell lines. Under these conditions, the 1:1 displacement method 

did not show any selectivity to the two cell lines based on the lack of recognition 

element (P > 0.30). These comparisons demonstrate the selective and amplified 

therapeutic effect of our method. 

Conclusions 

In conclusion, our results demonstrate the feasibility of assembling a DNA circuit 

on cell membranes to achieve amplified and targeted photodynamic therapy. The DNA 

circuit, composed of four functional modules (A1, A2, R12 and TDO5-C) totally made of 

DNA, can greatly amplify the singlet oxygen generation and selectively kill cancer cells. 

In particular, the DNA hairpin amplification circuit can be catalyzed by specifically 

designed nucleic acid sequences. Many nucleic acids, including messenger RNA, 
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microRNAs and small interfering RNAs, are important biomarkers for various 

diseases.86-88 If sequences for these biomolecules are available, the amplification 

hairpin DNA circuit can be designed to perform other biological and biomedical 

functions inside targeted disease cells with effective delivery methods. Second, 

increasing numbers of aptamers have been developed to target the membranes of a 

variety of cancer cell lines, thus establishing the universality of this DNA hairpin circuit 

for targeted and amplified therapy. Finally, as an application of DNA circuit to biological 

cells, the prototype DNA circuit demonstrated here has the potential to enhance DNA 

technology with new insights and will broaden the utility of DNA circuits for applications 

in biology, biotechnology, and biomedicine. 
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Table 2-1. Sequence of oligonucleotides used in this chapter. LNA bases are indicated 
by bold and underscores. 

 Sequences (5'-3') 

C (c*b*a*) CGACATCTAACCTAGCTCACTGAC 
A1 (abcd*c*b*e*)  GTCAGTGAGCTAGGTTAGATGTCGCCATGTGTAGACGAC

ATCTAACCTAGCACTTGTCATAGAGCAC 
A2 (cdc*b*d*) AGATGTCGTCTACACATGGCGACATCTAACCTAGCCCAT

GTGTAGA 
R1 (eb) 
R1-LNA (eb) 
R2(b) 
TDO5 
 
TDO5-C 

Ce6 (FAM) GTGCTCTATGACAAGTGCTAGGTT 
Ce6 (FAM) GTGCTCTATGACAAGTGCTAGGTT 
ACTTGTCATAGAGCAC BHQ2 (DABCYL) 
AACACCGTGGAGGATAGTTCGGTGGCTGTTCAGGGTCTC
CTCCCGGTG 
CGACATCTAACCTAGCTCACTGACTTTTTTTTTTTTTTTTT
AACACCGTGGAGGATAGTTCGGTGGCTGTTCAGGGTCTC
CTCCCG GTG 
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Figure 2-1. Illustration of DNA aptamer circuit on cell membrane. A). Scheme of the 

circuit without catalyst. B). Scheme of the circuit on cell membrane. The 
circuit involves two individual steps. In the catalytic step, target cell labeled 
with Apt -C catalyzes DNA hairpins A1 and A2 to form duplex A12. In the 
therapeutic step, A12 can open duplex R12 and displace quencher-labeled 
single strand R2 to form A12-R1. Subsequently, Ce6-labeled R1 generates 
singlet oxygen (1O2) to kill cancer cells by irradiation at 404 nm. C). Scheme 
of detailed reaction of DNA hairpins A1 and A2 catalyzed by C sequence. 
Different domains are labeled with different colors. All x domains are 
complementary to x*.   
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Figure 2-2. Image of the PAGE gel proving the catalytic effect of C sequence. 
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Figure 2-3. Signal amplification effect of the aptamer circuit in buffer. A). Kinetics of 
DNA circuit containing A1, A2 and R12 with different concentrations of TDO5-C 
(fluorescence intensities corresponding to F1:n) monitored by FAM 
fluorescence. The colored lines represent 0, 0.1 nM, 1 nM, 5 nM, 10 nM and 
20 nM of TDO5-C, respectively. B). Kinetics of dsDNA R12 with different 
concentrations of A12 (fluorescence intensities corresponding to F1:1) 
monitored by FAM fluorescence. The colored lines represent 0, 0.1 nM, 1 nM, 
5 nM, 10 nM and 20 nM of A12, respectively. C). Comparison of the 
fluorescence enhancement fold of the catalytic DNA circuit and 1:1 
displacement. The calculation is based on the equation Fold = (F1:n-B)/(F1:1-
B), where fold is the fluorescence enhancement ratio of 1:n method to 1:1 
method, B is the background fluorescence. The fluorescence intensities at 
6000 s are used to plot against different target concentrations. Each bar 
presents the mean and standard deviation derived from three independent 
experiments. D). The SOSG signal plotted as the function of TDO5-C 
concentration. The SOG was triggered by irradiation at 404 nm, the maximum 
absorption of Ce6, for 10 minutes. The SOSG fluorescence was obtained with 
excitation at 494 nm and emission from 500 nm to 600 nm. Each bar presents 
the mean and standard deviation derived from three independent 
experiments. 
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Figure 2-4. Fluorescence kinetics describing the leakage reaction of A1, A2 and R12 in 
the Fluo buffer. The data were normalized to the initial fluorescence intensity 
of the circuit. 

 

 

Figure 2-5. Fluorescence spectra of mixtures containing 100 nM A1, 100 nM A2 and 150 
nM Ce6-modified R12 with different concentrations of TDO5-C in buffer.  
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Figure 2-6. Demonstration of the selective recognition ability of the aptamer circuit. A) 
and B), Flow cytometry results of FAM-labeled TDO5-C binding with Ramos 
and CCRF-CEM. Aptamer TDO5 was used as positive control to show the 
maximum binding affinity. Cells: 200 k/sample; aptamer concentration: 250 
nM. C) and D), Confocal imaging of Ramos cells and CCRF-CEM cells 
incubated with 250 nM TMR-modified TDO5-C at 4°C. Fluorescence image 
(left). Overlap of optical image and fluorescence image (right). The scale bar 
is 10 µm. 
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Figure 2-7. SOSG fluorescence of DNA circuit (A1, A2 and R12) incubated with buffer, 
TDO5-C-labeled CCEF-CEM cells (control) and TDO5-C-labeled Ramos cells 
(target). Each bar presents the mean and standard deviation derived from 
three independent experiments. (Cells: 200k/sample; λex=494 nm and 
λem=532 nm).  

 

 

Figure 2-8. Cell viability result using MTS assay. The in vitro cytotoxicity was measured 
after 36 hr of incubation in cell medium with 3 hr of white light irradiation. 
Cells: 500k/sample. Each bar presents the mean and standard deviation 
derived from three independent experiments. P values were calculated by 
Student's t-test: ns, nonsignificance: P > 0.30 and * for P < 0.02, n = 3. 
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CHAPTER 3 
MOLECULAR ENGINEERING OF PHOTORESPONSIVE THREE-DIMENSIONAL DNA 

NANOSTRUCTURES FOR INTELLIGENT DRUG DELIVERY SIGNIFICANCE AND 
BACKGROUND 

DNA is a useful construction material for various nanostructures by virtue of the 

remarkable hybridization specificity between complementary strands. Research on DNA 

nanostructures has not only improved the understanding of fundamental problems in 

genetics, but has also generated interest in exploring practical applications.89  By using 

smart design, different static DNA nanostructures90,91have already been prepared.  

Recently, reconfigurable DNA nanostructures capable of three-dimensional 

movement have attracted increasing interest because of their potential applications in 

intelligent drug delivery92 and smart molecular sensing.93 Active control of three-

dimensional movement for DNA structures is usually achieved by input of specific 

molecular signals, such as DNA strands,47, 94 enzymes95 or protons96, to trigger a 

change in the shape or size of the structure. However, a major shortcoming arises from 

those designs because the accumulated DNA output waste can quickly deteriorate 

device performance and ultimately bring it to a halt.97 To overcome this problem, a 

recycled drive power input is highly desired. Compared with other input signals, photons 

have significant advantages, such as clean, permanently high efficiency and no waste 

accumulation. In addition, by using light, DNA nanostructures can be remotely 

controlled, opening novel avenues in nanomedicine. Consequently, a photon-regulated, 

shape-changing DNA nanostructure would greatly contribute to applications in many 

fields of nanoscience. 

Azobenzene has proven to be an effective photo-sensitive component because 

of its reversible stereo isomerization from the trans to cis forms at 300-380 nm and from 
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cis to trans at wavelengths >400 nm.98 By incorporating azobenzene moieties into DNA 

double-stranded structures, hybridization can be controlled by the interconversion of 

azobenzene between the planar trans and nonplanar cis forms, allowing the formation 

of photocontrollable DNA structures.99, 100 Here, we construct a photocontrollable, 

reconfigurable three-dimensional DNA tetrahedral cage using azobenzene 

incorporated- DNA.101-103 By controlling the size of this cage, the release of 

encapsulated cargos (such as proteins or other macromolecules) can be triggered by 

light to produce a smart drug delivery system with precise temporal and spatial 

resolutions. In addition, the strategy of using azobenzene is universal and can be 

extended to any type of DNA nanostructure, providing new routes for manipulation of 

nanoscale shapes using photons.  

A previously reported method was used to construct robust DNA tetrahedral 

structures by assembly of appropriately designed oligonucleotide sequences.6,37 

Inspired by the contraction and extension of a string, a hairpin structure was 

incorporated into the DNA tetrahedron. The hairpin can be opened and closed via 

hybridization and dehybridization, as shown in Figure 3-1. DNA sequences S1, S2, S3 

and S4 form the contracted DNA tetrahedron with the hairpin in the closed state. 

Strands S5 with incorporated azobenzene moieties can hybridize with the hairpin 

portion, allowing the control of open-closed cycles of the hairpin structure by using UV 

and visible light. To achieve optimal photon-control, four S5 sequences were designed, 

as shown in Figure 3-1. The smallest number of azo moieties is 7 (S5-7Azo), with 

azobenzene inserted every three bases. Sequences with azobenzenes every two bases 

(S5-9Azo) and every one base (S5-17Azo) were also synthesized. Considering that the 
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distance of the azobenzene moieties from the sequence ends may influence 

hybridization efficiency, S5-10Azo was designed with a different azo-moiety distance 

from the sequence ends compared to S5-9Azo. With UV irradiation, the azobenzene 

molecules change to the nonplanar cis form separating strands S1 and S5, thus forcing 

the hairpin to form and finally converting the entire structure to the contracted state. On 

the other hand, when visible irradiation (>450nm) is applied, the azobenzene molecules 

convert back to the planar trans form and rehybridize with strand S1 to open the hairpin 

and extend the DNA tetrahedron. In this way, the shape of the entire DNA three-

dimensional structure can be precisely controlled by photon irradiation. 

Experimental Materials and Methods 

Chemicals and Regents 

The chemicals for synthesis of the phosphoramidite monomer and reagents for 

DNA modification were purchased from ChemGene (MA). The CPG columns for DNA 

synthesis were purchased from Glen Research (VA). The reagents for BIDBE, 

azobenzene phosphoramidite synthesis and gold nanoparticle synthesis were 

purchased from Sigma-Aldrich (MO).  

Synthesis of DNA Sequences  

The DNA sequences were synthesized on the ABI 3400 DNA synthesizer. The 

synthesis protocol was set up according to the requirements specified by the reagents’ 

manufacturers. Following on machine synthesis, the DNA products were deprotected 

and cleaved from CPG by incubating with 2.5 mL AMA (ammonium hydroxide/ 

Methylamine 50:50) for 17 hours at 40°C in water bath. The cleaved DNA product was 

transferred into a 15 mL centrifuge tube and mixed with 250 µL 3.0 M NaCl and 5.0 mL 

ethanol, after which the sample was placed into a freezer at -20 °C for ethanol 
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precipitation. Afterwards, the DNA product was spun at 4000 rpm under 3°C for 20 

minutes. The supernatant was removed, and the precipitated DNA product was 

dissolved in 500 µL 0.2 M trithylamine acetate (TEAA Glen Research Corp.) for HPLC 

purification. The HPLC purification was performed with a cleaned Alltech C18 column 

on a Varian Prostar HPLC machine. The collected DNA product was dried and 

processed detritylation by dissolved and incubated in 200 µL 80% acetic acid for 20 

minutes. The detritylation DNA product was mixed with 400 µL ethanol and dried by a 

vacuum dryer. The DNA products were quantified and stored in DNA water for 

subsequent experiments. The detailed sequences information are described in 

Synthesis of BF-PS-DNA   

For the synthesis of BF-PS-DNA, the method reported by Lee et al.104 was used. 

First, phosphorothioate-modified DNA (PS-DNA) was synthesized at a specific position 

on DNA strand 1 using sulfuration reagent (Glen Research). The ligand BIDBE was 

then synthesized by using the protocol reported by Luduena et al.105 DNA, BIDBE 

solution, and Tris-HCl buffer were incubated at 50°C for 5-6h to form BIDBE-DNA. The 

best ratio for BIDBE and DNA phosphorothioate sites was around 200:1. Then, to 

reduce the disulfide bond, 100uL 10uM BIDBE-DNA solution, 1uL 50mM acetate buffer 

and 10uL 1mM TECP were mixed and incubated at room temperature for 2 hours. Gel-

filtration was used to remove the impurities. 

Assembly of DNA Tetrahedral Nanostructures 

Assembly of contracted DNA tetrahedra: 10uL 10uM DNA strand S1, 10uL 10uM 

DNA strand S2, 10uL 10uM DNA strand S3, 10uL 10uM DNA strand S4, 10uL 150mM 

Tris-HCl (pH=7.5), 10uL 150mM MgCl2 and 40uL DNA water were mixed and annealed 

at 95°C for 5min and cooled to room temperature in approximately 5 minutes. 
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Assembly of extended DNA tetrahedra (no azobenzene incorporated): 10uL 

10uM DNA strand S1, 10uL 10uM DNA strand S2, 10uL 10uM DNA strand S3, 10uL 

10uM DNA strand S4, 10uL S5-cDNA (no azobenzenes), 10uL 150mM Tris-HCl 

(pH=7.5), 10uL 150mM MgCl2 and 40uL DNA water were mixed and annealed at 95°C 

for 5 min and cooled to room temperature in approximately 5 minutes. 

Assembly of azobenzene-incorporated DNA tetrahedra: 10uL 10uM DNA strand 

S1, 10uL 10uM DNA strand S2, 10uL 10uM DNA strand S3, 10uL 10uM DNA strand 

S4, 10uL DNA strand S5, 10uL 150mM Tris-HCl, 10uL 150mM MgCl2 and 30uL DNA 

water were mixed and annealed at 95°C for 5min and cooled to room temperature in 

approximately 5 minutes. Tetrahedra were purified using PAGE gel. 

Native Polyacrylamide Gel Electrophoresis (PAGE) for Structural Characterization 

Polyacrylamide solution (40%, 750uL) was diluted to 6% by adding 4.25mL 

10mM TAE buffer containing 15mM MgCl2. Fifty uL APS and 5uL TEMED were added 

to the polyacrylamide solution to polymerize it. After loading 10uL 1uM DNA sample 

solutions, the gels were run on an electrophoresis unit (Biorad) at 4 oC using a constant 

voltage of 80 V for 90 minutes. After electrophoresis, the gels were stained with Stains-

All for 30 min and imaged using a digital camera.  

Phosphorothioate DNA Tetrahedron Assembled with Gold Nanoparticles 

It has been reported that AuNPs are more stable when capped with phosphine 

reagent.106 Therefore, in this step, 10mL 60nM gold nanoparticle solution was mixed 

with 2mg bis(para-sulfonatophenyl) phenylphosphine dihydrate dipotassium salt (Strem 

Chemicals, Newburyport, MA) and shaken at 25 oC overnight. After precipitation and 

centrifugation, the supernatant was removed, and the AuNP precipitate was redispersed 

into water. After stabilization, AuNPs were assembled with the DNA tetrahedron to 
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visualize the shape change of structures. Ten uL 100nM DNA tetrahedron solution was 

mixed with 50uL 60nM AuNPs and incubated overnight at room temperature. The best 

TEM images were obtained from the mixture solution containing the tetrahedra and 

AuNPs at a ratio of 1:3.  

FRET Measurement of Structure Change in Response to UV and Visible 
Irradiation 

After assembly, DNA tetrahedral structures were excited at λexc=488nm at 

constant temperature. After that, the light source in the fluorometer was used to irradiate 

the solution at 350nm for 3 min, and the fluorescence spectrum was obtained again 

immediately after the UV irradiation. Next, visible light (450nm) was applied to the 

structures for another 3 min, and fluorescence spectrum of the solution was measured. 

Additional cycles with alternate UV and Visible irradiation were performed, and the 

fluorescence spectra were recorded. 

AFM and TEM Measurements 

AFM experiments were carried out on a Nanoscope IIIa (Veeco, Santa Barbara, 

CA) using tapping mode in ambient air. The radius of curvature of silicone tip was about 

10 nm. All topographic images were obtained with 512 x 512 pixels2 at a scan rate of 

1.5 Hz. After annealing strands S1, S2, S3, S4 and S5-10Azo under visible light, the 

structures were scanned by using AFM. The tetrahedra were expected to have one 

10.5nm edge and five 7nm edges for the extended state, and based on the AFM image, 

the sizes and heights were consistent with the calculated values. 

Transmission electron microscopy (TEM) images were obtained on a Hitachi H-

7000 NAR transmission electron microscope. For the extended structures, samples 

were dried on copper film under visible light. Then a parallel sample was irradiated at 



 

67 
 

350nm until it was completely dry on the copper film. Afterwards, the samples were 

imaged by using TEM at a working voltage of 100 kV. 

Results and Discussion 

Construction and Optimization of DNA Tetrahedral Nanostructure 

The sequence design for assembly of tetrahedral structure will mainly follow the 

method of Turberfield et al.107 A stable and pure tetrahedral structure must be confirmed 

before further experimentation by consideration of two criteria. First, the hairpin that will 

be incorporated into the tetrahedron should be able to be opened and closed via DNA 

hybridization and dehybridization. Normally, a 5-base stem and 12-14 base loop is the 

optimum design for rapidly responsive molecular beacons. Therefore, we will 

incorporate a hairpin with a 5-base stem and a 12-base loop into the large structure. 

Meanwhile, the numbers of azobenzene moieties will be optimized to achieve superior 

photon-controllability, as illustrated in Figure 3-1.  The smallest number of azo moieties 

will be 7 (S5-7Azo), with azobenzene inserted every three bases. Sequences with 

azobenzenes every two bases (S5-9Azo) and every one base (S5-17Azo) will also 

synthesized. Considering that the distance of the azobenzene moieties from the 

sequence ends may influence hybridization efficiency, S5-10Azo will be designed with a 

different azo-moiety distance from the sequence ends compared to S5-9Azo. 

Structural Confirmation of DNA Tetrahedral Nanostructure 

Native polyacrylamide gel electrophoresis (PAGE) and atomic force microscopy 

(AFM) were used to confirm the formation of azobenzene-incorporated DNA tetrahedra. 

The gel result in Figure 3-2A shows that the azobenzene-incorporated tetrahedral 

structures (from lanes 3 to 6) can form stable extended structures under visible 

irradiation compared with T1 (Lane 1) and T2 (Lane 2). T1 and T2 are contracted and 
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extended tetrahedral structures without any azobenzene moieties. However, some 

contracted structures also appeared along with the extended forms, and they became 

more and more obvious as the number of azobenzene moieties increased, indicating 

that hybridization efficiency is affected by the azobenzene moieties. The four azo-

incorporated structures have slightly lower mobilities than T2 because the azo-moieties 

increase the molecular weight of the structures compared with T2. Thus, in the 

presence of azobenzene-incorporated strands, the DNA tetrahedral structures can still 

be successfully constructed.  

AFM images were taken on a Nanoscope IIIa atomic force microscopy using the 

tapping mode in ambient air. After annealing strands S1, S2, S3, S4 and S5-10Azo 

under visible light, the structures were scanned by AFM (Figure 3-2B). The tetrahedra 

were expected to have one 10.5nm edge and five 7nm edges for the extended state, 

and based on the AFM images, the sizes and heights were consistent with the 

calculated values. 

Characterization of DNA tetrahedral structure with photocontrollability 

Fluorescence measurements were used to demonstrate the photo-control of the 

Azo-DNA tetrahedral structures. Fluorophores (FAM) and quenchers (Dabcyl) were 

incorporated on the two ends of the hairpins in S1. When the tetrahedron is in the 

contracted state, the fluorescence is quenched as a result of the close proximity of FAM 

and Dabcyl. When the hairpin is opened to form the extended structure, the 

fluorescence intensity should increase by the separation of fluorophore and quencher. 

Fluorescence signals of structures T1 and T2 were used to obtain the background and 

maximum signals, respectively. In Figure 3-3A, when UV irradiation was applied to T-

10Azo, the fluorescence intensity decreased because the dehybridization of azo-



 

69 
 

incorporated S5 strands promoted the formation of hairpin structures. Different 

azobenzene-incorporated structures were tested at 48°C, and their fluorescence signals 

were normalized based on the maximum signal of T2 (Figure 3-3B). The results showed 

that tetrahedral structures containing a low percentage of azobenzenes (T-Azo7) did not 

respond differentially to either UV or visible light, indicating that S5 did not dissociate 

effectively from the structures. On the other hand, structures possessing the maximum 

number of azobenzenes (e.g., T-Azo17) showed poor hybridization between S5 and S1, 

even under visible irradiation. Based on these findings, we concluded that the structures 

containing 1 azobenzene between every two nucleotides in S5 (i.e., T-Azo9 and T-

Azo10) give the best photon response efficiency and optimum structural stability. 

Figure 3-3C shows the fluorescence changes as the T-10Azo structures 

extended and contracted with successive irradiation by UV (3 minutes) and visible light 

(3 minutes). The efficiency did not decrease, even after 10 open/closed iterations with 

no addition of extra oligonucleotides and no generation of waste strands. Therefore, this 

photon-regulated DNA structure is stable and robust. Additionally, all the cycles were 

performed at 48°C in order to have rapid dynamic response to the wavelength changes. 

Here, the melting temperatures of S5-10Azo and S1 in the cis and trans configurations 

are 30.1°C and 55.7°C, respectively, and the photon-fueled reconfigurable structures 

work most efficiently at around 45-55oC. The relatively high experimental temperature is 

the reason for the relatively high background signal. Overall, these results demonstrated 

successful, long-lasting control of structural alternation with photon energy input. 

To visualize the structural changes when applying different wavelengths of light, 

gold nanoparticles were assembled with tetrahedral structures. Taking advantage of Au-
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NPs’ uniform size, clear visualization by TEM, and site-specific control on DNA strands 

by using phosphorothioate DNA and bifunctional linkers104, gold nanoparticles (diameter 

of 3.5nm) were attached on the three vertices of the variational triangular face of the 

tetrahedral structures (Figure 3-4). When the shapes of the tetrahedron change, the 

relative positions of particles on the vertices of the triangle change accordingly. This 

method allowed clear visualization of the movement of DNA structures triggered by 

light. In Figure 3-5A, the sizes of extended structures matched well with the calculated 

values. The two isosceles edges are around 7nm, and the bottom edge is 11nm long. 

After UV irradiation, some tetrahedra converted to contracted structures, causing the 

bottom edges of triangles to shrink to 4nm, as shown in Figure 3-5B. 

To remove the interference of random alignment of AuNPs, control experiments 

were also performed. For the DNA tetrahedral structures without any phosphorothioate 

modification, no regular triangular structures were found on the TEM image (Figure 3-

5C). These images were consistent with the fluorescence data and demonstrated the 

successful working mechanism of our photon-regulated reconfigurable DNA 

nanostructures. 

Conclusions 

In summary, we have successfully used azobenzenes to construct a tetrahedral 

DNA nanostructure controlled by photons. PAGE and AFM were utilized to confirm the 

existence of the tetrahedral DNA nanostructures. Fluorescence intensity changes, as 

well as AuNP-assisted TEM measurements, demonstrated the photon-controllability. 

These results indicate that incorporation of azobenzene moieties into DNA strands 

allows control of three-dimensional structure, in line with our previous report which 

demonstrated the control of a two-dimensional DNA hairpin structure.103 We believe that 
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this photo-responsive nanocage will greatly facilitate the development of DNA structures 

as drug delivery platforms for intelligent therapy. For example, one potential application 

is the utilization of the 3-D structural changes to trigger the release of cargos (such as 

proteins or other macromolecules) encapsulated in the DNA nanostructure, as a smart 

drug delivery system with precise temporal and spatial resolution. 
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Table 3-1. DNA sequences used for tetrahedron assembly 

 Sequence (5’-3’) 

S1 GGT GAT AAA ACG TGT AGC AAG CTG TAA TCG ACT CTA Dabcyl 
GGC GGA AGA ACC CAC AAC CGC C FAM CGC TCA CTA CTA 
TGG CG 

S2 AGG CAG TTG AGA CGA ACA TTC CTA AGT CTG AAA TTT ATC 
ACC CGC CAT AGT AGA CGT ATC ACC 

S3 CTT GCT ACA CGA TTC AGA CTT AGG AAT GTT CGA CAT GCG 
AGG GTC CAA TAC CGA CGA TTA CAG 

S4 ATCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGATTTTT
TTTTT  

S5-cDNA GCG GTT GTG GGT TCT TCC GC 
S5-7azo GXC GGX TTG XTG GXG TTX CTT XCC GXC 
S5-9azo GCX GGX TTX GTX GGX GTX TCX TTX CCX GC 
S5-10azo GXC GXG TXT GXT GXG GXT TXC TXT CXC GXC 
S5-17azo GCX GXG XTX TXG XTX GXG XGX TXT XCX TXT XCX CXG C 
 X represents azobenzene moiety 
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Figure 3-1. Design of photocontrollable DNA nanostructure using azobenzenes. S1, S2, 
S3, S4 and S5 were mixed in the ratio of 1:1:1:1:1 to form the azo-
incorporated tetrahedral structures. Four S5 sequences were designed with 
different azobenzene moiety numbers. S5-7Azo, S5-9Azo, S5-10Azo and S5-
17Azo contain 7, 9, 10 and 17 azobenzene moieties, respectively. A 
fluorophore and a quencher were incorporated at the ends of the hairpin to 
indicate structural movement. 
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Figure 3-2. A) Native polyacrylamide gel electrophoresis (6%) analysis of different azo-
incorporated tetrahedral structures at 4 °C. Lane 1 corresponds to the 
contracted tetrahedron without S5. Lane 2 is the extended tetrahedron with 
S5-cDNA (no azobenzenes). Lanes 3-6 are the bands of T-7Azo, T-9Azo, T-
10Azo and T-17Azo, respectively. L: 50-bp ladder consisting of double 
strands of DNA with length increase in 50-bp steps. B) AFM image of T-
10Azo structures recorded with 10nm tips. (Bar length: 100nm). 

 

 
 

Figure 3-3. Fluorescencent characterization of DNA tetrahedral structure with 
photocontrollability (A). Fluorescence measurement of T-10Azo labeled with 
FAM and Dabcyl in response to UV irradiation. (B).Fluorescence signal 
differences in response to UV irradiation for different azo-incorporated 
tetrahedral structures. (C). Cycling of the closed-open forms at 48°C by 
repeated visible and UV irradiations. 
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Figure 3-4. Illustration of gold nanoparticle (AuNP) assembly on three vertices of the 

variational triangular faces of tetrahedra by a phosphorothioate anchor and a 
short bifunctional fastener (BF). AuNPs can be attached to the BF-PS-DNA 
sites to observe different triangular shapes under UV and visible irradiation. 

 
 

 
 

Figure 3-5. TEM images of AuNPs assembled on three vertices of the variational 
triangular face of tetrahedra. A) Before UV irradiation. B) After UV irradiation. 
C) Tetrahedra without any phosphorothioate modifications are shown as 
control. 
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CHAPTER 4 
MOLECULAR ENGINEERING OF A DNA LOGICAL CIRCUIT FOR PROGRAMMABLE 

AND AUTONOMOUS REGULATION OF PROTEIN ACTIVITY 

Significance and Background 

Nucleic acids, as carriers of genetic information with well-regulated and 

predictable structures, are promising materials for the design and engineering of 

biochemical circuits. In particular, by emulating the digital logic found in typical circuit 

boards, recent reports demonstrated that DNA-based biocircuitry could perform logic 

gate operations, signal restoration, amplification, feedback, and cascading, all by 

distinct DNA strands.49, 51, 93, 108, 109 Recently, their ability to interact with naturally 

occurring biomolecules, together with such unique properties as programmability, 

Boolean processing capability, nanometric size, and autonomous operation, has opened 

a novel and exciting direction in biological and biomedical applications.110-115 Various 

circuits with single-purpose or generic computing capability have been demonstrated 

using nucleic acid (NA) base pairing interactions. Examples include RNA-based logic 

devices for processing cellular information116 and quantitatively programming gene 

expression,117 as well as a DNA-based biocomputer for logical analysis of multiple 

mRNA to trigger corresponding cellular response.118 Such devices demonstrated the 

programmability and versatility of NA circuits for further development toward the goal of 

logically analyzing a complex biological environment and precisely regulating the 

actuation of cellular behaviors. While these NA-based circuits are of great scientific 

interest, they are primarily based on nucleic acid hybridization and strand displacement 

reactions between NA probes of different lengths. This has severely restricted circuit 

operation solely to genetic molecules.  
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Inspired by these advances, but distinct from their operation at the level of gene 

expression by DNA hybridization, we sought to explore the interactions between NA and 

other molecules such as proteins in cell-free logical circuit operation. There are two 

significant issues of interest: the first is to understand whether NA-protein interactions 

can be programmably enrolled in molecular circuits; and the second is to apply the 

capability of the logic circuit to directly perform precise and smart manipulation of the 

function of proteins, which are often more important than genetic molecules because 

proteins are at the centers of homeostatic systems and the key regulators of an 

organism’s behavior. 

A major challenge for direct protein manipulation by DNA logic circuitry is to find a 

key component that can bridge nucleic acids with proteins without influencing the 

programmability and versatility of logic circuits. A common regulation paradigm used in 

previous reports is genetic regulation of protein expression, which requires 

sophisticated and cell-wide coordination.119-121 However, a special single-stranded 

oligonucleotide, commonly known as an aptamer, has the potential to interact with 

proteins specifically and is thus explored and developed in this report as a simple and 

effective molecular circuit for manipulation of protein functions and activities. Aptamers, 

obtained via an in vitro selection strategy called systematic evolution of ligands by 

exponential enrichment (SELEX), can extend the recognition capabilities of nucleic 

acids from Watson-Crick base-pairing  to interactions with various targets, such as small 

molecules, proteins, and even viruses or cells, via the aptamer’s unique secondary or 

tertiary structure.10, 76, 77 In addition, the affinity and specificity of an aptamer can be 

tuned through the selection process or by post-selection sequence optimization in order 
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to meet the specific performance requirements of a given application. Finally, some 

aptamers are not only able to recognize the target proteins but can also regulate protein 

functions.122-124 Such aptamers are regarded as potential drugs with protein regulation 

functions or drug carriers for many diseases and are already in the pipeline for clinical 

use, including PDGF and VEGF aptamers for controlling the age-related macular 

degeneration,125, 126 demonstrating their reliability for biomedical applications. Since an 

aptamer is essentially a single-stranded oligonucleotide, it is convenient in logic circuit 

design, just as previous NA-based circuits. Aptamers can be directly used as building 

blocks to fabricate seamless logic-based aptamer circuits with enhanced capabilities 

and an extended scope of applications, from simple DNA base-pairing reactions to more 

complicated biomolecular reactions such as NA-protein or NA-small molecule 

interactions. 

As a proof of concept, human α-thrombin, which initiates blood coagulation 

processes by converting fibrinogen to fibrin, was chosen as our model target protein. 

Imbalances in thrombin levels can lead to a variety of functional disorders, even death. 

For example, thrombin excesses can result in life-threatening blood clots in key 

organs.127 Consequently, the design of safe and effective anticoagulants would have a 

significant effect on clinical therapy. However, dosage control, where imprecision can 

lead to severe side effects, is a challenge for traditional anticoagulants. Therefore, 

inspired by the negative feedback loop concept of biological signaling pathways, in 

which a signal bias induces the expression of its own inhibitor, we designed a logic-

based molecular circuit that can precisely sense the local enzymatic environment (i.e., 

the concentration of thrombin in the present example) and smartly control its 
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coagulation function by a concentration-triggered threshold control module, which has 

the potential to provide a more efficient and safer therapeutic strategy. 

The operating principle of our molecular circuit for protein regulation is 

schematically illustrated in Figure 4-1A. In general, a programmable and autonomous 

circuit with threshold control was constructed of three DNA modules: an Input Convertor 

that converts the protein input to DNA input for downstream cascade reactions; a 

Threshold Controller that sets the threshold concentration for the system to maintain 

regular protein activity; and an Inhibitor Generator that inhibits excessively high protein 

activity once it surpasses the threshold. This circuit can intelligently sense the activity, 

i.e., the concentration, of protein, and initiate the inhibitory function through a threshold 

control loop when excessively high protein activity occurs. By setting the threshold value 

according to each practical situation, the circuit may be usable as a smart drug delivery 

system in the design of personalized medicine. 

To demonstrate such intelligent regulatory function with thrombin as a model, two 

anti-thrombin aptamers are employed to build an aptamer circuit to smartly control 

coagulation: a 29mer (TA-29) that binds to the heparin exosite without inhibitory function 

and a 15mer (TA-15) that binds to the fibrinogen exosite with strong inhibitory 

function.128, 129 In the detailed design (Fig. 4-1B), the circuit includes a series of aptamer 

and DNA displacement reactions, in which a single-stranded DNA (ssDNA) can be 

displaced from the initial duplex by an even stronger binder, either a protein molecule or 

a better matched DNA strand.51, 130, 131 The circuit starts with the introduction of 

thrombin. In the Input Convertor, thrombin reacts with duplex Aptamer-Input (A-I), which 

contains TA-29 partially hybridized with a piece of ssDNA. This ssDNA, termed as DNA-
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input, is released from A-I by competitive binding of thrombin to TA-29, converting the 

protein input to DNA input for the following cascade reactions. 

The DNA-input then enters the Threshold Controller module and rapidly reacts 

with duplex Threshold (T) via an exposed toehold a*’b* to generate inert ssDNA Waste 

(W1) without further reaction. Through this bypass route, thrombin only binds with TA-29 

and thus can still perform its normal catalytic function in blood coagulation. However, 

after T is depleted, the excess DNA-input will continue to the Inhibitor Generator 

module, in which DNA-Input reacts with duplex Output (O) via exposed toehold b*, 

thereby triggering the amplification reaction of O with Fuel (F), i.e., signals that help to 

catalytically produce the output (Figure 4-2). The released product, which is denoted as 

S (ctd’) with effective toehold t, then cascades to duplex Generator (G), followed by the 

release of the Inhibitor TA-15 to inhibit thrombin coagulation.  

The sequential order of these reactions is precisely controlled by the differences 

in thermodynamic stability, as well as reaction kinetics, between each component. In 

this system, stability is mainly determined by the length of exposed toehold. For 

instance, both T and O can react with DNA-input, but the reaction of DNA-input with T is 

more favorable than its reaction with O, based on the longer toehold of T (a*’b*) 

compared to O (b*). As a result, more thermodynamically stable duplex strands will be 

formed between the DNA-input and T (a*’b*c). The difference in thermodynamic stability 

is also reflected in the reaction kinetics. In this case, the 10-nt toehold in T provides a 

displacement reaction rate about 100 times higher than that of the 5-nt toehold in O.130 

As a result, Inhibitor Generator can only work when the Threshold Controller is 

completely consumed.  



 

81 
 

An additional concern is the need for sufficient concentration of O to produce an 

adequate response. To ensure this reaction, an entropy-driven amplification strategy is 

introduced via the Fuel strand in the Inhibitor Generator. DNA-input can transform free 

Fuel into output without being consumed, according to the reactions shown in the Figure 

4-2.51 Thus, a small amount of DNA-input can trigger the release of a large amount of 

inhibitor (TA-15). Furthermore, to avoid undesired leaking reactions, the lengths of 

certain strands were shortened (e.g., d’ is shorter than d). Overall, by precisely and 

smartly programming the major duplex elements A-I, T, O and G in the three modules, 

the aptamer circuit can work through an autonomous threshold control loop to generate 

Inhibitor TA-15 and intelligently regulate the activity of thrombin according to the preset 

threshold concentration. 

Experimental Materials and Methods 

DNA Synthesis  

The DNA sequences were synthesized on the ABI 3400 DNA synthesizer. The 

synthesis protocol was set up according to the requirements specified by the reagents’ 

manufacturers. Following on machine synthesis, the DNA products were deprotected 

and cleaved from CPG by incubating with 2.5 mL AMA (ammonium 

hydroxide/Methylamine 50:50) for 17 hours at 40°C in water bath. The cleaved DNA 

product was transferred into a 15 mL centrifuge tube and mixed with 250 µL 3.0 M NaCl 

and 5.0 mL ethanol, after which the sample was placed into a freezer at -20 °C for 

ethanol precipitation. Afterwards, the DNA product was spun at 4000 rpm under 3°C for 

20 minutes. The supernatant was removed, and the precipitated DNA product was 

dissolved in 500 µL 0.2 M trithylamine acetate (TEAA Glen Research Corp.) for HPLC 

purification. The HPLC purification was performed with a cleaned Alltech C18 column on 
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a Varian Prostar HPLC machine. The collected DNA product was dried and processed 

detritylation by dissolved and incubated in 200 µL 80% acetic acid for 20 minutes. The 

detritylation DNA product was mixed with 400 µL ethanol and dried by a vacuum dryer. 

The DNA products were quantified and stored in DNA water for subsequent 

experiments. The detailed sequences information are described in supporting 

information (Table 4-1 and Table 4-2).  

DNA Purification 

Native PAGE was applied to purify the Aptamer-Input, Threshold, Output and 

Generator duplex strands to remove excess strands and avoid undesired system 

leakage. The ssDNA components of A-I, T, O and G were annealed at concentrations of 

around 50 µM in 1 TAE-Mg buffer (40 mM Tris-Acetate-EDTA, pH 8.0, 12.5 mM 

Mg(Ac)2). Native PAGE gels (12%) in 1 TAE-Mg buffer were run at 110 V for 90 

minutes at 4°C and stained with GelRed stain solution (Biotium, CA). Only the sharp 

bands were cut from the gels, chopped into small pieces, and soaked in 1 TAE-Mg 

buffer for 24 hours. After soaking out most DNA molecules from the gel pieces, the 

solutions were extracted and concentrated with centrifugal filter devices (Millipore, MA). 

Finally, the DNA duplex sequences were quantified by UV spectrometry and kept in 

buffer for future use.  

Quantitative Analysis of Released DNA-input Strands Triggered by Thrombin 

A 100 µL sample of 100 nM A-I probes was placed in thrombin buffer containing 

1TAE with 100 mM NaCl, 12.5 mM MgCl2, 10 mM KCl, and 1 mM CaCl2. Different 

amounts of thrombin were incubated with the probes, and the fluorescence was 

monitored. To quantify the released DNA-input, 1 mL of 500 nM FAM-TA-29 and 1 mL of 
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500 nM DABCYL-DNA-input were annealed in thrombin buffer to make the FRET A-I 

duplex solution. Then A-I duplex was purified with gel electrophoresis.  Different 

concentrations of thrombin (0-500 nM) and 100 nM purified A-I were mixed and diluted 

to 100 µL in thrombin buffer. Fluorescence was tested after incubation for 3 hours by 

using Fluorolog (Jobin Yvon Horiba). In the experiment of making calibration curve, 

different concentrations of FAM-labeled TA-29 (0-100 nM) were prepared in 100 µL 

thrombin buffer solution, and the fluorescence was measured after 3 hours. 

Validation of Signal Transduction by Fluorescence 

When the signal transduction process in the Inhibitor Generator module was 

tested, O (100 nM), G (150 nM) and F (200 nM) were mixed in 1 TAE-Mg buffer to the 

total volume of 100 µL, and the fluorescence was monitored in the absence and 

presence of 100 nM DNA-input. The fluorescence intensities of the system with different 

concentrations of DNA-input under the same condition were also measured. When the 

signal transduction process in the Threshold Controller module was tested, 40 nM T 

was added to the solution described above, and fluorescence was monitored with the 

concentrations of DNA-input at 0, 40 nM, 50 nM, 60 nM, 100 nM and 200 nM. When 

thrombin was used as input, the buffer was changed to thrombin buffer. Different 

concentrations of thrombin (0- 500 nM) were first incubated with A-I for 1 hour. Then O 

(100 nM), G (150 nM), F (200 nM) and T (20 nM or 35 nM) and thrombin buffer were 

mixed to the total volume of 100 µL. Fluorescence intensities were tested after 

incubation for 3 hours at room temperature. 
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Thrombin Catalytic Activity Assay 

The hydrolysis experiment of -Ala-Gly-Arg-p-nitroanilide diacetate (Sigma-

Aldrich) was carried out in thrombin buffer. First, 1 µL thrombin was taken from 10 µM 

stock solution, diluted to 196 µL, and incubated at room temperature for 10 minutes (50 

nM). Then 4 µL of 0.5 mM chromogenic peptide substrate -Ala-Gly-Arg-p-nitroanilide 

diacetate) was mixed with the thrombin solution to make the final concentration of 10 

μM. The hydrolysis rate of the substrate was determined by monitoring the absorbance 

at 405 nm by using Cary 100 spectrometry (Varian) with 200 µL macro cuvette. The 

rates for different thrombin concentrations were tested in the same way (Figure 4-3). 

When testing the inhibition effect of TA-15 to thrombin, thrombin was incubated with 

different concentrations of TA-15 and TA-29 in buffer for 1 hour. Then chromogenic 

peptide substrate was added, and the absorbance was monitored at 405 nm (Fig. 4-4). 

The hydrolysis rate of thrombin with the aptamer circuit was determined in the thrombin 

buffer containing 1TAE with 100 mM NaCl, 12.5 mM MgCl2, 10 mM KCl, and 1 mM 

CaCl2. At the threshold of 100 nM (thrombin concentration), a 20 µL sample of 1 µM A-I 

was incubated with 2 µL of 10 µM thrombin in thrombin buffer for 3 hours. Then, 20 µL 

of 8 µM A, G and F, 20 µL of 200 nM T, and 20 µL of 1 µM O were added, and the total 

volume of solution was made to 196 µL with thrombin buffer. The mixture was incubated 

at room temperature for 6 hours. At the threshold of 200 nM (thrombin concentration), 

the volume of T was changed to 35 µL, and all other conditions were kept constant. 

Then 4 µL of 0.5 mM chromogenic peptide substrate (Final concentration: 10 µM) was 

added, and the hydrolysis rate was determined by monitoring the absorbance of 
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mixtures at 405 nm at room temperature. The rates for different thrombin concentrations 

were tested in a similar way (Fig. 4-5). 

Results and Discussion 

DNA Aptamer Circuit Design  

To design the DNA aptamer circuit, the sequences of two anti-thrombin 

aptamers, TA-15 and TA-29, were used as the core sequences. All DNA strands in the 

circuit consist of recognition domains (13-17 nt) and toehold domains (5-10 nt), and 

these domains are functionally independent.  

The toehold domains were used to initiate the subsequent branch migration 

reactions. Normally, a 5-nt toehold can reach a displacement rate of 106 M-1s-1, which is 

fast enough for the reactions in the entire system. There are two independent 5-nt 

toehold domains in this circuit, termed b* and t*. Toehold b* was designed based on the 

sequence of TA-29, and toehold t* is a universal sequence for all other displacement 

reactions. To differentiate the displacement reaction rates in the Threshold Controller 

and the Inhibitor Generator modules, a 10-nt long toehold (a*’b*) was used for T.  

In the Input convertor module, the A-I duplex was designed based on the 

sequence of anti-thrombin aptamer TA-29. To effectively cover the 5-nt toehold 

recognition domain b and rapidly sense thrombin, two T bases were added to the TA-29 

aptamer sequence, and the complementary base pair number between TA-29 and 

DNA-Input is 12. Based on the fluorescence kinetics results (Fig. 4-6), rapid 

fluorescence restorations were found with the addition of 200nM and 500 nM thrombin, 

demonstrating that A-I duplex can be efficiently dehybridized by thrombin.  

The recognition domains for branch migration in the O and T duplexes consist of 

15-nt ssDNA sequences which are rich in A and T bases. To avoid undesired crosstalk, 
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a “clamp” was added to the recognition domains, as described by Qian et al.51 The 

recognition domain in G was designed with a 13-nt ssDNA which was 2-nt shorter than 

TA-15. This 13-nt ssDNA does not bind with thrombin, but it can effectively displace TA-

15 from the G duplex, allowing the circuit to perform its function normally.  

The basic principle of designing Fuel and Fuel’ followed the specifications 

reported by Qian et al.51 The sequences of Fuel and Fuel’ should be designed based on 

the sequences of the O and A duplexes. The detailed mechanism of the entropy-driven 

reactions triggered by Fuel is described in Figure 4-2.  

Validation of Signal Transduction in Each Module 

To ensure proper operation of the entire circuit, the signal transduction in each 

module was validated separately. The function of the Input Convertor is to transform the 

protein signal to a DNA signal for compatibility. Unlike DNA hybridization, the 

quantitative binding relationship between protein and aptamer depends on the Kd of the 

aptamer and cannot be simply regarded as a 1:1 ratio. Thus, a quantitative relationship 

needs to be established in order to set an appropriate threshold value for subsequent 

reactions. Motivated by the design of FRET-based aptamer biosensors,85, 132 a 

fluorophore (FAM) in the TA-29 strand and a quencher (DABCYL) in the DNA-input 

strand were coupled to quantify the released DNA-input triggered by thrombin (Figure 4-

7A). The fluorescence enhancement generated by the dehybridization of duplex A-I was 

measured after addition of different concentrations of thrombin (Figure 4-7B). The 

resulting calibration curve (Figure 4-8) established the quantitative relationship between 

thrombin and released DNA-input, as shown in Figure 4-7C. This allowed the quantity of 



 

87 
 

DNA-input generated from thrombin for subsequent reactions to be determined 

precisely. 

Next, the performance of the Inhibitor Generator was veri-fied by labeling G 

duplex with a fluorophore and quencher FRET-pair. As a result, when TA-15 is released 

from G, the fluorescence intensity of the system is restored. For this modular test, DNA-

input was directly applied as input to activate the Inhibitor Generator. Before testing, all 

duplex compo-nents were purified using gel electrophoresis to remove excess strands 

in order to avoid undesired system leakage. Then, O (100 nM), G (150 nM) and F (200 

nM) were mixed in the buffer, and the fluorescence was monitored in the absence and 

presence of 100 nM DNA-input, as shown in Figure 4-9A. With-out DNA-input, the 

Inhibitor Generator is stable for hours. Upon the introduction of DNA-input, an obvious 

fluorescence enhancement can be observed, indicating that the Inhibitor Generator 

module functions correctly and effectively. In addition, different concentrations of DNA-

input were tested, showing a nonlinear fluorescence restoration with elevated 

concentration of DNA-input (Figure 4-10). The results demonstrate that the DNA 

cascade reactions can be driven forward with the catalytic effect of Fuel, thus 

generating a large amount of TA-15 with a low concentration of DNA-input. 

By integrating the Threshold Controller with the Inhibitor Generator, a sequential 

reaction order with a sharp threshold value was expected. A threshold concentration of 

40 nM was set in the Threshold Controller by adding 40 nM purified T duplex. The 

FRET-based G in the Inhibitor Generator was still applied as a reporter to visualize the 

signal readout. A series of different concentrations of DNA-input were introduced to 

verify the efficacy of threshold suppression in the presence of both modules. The 
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fluorescence kinetics experiments (Figure 4-9B) exhibited fluorescence restoration 

starting from DNA-input concentration of 50 nM, and the input-versus-fluorescence plot 

(Figure 4-9C) clearly revealed a sharp threshold value at 40 nM, demonstrating the 

successful construction of a molecular circuit with precise threshold control.  

Performance of Entire Circuit with Thrombin as Input 

After confirming the proper function of each component, we further tested the 

performance of the entire circuit with thrombin as input by fluorescence readout from the 

FRET-based G. According to the previous DNA-input quantitative results (Figure 4-7C), 

the concentration of T was set at either 20 nM or 35 nM, corresponding to the 

concentrations of DNA-input generated by 100 nM and 200 nM thrombin, respectively. 

When the concentration of thrombin is below the threshold value, only the Threshold 

Controller is functioning with no fluorescence enhancement. However, once the 

thrombin concentration exceeds the threshold value, depletion of the Threshold 

Controller and activation of the Inhibitor Generator occur, thus increasing the 

fluorescence intensity. In Figure 4-11, the fluorescence restoration started at thrombin 

concentrations of 100 nM and 200 nM for the circuit with two different threshold 

concentrations, respectively, confirming that the circuit can function as designed and 

release TA-15 only when the thrombin concentration exceeds the predetermined 

threshold value. 

Programmable and Autonomous Protein Regulation by Aptamer Circuit 

The concentrations of free thrombin observed in situ range from less than 1 nM 

to greater than 100-500 nM.133, 134 The local concentration of thrombin can even exceed 

500 nM with the inducement of some thrombin-generating drugs. These high levels of 

thrombin cannot be removed from the body in a short time, thus leading to severe blood 
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clotting. Therefore, a predetermined threshold value, above which the thrombin 

inhibition drug works, can effectively avoid excessively high thrombin activity, while, at 

the same time, maintaining regular coagulation function. To demonstrate that our circuit 

can realize such manipulation of thrombin function, a commercially available 

chromogenic peptide, -Ala-Gly-Arg-p-nitroanilide diacetate, was chosen as the 

thrombin substrate. The catalytic activity of thrombin can be determined from the 

hydrolysis rate of the substrate by monitoring the absorbance of hydrolysis product p-

nitroanilide at 405 nm.135-137 The absorbance change (δA) after 30 minutes was 

recorded as the evaluation index of thrombin catalytic activity. The influence of the two 

aptamers, TA-15 and TA-29, on the catalytic function of thrombin was first investigated. 

The results (Fig. 4-5 and 4-12) confirmed that TA-15 can inhibit the coagulation function 

of thrombin, while TA-29 has no inhibitory effect on thrombin. 

As a result of sub-μM binding affinity of TA-15 to thrombin (Figure 4-12), at least 

2-fold excess TA-15 is required to obtain more than 50% inhibition effect. In order to 

generate sufficient signal molecules for downstream reactions, the concentration of O 

may need to be elevated. However, in this scenario, O would be present at much higher 

concentration than T, possibly leading to failure of the Threshold Controller caused by 

the increased displacement reaction rate in the Inhibition Generator. Our initial attempt 

to adapt the strategy of Figure 4-1 exhibited continuous inhibitory effect on thrombin 

catalytic activity without any threshold control (Fig. 4-13). To solve this problem, a 

modified Inhibition Generator module was designed. Because of the modularity of the 

aptamer circuit, this modified Inhibition Generator module could simply replace the 

previous Inhibition Generator module without affecting the other two functional modules. 
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As shown in Figure 4-14, a duplex component, termed Amplifier (A) with its own 

catalytic strand Fuel’, was engineered and incorporated into the module to delay the 

amplification process for one step. In this case, O can be kept at its regular 

concentration to generate ssDNA cth in the presence of DNA-input. Then, the ssDNA 

cth displaces A with the help of Fuel’ though an entropy-driven amplification cycle and 

releases a large amount of htd’ strand, thus generating sufficient TA-15 for subsequent 

inhibition. Since A has no sequence similarity with T, it can be present at high 

concentration without influencing the effective signal transduction in the Threshold 

Controller. For instance, the concentration of A in the following regulation reactions was 

set at 800 nM, which is 20 times higher than that of T. Thus, the strategy of the 

amplification delay step is to maintain the correct reaction order between the Threshold 

Controller and the Inhibition Generator, while producing sufficient TA-15 to perform the 

inhibition function. 

To demonstrate the function of the circuit with threshold control of blood 

coagulation in the presence of excessively high thrombin concentrations, two parallel 

threshold concentrations of 100 nM and 200 nM were tested. Below the threshold value, 

the system should perform the normal coagulation function of thrombin alone. Once the 

thrombin concentration exceeds the threshold value, inhibition is actuated with the 

release of TA-15, and the hydrolysis rate of the substrate is attenuated (monitored by 

absorbance at 405 nm, as shown in Fig. 4-5). The absorbance changes (δA) after 30 

minutes for different thrombin concentrations are summarized in Figure 4-15A. Without 

the aptamer circuit, larger δA values were found with higher thrombin concentrations. In 

the presence of the threshold control circuit, but below the threshold concentration, δA 
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kept increasing with increasing thrombin concentration, showing similar behavior to that 

of thrombin alone. However, once the threshold value had been exceeded, the activity 

of redundant thrombin was effectively inhibited, resulting in a nearly constant, or slightly 

increased, δA value compared to that of threshold thrombin. The sharp turning point can 

be observed exactly at our preset threshold value. Using the 200 nM threshold as an 

example (green line in Fig. 15A), the green line is nearly identical to the purple line of 

thrombin alone below 200 nM thrombin input, indicating that the thrombin works freely 

at this stage. However, in the absence of the circuit, when the thrombin concentration 

was increased from 200 nM to 500 nM, the δA value was also increased by 141.1%. 

Otherwise, in the presence of the molecular circuit, it rose only slightly (28.6%), 

exhibiting a 5-fold difference in activity for the excess portion. A similar trend was 

observed for a threshold of 100 nM, although the inhibition capability was slightly 

weaker at higher thrombin concentrations. This is probably caused by the greater total 

concentration of thrombin needed for inhibition with a lower threshold value, as well as 

the limited amount of inhibitor the circuit can generate.  This problem could be 

circumvented by presetting with a higher concentration of the Inhibitor Generator 

module. In addition, we further investigated the initial reaction rates (Vobs) of this 

enzymatic reaction. The Vobs calculated from the slope of the initial linear portion of the 

absorbance kinetics also exhibited consistent results (Fig. 4-15B). These data strongly 

demonstrated that effective inhibition starts when the threshold is exceeded and only 

acts on redundant enzymes, confirming the smart inhibitory function of this molecular 

circuit. 
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Theoretical calculations of circuit performance 

 For rational engineering of an effective molecular circuit, it is important to derive 

kinetic reaction equations and competitive equilibrium expressions to better understand 

and predict system behavior. Therefore, we analyzed the reactions in our circuit, which 

are summarized below. The designed reactions include Eq. 4-1, reversible binding 

reactions between thrombin and A-I; Eq. 4-2, irreversible thresholding strand 

displacement reactions with fast kT associated with 11-nucleotide extended toeholds; 

Eq. 4-3, reversible outputting strand displacement reactions with slow forward and 

backward kO associated with 5-nucleotide toeholds, which can be driven forward by a 

Fuel strand; Eq. 4-4, irreversible inhibitor generation strand displacement reactions with 

forward kG associated with 5-nucleotide toeholds; and, finally, Eq. 4-5, inhibition 

reactions between TA15 and thrombin. Herein, Eq. 4-1 and Eq. 4-5 are individual 

reactions which do not influence each other. The elementary steps may be written as: 

Based on the theoretical calculations shown in the supporting information, as an 

independent reaction, Eq. 4-1 can reach the equilibruim within 30 minutes (Fig. 4-16A), 

which correlates with the practical experiment results (Fig. 4-6), indicating that reaction 

1 occurs relatively rapidly. Reaction 4-5 can reach equilibruim even more rapidly than 

reaction 1, with t1/2 of 250 s based on our simple kinetic predictions (Fig. 4-17B). For 

Eqs. 4-2, 4-3 and 4-4, as studied by Qian and Winfree,51 kT = 2×106 M-1s-1 with 
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the toehold length of 11 nt; kO ≈ kG ≈ 5×104 M-1s-1 with the toehold length of 5 nt. The 

reaction kinetics can be simulated using the built-in numerical integration algorithms.138 

After the simulation, we found that Eqs. 4-2, 4-3 and 4-4 achieve equilibruim in 4-5 

hours, which is much slower than reactions 1 and 5. Thus, Eqs. 4-2, 4-3 and 4-4 based 

on DNA strand displacement are the rate-limiting steps of the system. 

For practical applications of the circuit to control the coagulation function of 

thrombin, a rapid response to the thrombin concentration fluctuation is necessary. To 

improve system response, it is necessary to accelatrate Eqs. 4-2, 4-3 and 4-4. 

Optimized sequence design may be considered, such as increasing the toehold 

numbers of O and G in Eqs. 4-3 and 4-4, respectively. But this needs to be balanced 

with the sensitivity of threshold control. A better solution would be to assemble the 

circuit modules on a scaffold, where DNA species can intereact without diffusion, and 

the local concentration of DNA strands can be increased. 
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In addition, the relatively insensitive response of Eq. 4-1 to thrombin decreased 

the effectiveness of the threshold control in the entire circuit. Further mathematical 

calculations were performed and revealed that the intrinsic limitation for DNA-input 

generation is the equilibruim constant Keq of Eq. 4-1.  

To address an important design question regarding obtaining sufficient DNA-

input and promoting the high Δ[DNA-input] generation upon different concentrations of 

thrombin for effective threshold control, we can plot the Δ[DNA-input] triggered by high 

concentration of thrombin (with a=4, for example, where a is the ratio of [Tmb] and [A-I]) 

and low concentration of thrombin (a=0.5) with varying Keq (Fig. 4-17B and 4-17C). 

Closer examination of the Δ[DNA-input] with varying Keq reveals a clearly defined local 

maximum (Keq ≈ 6.7) that establishes the Δ[DNA-input] values for which the difference 

between the high thrombin concentration and low thrombin concentration is optimal. To 

further lower the threshold control for thrombin concentration, a reaction with higher Keq 

is desired, and this is related to the binding affinity of the aptamer to thrombin, as well 

as the dissociation of the A-I duplex. Therefore, a better aptamer with higher affinity to 

thrombin would lower the threshold control concentration in our circuit. Another possible 

solution is to reduce the base pair numbers in the A-I duplex for easier release of DNA-

input upon target-aptamer binding. But the functional domain on DNA-input still needs to 

be effectively blocked in the A-I duplex to avoid undesired leaky reactions. 

To study the reaction kinetics of these reactions, we have set the original 

concentration for Tmb, T, O, G and A-I as 300 nM, 40 nM, 100 nM, 150 nM and 100 nM, 

respectively. The chemical kinetics rate equation for Eq. 4-1 is: 

1 1

[ ]
[Tmb][ ] [Tmb-TA29][ ] .

d
k k

dt
 

DNA- input
A - I DNA- input    (4-6) 
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At any given moment in this reaction, we know that [Tmb-TA29] = [DNA-input], 

[Tmb] = 300 nM-[DNA-input] and [A-I] =100 nM-[DNA-input]. Therefore, Eq. 4-6 can be 

converted as: 

 2

1 1

[ ]
(300 [ ])(100 [ ]) [ ] .

d
k k

dt
   

DNA- input
DNA- input DNA- input DNA- input  

            (4-7) 

Integration of Eq. 4-7 gives the integrated form of the rate equation. The 

equilibrium constant of Eq. 4-1 was obtained as Keq ≈ 0.12 from experimental data 

(Fig.4-7C). Assuming that k1 ≈ 3×104 and k-1 ≈ 2×105, integration of Eq. 4-7 gives: 

  
8.5

200
313 7 [ ]

300 7 [ ]

t

e


 


 

DNA - input

DNA - input
       (4-8) 

It is important to note that Eq. 4-3 is driven forward by entropic factors, because 

a small amount of DNA-input can catalyze the release of a large amount of S. 

Therefore, the concentration of S is only dependent on the concentration of O. Because 

Eq. 4-4 is irreversible and the concentration of G is higher than O, the concentration of 

TA15 is directly correlated to the amount of O. To simplify the model, we assume O 

duplex can be completely consumed to generate TA15. Therefore, in this case, we can 

assume [TA15] is the same as the starting concentration of 100 nM and that [thrombin] 

is 300 nM. If we focus on Eq. 4-5, the chemical kinetics rate equation for Eq. 4-5 is: 

2 2

[ ]
[ ][ 15] [ 15]

d Tmb
k Tmb TA k Tmb TA

dt
         (4-9) 

At any given moment in this reaction, we know that [TA-15] = [Tmb]-200 nM and 

[Tmb-TA15] = 300 nM-[Tmb]. Therefore, Eq. 4-9 can be rewritten as: 

   2 2

[ ]
[ ] [ ] 200 300 [ ]

d Tmb
k Tmb Tmb k Tmb

dt
         (4-10) 
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Integration of Eq. 4-10 gives the integrated form of the rate equation. Here we 

know that 
6 1

2

1 1
2 10

500d

K M
K nM

    ,132 and assuming that k2 ≈ 8×103 M-1s-1,139 then 

k-2 = 4×10-4 s-1 . Substitution of these values into Eq. 4-10 gives the final equation as: 

[ 15]Tmb TA =
0.007

0.007

22.6 265.3
300

t

t

e

e


       (4-11) 

The predicted reaction kinetics of Eq. 4-1 and Eq. 4-5 are plotted in Figure 4-17.  

As indicated in the Eq. 4-1, the initial concentrations of A-I and Tmb are set to [A-

I]= c , and [Tmb]=ac where a is the ratio of [Tmb] and [A-I]. The equilibrium concentration 

of Tmb-TA29 ([Tmb-TA29]∞) is x. The value of x must satisfy the equilibrium constant 

equation : 

2
[ ][Tmb-TA29]

,
[Tmb] [ ] ( ) ( )

eq
x

K
ac x c x



 




 

  

DNA - input

A - I
 Where 1

1

eq
k

K
k

 . 

The exact expression for x (the equalibruim concentration of  Tmb-TA29) as a 

function of eqK (reaction equilibruim constant between A-I and Tmb), ac (initial 

concentration of Tmb) and a (concentration ratio of [Tmb] and [A-I]) is given by the 

following equation. Herein, since the equilibruim concentration of DNA-input ([DNA-

input]) is equal to the equilibruim concentration of  Tmb-TA29. Therefore, 

2 2

1)

( 1) ( 1) ( ) 4
[ ] .

2(

eq eq eq

eq

a cK a cK ac cK

K 

      
DNA - input    (4-12) 

Herein we fixed [A-I]=c = 100 nM. Figure 4-18A shows plots of [DNA-input] vs 

eqK  for different a values. 

To check the maximum Δ[DNA-input] with different a values, one example was 

calculated. Here we take a=4 and a=0.5, repectively. Then 
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4 0.5

( ) ( )
a a

f f
 

  DNA- input DNA- input DNA- input  

2 2350 2500 20000 90000 160000

2 ( 1)

Keq Keq Keq Keq Keq

Keq

   


 
   (4-13) 

Under this condition, when eqK ≈ 6.7, Δ[DNA-input] achieves the maximum 

value, as shown in Figure 4-17B and C. 

Conclusions 

Design of smart protein manipulation methods with such capabilities as specific 

recognition of target proteins, precise and autonomous control of protein function, and 

effective suppression of hyperactive enzymatic effects is an important step towards 

personalized and intelligent disease treatment.140 In this study, we have successfully 

designed a threshold-control molecular circuit and achieved autonomous, self-sustained 

and programmable manipulation of the catalytic activity of thrombin. This is the first 

molecular logic circuit based on direct NA-protein interactions for the manipulation of 

protein activities. Based on the flexible modularity, each module can work relatively 

independently, while their coordinated operation drives the entire circuit properly. By 

simply replacing or adding new modules, other functions may be feasible. 

Compared with circuits based totally on base-pairing,52, 118, 141 the introduction of 

an aptamer provides a direct molecular bridge linking DNA with proteins and enzymatic 

reactions, enabling precise sensing of the local enzymatic environment and smart 

regulation in situ. Moreover, as a variety of aptamers are either available or can be 

obtained through SELEX to bind a broad range of targets with tunable binding ability, 

the aptamer circuit developed here can be used as a powerful tool for constructing 

ligand-controlled regulation systems tailored to respond to specific targets in defined 
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situations. Although, in its current state, the circuit works only in the test tube, it can be 

combined with advanced DNA nanotechnology for further in vivo experiments. For 

instance, all these modules can be molded onto a DNA scaffold, such as DNA 

origami,142, 143 to build a complete system and facilitate the coordinated operation. Given 

the tunable regulation, design modularity and target specificity, the prototype aptamer 

circuit demonstrated here has the potential to enhance DNA technology with new 

insights and will broaden the utility of DNA circuits for applications in biology, 

biotechnology, and biomedicine. 
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Table 4-1. Sequences of molecular circuit for spectrofluorimetry studies. 

 Sequences (5'-3') 

TA-29-FAM FAM-TTAGTCCGTGGTAGGGCAGGTTGGGGTGACT 
DNA-input-DABCYL  CAAAAAAAAAACACAACCACGGACTAAA(DABCYL) AAAAA 
TA-29 TTAGTCCGTGGTAGGGCAGGTTGGGGTGACT 
DNA-input (cba)  
Threshold1(a*’b*c*) 
Threshold2 (c)  
Output 1(b*c*t*)  
Output 2 (d’tc) 
Fuel (etc) 
Generator 1 (t*f*) 
Generator2(TA-15-
DABCYL) 
TA-15 

CAAAAAAAAAACACA ACCACGGACTAAAAAAAA 
AGTCCGTGGTTGTGTTTTTTTTTTG 
CAAAAAAAAAACACA 
GTGGTTGTGTTTTTTTTTTGAGATG  
TTGGTGTGGTTGGCATCTCAAAAAAAAAACACA 
ACATATCAATTCA TCTCA AAAAAAAAACACA TGAGA 
TGCCAACCACACCAACC-FAM CTCCCG GTG 
DABCYL-GGTTGGTGTGGTTGGCA 
 
GGTTGGTGTGGTTGGCA 
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Table 4-2. Sequences of molecular circuit for chromogenic peptide substrate hydrolysis 
monitoring 

 Sequences (5'-3') 

TA-29 TTAGTCCGTGGTAGGGCAGGTTGGGGTGACT 
DNA-input (cba)  
Threshold1(a*’b*c*) 
Threshold2 (c)  
Output 1(b*c*t*)  
Output 2 (d’tc) 
Amplifier 1(t*h*t*) 
Amplifier 2 (d’th) 
Fuel’ (rth) 
Generator 1 (t*f*) 
Generator2(TA-15) 
 

CAAAAAAAAAACACA ACCACGGACTAAAAAAAA 
AGTCCGTGGTTGTGTTTTTTTTTTG 
CAAAAAAAAAACACA 
GTGGTTGTGTTTTTTTTTTGAGATG  
TTGGTGTGGTTGGCATCTCAAAAAAAAAACACA 
ACATATCAATTCA TCTCA AAAAAAAAACACA TGAGA 
TTGGTGTGGTTGGCATCTCAAAACAAAACCTCA 
CACTCATCCTTTACATCTCAAAACAAAACCTCA 
TGAGATGCCAACCACACCAA 
GGTTGGTGTGGTTGGCA 
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Figure 4-1. Working Scheme of molecular circuit. A) Diagram illustrating circuitry. The 

circuit consists of three modules, Input Convertor, Threshold Controller and 
Inhibitor Generator, which can be programmed with threshold control for 
smart manipulation of protein activity. B) Working scheme for molecular 
circuit, driven by a series of DNA displacement reactions. Colored lines 
indicate DNA strands with different domains. TA-29 and TA-15 are two 
thrombin aptamers with different functions, including recognition and 
inhibition, respectively. All x domains are complementary to x*; b* and t* are 
short toehold domains with 5-nt; a*’b* is a long toehold domain with 10-nt; c* 
and d* are recognition domains with 15-nt. A-I, T, O and G are initially present 
as duplex components, along with ssDNA Fuel. 
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Figure 4-2. Reaction pathways of DNA-input and Output (O) with the aid of Fuel (F). 
The design follows the procedure described by Qian and Winfree.51 
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Figure 4-3. Absorbance of chromogenic peptide hydrolysis product vs. time for different 
concentrations of thrombin. Cpeptide=10 μM, λ=405 nm. 

  

 
 
Figure 4-4. A) Absorbance change of chromogenic hydrolysis product as a function of 

time with 300 nM thrombin preincubated with 150 nM, 300 nM, 600 nM and 
1.5 μM TA-15. B) Absorbance change of chromogenic hydrolysis product as a 
function of time with 300 nM thrombin preincubated with 1.5 μM TA-15 and 
TA-29. 
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Figure 4-5. Absorbance of chromogenic peptide hydrolysis product as a function of time 
in the presence of different thrombin concentrations with the aptamer circuit. 
A) Threshold (T)Tmb= 100 nM. B) Threshold (T)Tmb= 200 nM. Here, the 
Inhibitor Generator 2 module was coupled with the other two modules. 

                  

 
 

Figure 4-6. Fluorescence kinetics of FRET-based A-I duplex (100 nM) in the presence 
of 0 nM, 200 nM, and 500 nM thrombin. 
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Figure 4-7. Validation of the signal transduction in the Input Convertor module. A) 
Scheme of FRET-based thrombin sensor in the Input Convertor module. 
Quencher-labeled DNA-input and fluorophore-labeled TA-29 can be 
dehybridized by thrombin. B) Plot of the fluorescence restoration of 100 nM A-
I with different concentrations of thrombin. C) Relationship between different 
concentrations of thrombin and released DNA-input.  The concentration of A-I 
is 100 nM. 

 

 

Figure 4-8. Fluorescence calibration curve for different concentrations of FAM-labeled 
TA-29. The linear range is 0-100 nM. The relationship of fluorescence 
intensity versus the concentration of FAM-labeled TA-29 was determined as 
follows: Fluorescence = -19981 + 21511[TA-29], where R2=0.9877.   
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Figure 4-9. Validation of the signal transduction in the Threshold Controller and Inhibitor 
Generator modules. A) Fluorescence kinetics studies of the signal 
transduction process in the Inhibitor Generator module. O, G and F were 
mixed with concentrations of 100 nM, 150 nM and 200 nM, respectively. Then 
0 and 100 nM DNA-input were added to the mixture, and the fluorescence 
signal was monitored at 25°C. B) Fluorescence kinetics study of the signal 
transduction of the Threshold Controller together with the Inhibitor Generator. 
T, O, G and F were mixed with concentrations of 40 nM, 100 nM, 150 nM and 
200 nM, respectively. ssDNA DNA-input was added at different 
concentrations (0 nM, 40 nM, 50 nM, 60 nM, 100 nM and 200 nM), and the 
fluorescence was monitored with λex(488 nm) and λem(518 nm). C) Plot of 
output final fluorescence intensity versus concentration of DNA-input.  
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Figure 4-10. Fluorescence output versus DNA-input concentration plot. The final 
fluorescence was normalized to the maximum completion level. These results 
indicate that 20 nM of DNA-input can release around 80% of TA-15 from G 
duplex. 
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Figure 4-11. Fluorescence output versus thrombin concentration plot with two preset 
threshold values (concentration of Tmb) at 100 nM and 200 nM. Purified A-I, 
O, G and F were mixed at the concentrations of 100 nM, 100 nM, 150 nM and 
200 nM, respectively. Fluorescence signals were recorded with λex(488 nm) 
and λem(518 nm) at 25°C. The final fluorescence was normalized to the 
maximum completion level. 
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Figure 4-12. Inhibitory effects of different concentrations of TA-15 and TA-29 on 
thrombin. The concentrations of thrombin and chromogenic peptide substrate 
are 300 nM and 10 μM, respectively. 

 

 

Figure 4-13. Absorbance changes of chromogenic peptide substrate for different 
thrombin concentrations using the design in Figure 4-1. Here, the Inhibitor 
Generator module was coupled with the other two modules.  
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Figure 4-14. Working scheme of Inhibitor Generator 2. Duplex A and the Fuel’ strand 
were designed to delay the amplification process for one step. 

 

 

Figure 4-15. A) Absorbance changes (δA) of chromogenic peptide substrate upon 
different thrombin concentrations with and without circuit. B) Vobs of the 
enzymatic reaction upon  different thrombin concentrations with and without 
circuit. Purified A-I, O, A, G and F were mixed at concentrations of 100 nM, 
100 nM, 800 nM, 800 nM and 800 nM, respectively. T was set at either 20 nM 
or 35 nM for circuits with two different threshold values. 
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Figure 4-16. A). Plot of theoretical [DNA-input] vs. time. B). Plot of theoretical [Tmb-
TA15] vs. time.  

 

 

Figure 4-17. A) Plot of [DNA-input] vs. eqK for different a values, where a is the 

concentration ratio of [Tmb] and [A-I]. B) Plot of Δ[DNA-input] vs. eqK . Here, 

Δ[DNA-input] was calculated by using f ([DNA-input] a=4)  f ([DNA-input] 

a=0.5). C) The zoom-in plot of (B). 
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CHAPTER 5 
MOLECULAR ENGINEERING OF A DNA-ENZYME CASCADE NETWORK FOR 

ACQUIRED IMMUNE SYSTEM MIMICRY  

Significance and Background 

Acquired, or adaptive, immune system (AIS) is controlled by an intricate network 

of chemical reactions and cellular communications. Macroscopically, AIS displays 

behaviors including pattern recognition, antigen tolerance, pathogen elimination and 

memory formation.144 Aiming at further understanding their detailed regulatory biological 

processes which are expected to reveal the underlying design rules through a bottom-

up approach, people are looking for suitable hardware to implement the complex 

reaction networks. Until now, a fully implemented bottom-up AIS biomimicry system still 

lacks experimental demonstration. Difficulties include controlling programmability and 

systematicness, as well as transferring the high-level biological codes into simple 

artificial modules and physical implementations. Another difficulty involves forming 

robust molecular structures and precisely controlling their temporal dynamics. 

As a carrier of genetic information with well-regulated and predictable structures, 

DNA offers an excellent platform for the design of reaction networks with arbitrary 

topologies and high programmability.145, 146 Building on the richness of DNA 

computing51, 54 and DNA-enzyme manipulation,147, 148 synthetic DNA-based systems 

have been used to explore the possibilities of mimicking both simple and complex 

systems. For example, small-scale in vitro circuits encoding elementary functions, such 

as cascades149, bistable memory150, 151, or oscillations58, have successfully been 

engineered. In addition, larger networks including mimicry of the neural network50 and 

predator-prey ecosystem59, 60 continued to confirm the excellence of DNA biochemistry 

for biomimicry implementation. To further expand the engineering capability of DNA 
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molecules for building a complex biological network, we rationally designed a simple, 

but effective, experimental approach for the biomimicry of the vertebrate Acquired 

Immune System (AIS) and analyzed its robust dynamic behaviors. Our results suggest 

that DNA strand displacement cascades,152 coupled with DNA-enzyme interactions,153 

could be used as components to build a general strategy for mimicking complex 

biological systems, thus driving the future development of biomimicry.   

Experimental Materials and Methods 

DNA Synthesis 

The DNA sequences were synthesized on the ABI 3400 DNA synthesizer. The 

synthesis protocol was set up according to the requirements specified by the reagents’ 

manufacturers. Following on machine synthesis, the DNA products were deprotected 

and cleaved from CPG by incubating with 2.5 mL AMA (ammonium 

hydroxide/Methylamine 50:50) for 17 hours at 40°C in water bath. The cleaved DNA 

product was transferred into a 15 mL centrifuge tube and mixed with 250 µL 3.0 M NaCl 

and 5.0 mL ethanol, after which the sample was placed into a freezer at -20 °C for 

ethanol precipitation. Afterwards, the DNA product was spun at 4000 rpm under 3°C for 

20 minutes. The supernatant was removed, and the precipitated DNA product was 

dissolved in 500 µL 0.2 M trithylamine acetate (TEAA Glen Research Corp.) for HPLC 

purification. The HPLC purification was performed with a cleaned Alltech C18 column 

on a Varian Prostar HPLC machine. The collected DNA product was dried and 

processed detritylation by dissolved and incubated in 200 µL 80% acetic acid for 20 

minutes. The detritylation DNA product was mixed with 400 µL ethanol and dried by a 

vacuum dryer. The DNA products were quantified and stored in DNA water for 
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subsequent experiments. The detailed sequences information are described in 

supporting information (Table 5-1).  

DNA Purification  

Native PAGE was applied to purify the AM, BM and PG duplex strands to remove 

excess strands and avoid undesired system leakage. The ssDNA components of AM, 

BM and PG were annealed at concentrations of around 50 µM in 1TAE-Mg buffer (20 

mM Tris-Acetate-EDTA, pH 7.5, 12.5 mM Mg(Ac)2). Native PAGE gels (10%) in 1TAE-

Mg buffer were run at 100 V for 90 minutes at 4°C and stained with Gel Red stain 

solution (Biotium, CA). Only the sharp bands were cut from the gels, chopped into small 

pieces, and soaked in 1TAE-Mg buffer for 24 hours. After soaking out most DNA 

molecules from the gel pieces, the solutions were extracted and concentrated with 

centrifugal filter devices (Millipore, MA). Finally, the DNA duplex sequences were 

quantified by UV spectrometry and kept in buffer for future use.  

Preparation of Circular Template DNA (CP) 

A 7.2 µL sample of 20 µM CP (with phosphate group on its 5 prime end ) was 

placed in 4 µL CircLigase II 10X Reaction Buffer containing 330 mM Tris-acetate (pH 

7.5), 0.66 M KAc, 5 mM Dithiothreitol (DTT) and 2.5mM MnCl2. Afterwards, 2.8 µL 

CircLigase II (Epicentre, WI) was mixed with the buffer and diluted to 40 µL with water. 

The mixture was incubated at 60 °C for 3 hours. Then 20U Exonuclease I and 200 U 

Exonuclease III (New England Biotech, MA) were added to the mixture and incubated at 

37°C for 1 hour. The enzyme was denatured by heating up the solution to 90 °C for 20 

minutes. Finally, the product CP was purified by denatured-PAGE and desalted with 

NAP-5 columns (Fig.5-10).  
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Validation of Signal Transduction in Each step and the Entire System by 
Fluorescence 

When the reaction priority between the Step 1 and Step 2 was tested, purified 

AM (80 nM), BM (100 nM) and PG (with FAM and DAB, 100 nM) were mixed in 1TAE-

Mg buffer to the total volume of 100 µL, and the fluorescence was monitored in different 

concentrations of P0. (Fig. 5-4) Fluorescence intensities were tested after incubation for 

1 hours at room temperature. When the signal transduction in the entire system was 

tested by fluorescence, purified AM (80 nM), BM (100 nM), PG (No FAM or DAB, 100 

nM), 50 nM CP and 500 nM MB-R were incubated in 1TAE-Mg buffer. The 

fluorescence kinetics was started when different amounts of P0 were added to the 

solution. To check the fluorescence kinetics of the system with the second-time 

exposure to P0, 50 nM P0 was firstly added to the buffer containing purified AM (100 

nM), BM (80 nM), PG (No FAM or DAB,100 nM) and 50 nM CP. Then another 150 nM 

P0 together with 500 nM MB-R were mixed together in the solution simultaneously. 

Electrophoresis Analysis of the System by Agarose Gel  

A 10 µL system with purified AM (200 nM), BM (200 nM), PG (200 nM), CP (50 

nM) Phi29, (0.5U/ µL) and dNTP (250 µM) was chosen for this experiment. The reaction 

was carried out in 1RCA buffer (50 mM Tris-HCl,10 mM MgCl2, 10 mM (NH4)2SO4 and 

4 mM DTT) with different amount of P0 input at 30°C for 3 hours. Agarose gel was run at 

4°C for 1 hours under the voltage of 100V. 

Results and Discussion 

System Design and Construction 

The host innate immune system is the first line of defense against invading 

pathogens, but its effect is nonspecific and short-lived. In contrast, the acquired immune 
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system consists of very specialized cells and processes to eliminate pathogenic 

colonization. This mainly involves B- and T-cells, but also the production of antibodies 

and complement system, which helps antibodies and phagocytic cells eliminate 

invading pathogens from the body. More specifically, the acquired immune system 

recapitulates three steady states, including “recognition and tolerance”, “immune 

response” and “killing and memory”. In the first phase, specific “nonself” antigens in the 

presence of “self” components are sorted out through the process of antigen 

presentation, mainly with the help of antigen presenting cells (APC). Afterwards, the 

response signal is transferred to T cells which can be differentiated to some 

subcategories, including helper T cells (positive) and suppressor T cells (negative). The 

mutual stimulation of positive and negative T cells controls the tolerance level of 

adaptive immunity. However, once the threshold is overcome and tolerance is 

exceeded, the system moves to the second phase. The dominant existence of helper T 

cells will transfer the signal to B cells, which are tailored to quickly release antibody and 

eliminate specific pathogens. Apart from immune response of antibody to antigen, the 

system will next develop a memory effect in the third phase. Here, particular memory B 

cell wills be remained to “remembered” specific pathogen and used to trigger much 

faster immune response with subsequent exposure to the system. 

To mimic such a complex system, we designed a DNA-Enzyme hybrid system 

consisting of four individual DNA duplex components and two enzymes (Fig. 5-1, 

species in the shadow box) able to respond to incoming pathogen input (ssDNA or 

ssRNA) autonomously and programmably. When no pathogen is present, the system is 

maintained in a steady, balanced state by effective blocking of the functional domains in 
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each component. However, when challenged by pathogenic input, these functional 

domains are activated in a series of steps designed to mimic the three phases of 

adaptive immunity, as described above. From an engineering perspective, the first step 

is based on strand displacement, which allows a new sequence to be released by some 

initiator strands, thus exhibiting complex computational and information processing 

abilities for the construction of specific chemical reaction networks.74 In our case, a 

specific ssDNA pathogen input (P0), can be recognized by the DNA duplex AM (stands 

for APC cell Mimicry) in step 1 or BM (stands for B cell Mimicry) in step 2 through DNA 

displacement reaction, in which a single-stranded DNA (ssDNA) can be displaced from 

the initial duplex by an even stronger binder, normally a better matched DNA strand. 

Specifically, P0 comprises of two ssDNA domains with one taken from Bacillus anthracis 

genome (P) and another designed (domain 2-3-4) for controlling downstream reactions. 

The reaction priority of P0 to AM and BM is controlled through the lengths of their 

corresponding toeholds. Herein, we designed a 10-nt toehold in AM with the 

displacement reaction rate k of 106 and a 0-nt toehold in BM with k value of 103 for initial 

pathogen binding.48, 49 As AM is depleted by displacement, one of the displaced 

products ssDNA TM (stands for T helper cell Mimicry) accumulates as can be used as a 

catalyst to increase the reaction rate between P0 and BM in step 2. At the “recognition 

and tolerance” step, the system is able to proceed to the next step only when pathogen 

accumulation exceeds the threshold control ability of AM. 

In the second step, the “immune response” state is activated.  Here, P0 can 

displace BM with the help of TM and release ssDNA PI (stands for primer initiator), 

which then undergoes another step of DNA displacement with duplex PG (stands for 
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primer generator), producing ssDNA 12a to become, in turn, the primer for DNA 

polymerase-catalyzed rolling circle amplification (RCA), a well-established isothermal 

process that can rapidly synthesize multiple copies of desire ssDNA.154, 155 Here, we 

incorporated two Bacillus anthracis genomic sequence fragments (P) in the circular 

template (CP) for RCA, resulting in rapid generation of the complementary sequences 

of pathogen (antibody P*) in the presence of Phi29 DNA Polymerase, the replicative 

polymerase from the Bacillus subtilis phage phi29, and deoxyribonucleotide 

triphosphate (dNTP). Using such enzymatic amplification, this system can quickly 

generate multiple copies of P* strands that can mimic the fast and specific antibody 

generation produced by B cells. Because the RCA product is dependent on its primer 

concentration, we can control the antibody P* amount by monitoring the upstream 

reactions that release primer 12a.  

In the last step, the active pathogen (domain P) exists in three infectious 

statuses, including original pathogen P0 and displacement reaction products P1 and P2 

(shown in the red dotted rectangular in Fig. 5-1B). With the large amount of antibody P* 

in the system, P domain in P0, P1 and P2 can form stable duplex regions PP*. Because 

of the presence of restriction enzyme SsPI, extracted from an E. coli strain that carries 

the cloned and modified (Y98F) SspI gene from Sphaerotilus species, the duplex PP* 

will be specifically cut into short strands, resulting in the pathogen’s loss of infectivity. 

This step is used to mimic the process by which the adaptive immune response 

eliminates pathogens after the formation of antibody-antigen complex from the body. In 

addition, since the ssDNA TM is remained in the system from the first exposure to 

pathogen, it can catalyze the P0 and BM displacement to release primer 12a quickly, 
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thus triggering a faster RCA reaction for the next exposure to the same pathogen 

sequence. This reaction is based on a mechanism called entropy-driven behavior, in 

which the entropy change of reaction system is positive (Fig. 5-2). Without TM, the 

displacement rate between P0 and BM is slow by the effective blocking of active 

domains on BM. However, in the presence of TM, BM can bind with TM through its 4-nt 

toehold (domain 5*) and then displace ssDNA W1 (34), resulting in a new toehold 

binding region (domain 3*) for the hybridization between P0 and BM. Under these 

conditions, the BM and P0 hybridization reaction is driven forward thermodynamically by 

the entropic gain of the liberated molecules. This mechanism promises the system to 

form memory effect for specific pathogen input through leaving TM as memory B cells in 

the system.  

In addition, the specificity of this AIS mimicry system is mainly dependent on the 

sequence design of circular template CP as well as the choice of restriction enzyme. 

Here, because of the encoding of Bacillus anthracis genomic sequence fragments (P) in 

CP, the generated RCA product (antibody P*) is only able to recognize pathogen with P, 

thus providing the first layer of systematic selectivity. The second layer selectivity is 

added through the specific sequence digestion requirement of the restriction enzyme 

SsPI. In other words, even if unspecific binding between other pathogen and antibody 

P* happens, the pathogen sequence cannot be cut by the restriction enzyme SsPI. 

Therefore, with such designs, our AIS mimicry system possesses the character of 

specific immune response in the real AIS. 

Validation of Signal Transduction in Each Module 

To ensure proper operation of the entire network, signal transduction at each 

step was validated separately. First, AM primarily binds with P0, whereas delays the 
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reaction with BM due to the short toehold region on BM. Therefore, a FRET-based 

method was used to study the reaction order of P0 with AM and BM. A fluorophore 

(FAM) and quencher (DABCYL) pair was coupled in the PG duplex to indicate the 

released amount of 12a strand that served as a primer for RCA reaction. Fluorescence 

restoration only occurs if the threshold level of AM is exceeded, and the reaction 

proceeds to step two, i.e., immune response, based on displacement reactions that can 

release the quencher-labeled primer 12a strand. Therefore, in the presence of 80 nM 

AM, 100 nM BM and 100nM fluorophore-quencher labeled PG, different concentrations 

of P0 (from 0 nM to 150 nM) were introduced to the system with fluorescence monitoring 

at 517 nm. As shown in Figure 5-3A, the fluorescence restoration exhibited a sharp 

upturn at the P0 concentration of 80 nM, indicating that the reaction between P0 and BM 

had begun at the depletion point of AM. In other words, the threshold value of AM to P0 

is adjustable by changing the concentration of AM. To further confirm this result, 

fluorescence kinetics of the above system was monitored (Fig.5-3B). Initially, 80 nM 

AM, 100 nM BM and 100 nM PG, and a small amount of P0 (30 nM) was added. 

Because of the excess amount of AM and its reaction priority to P0 by the requirements 

of step 1, slow fluorescence restoration kinetics was discovered. However, when more 

P0 (30 nM each time) was continuously added to the system, a sharp increase was 

seen in the fluorescence kinetics, indicating that the reaction proceeds to step 2. 

Different threshold values were also tested by changing the concentrations of AM and 

BM (Fig. 5-4).  Gel electrophoresis was also used to indicate the order of reactions (Fig. 

5-5). All assays confirmed the effective thresholding function of AM to the reaction 
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between BM with P0, thus providing a macroscopic mimicry of the “recognition and 

tolerance” state of AIS. 

Another significant function of AM is to produce catalytic ssDNA TM to facilitate 

P0 to BM hybridization. As demonstrated by Zhang et al.,19 the addition of catalyzing TM 

can accelerate the hybridization reaction between P0 and BM by two to four orders of 

magnitude. Therefore, to prove the catalytic effect of TM, we continued to use our 

FRET-based reporting model, as described above. Accordingly, 100 nM BM, 80 nM AM 

and 100 nM FAM-DAB-labeled PG were incubated in buffer. Afterwards, 150 nM P0 

were added to the system. It should be noted that we used an excess amount of P0 to 

AM in order to overcome the threshold value. Thus, excess P0, as well as catalyzing TM 

generated as a result of the reaction between P0 and AM in step 1, form an entropy-

catalytic reaction that can quickly restore the fluorescence of the system.  As a 

comparison, the same concentration of P0 was directly added to a solution with 100 nM 

BM and 100 nM FAM-DAB-labeled PG. As shown in Figure 5-3C, measurements of the 

fluorescence kinetics of the catalyzed reaction exhibited over 500-fold acceleration in 

contrast to that of the uncatalyzed.49, 156 Thus, the released TM can serve as memory 

mimicry in the system to memorize specific pathogen, resulting a stronger and faster 

immune response for the next exposure. 

After confirming the reaction priority between step 1 and 2, we studied the 

enzymatic amplification process in step 2, host immune response. As an efficient 

isothermal enzyme-based amplification, rolling circle amplification (RCA) provides us 

with an excellent way to specifically produce a large amount of desired DNA product in 

a short time. Therefore, we applied RCA to mimic the generation of antibody in our 
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network. By encoding the active pathogen sequence P in the circular template (CP) for 

RCA, DNA polymerase Phi29 could specifically elongate the primer of 12a from its 3’-

end. To demonstrate that the concentration of RCA product is dependent on the amount 

of primer 12a, different concentrations of ssDNA 12a were incubated with 30 nM CP, 

0.5 U/µL Phi29 and 250 µM dNTP in RCA buffer. To perform this experiment, we 

designed a DNA molecular beacon (MB-R) to report the amount of RCA product 

fluorescently by using pathogen Bacillus anthracis genomic sequence P as its loop. MB-

R can be opened by the RCA products (antibody P*), thereby exhibiting fluorescence 

restoration that represents different amounts of antibody P*. Figure 3a shows the 

resultant fluorescence curve establishing the quantitative relationship between antibody 

P* and released primer 12a. This allowed the quantity of antibody P* generated from 

enzymatic amplification for hybridization with domain P in P0, P1 and P2 to be 

determined by the upstream reactions (step 1 and step 2). 

We wanted to avoid the undesired elongation of Phi 29 at the 3’-end of any 

duplex in this system. Consequently, we modified the inverted dT group at the 3’-end of 

each DNA component,157, 158 except primer 12a, because 12a is a primer for RCA and 

should not be initially blocked.  However, a problem could arise under these 

circumstances in that the toehold of PG duplex might be sealed when initially incubated 

with Phi 29. To solve this problem, we designed 1 or 2 mismatch points at the 3’-end of 

primer 12a. These mismatched PG duplexes labeled by FRET pairs (FAM-DABCYL) 

were then incubated with 0.1 U/µL or 1 U/µL Phi 29 for 1 hour. Afterwards, different 

amounts of ssDNA PI (upstream displacement strand) were added to the system to 

explore fluorescence restoration. If the toehold of PG is sealed by Phi29, results will 
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show that the displacement reaction between PI and PG are negligible, leading to low 

fluorescence recovery. As shown in Figure 5-6A, 2 mismatched bases provided the best 

anti-elongation effect by showing the greatest fluorescence restoration. We did not test 

3 or more mismatches in PG because the increasing instability of PG might have 

caused greater signal leaks in the system. As a tradeoff against too much elongation, 

but too little stability, we chose 2 mismatch bases in PG duplex for the implementation 

of our system.  

To mimic the final pathogen elimination process of AIS (step 3), we designed a 

restriction enzyme-based step to specifically cut the “antibody-antigen” complex. Herein, 

the hybridization of P domain with the P* domain in antibody P* creates an SsPI 

restriction site. In this way, P could be specifically cut into a fragment with the base 

numbers of 56 (Major band).159 As shown in Figure 5-7, a sharp band, corresponding to 

the fragment, was found on the gel image, indicating that the infectious pathogen part P 

had been successfully digested by the enzyme and lost its infection activity. 

Performance of the Entire System with Pathogen Input 

After confirming the proper function of each step, we further tested the 

performance of entire system with the same pathogen input from Bacillus anthracis 

genome. First, 200 nM AM, 200 nM BM, 200 nM PG, 50 nM CP, 500 nM MB-R, 0.5 U/ 

µL Phi29 and 250 µM dNTP were mixed in the reaction buffer.  To check the tolerance 

of AIS biomimicry, a small amount of P0 (100 nM) was then added to the system, and 

fluorescence was monitored in real time. It can be observed from Figure 5-8A that the 

fluorescence kinetics is similar to that without P0, confirming that the system is not 

activated to produce antibody P* when the amount of pathogen is under the level of 

immune tolerance (i.e., threshold). However, when another 250 nM P0 were added to 



 

124 
 

the system to mimic the second exposure to the same pathogen, the fluorescence 

restoration showed much faster kinetics behavior, indicating that the production of a 

large amount of antibody P* and successful trigger of immune response. In addition, the 

faster response in the second time exposure also confirmed the memory effect of this 

system for specific pathogen. 

To further characterize the entire system, we used gel electrophoresis to analyze 

the final product.  As shown in Figure 5-8B, only one sharp high molecular-weight band 

can be seen with the pathogen amount over the tolerance level (100nM +250 nM), 

which is consistent with the previous fluorescence result. To study the binding between 

pathogen and antibody in step 3, we modified P0 with a fluorophore (FAM). After the 

generation of antibody P*, the binding between P domain and P* domain was confirmed 

to be present, as a high molecular weight band could be seen in the FITC imaging 

channel (Fig. 5-8C). With further addition of more FAM-labeled P0 (from 1 time to 250 

times excess) to the system, the hybridization between P and generated antibody P* 

was still observed. For instance, as shown in lane 3 of Figure 5-8C, 2 µM more excess 

P0 can be almost completely bound by the originally generated antibody P*, indicating 

that the capacity of AIS mimicry is sufficient to quench excess pathogen due to the 

rolling cycle amplification reaction. Finally, we incubated SsPI restriction enzyme 

(2U/µL) together with all other components (200 nM AM, 200 nM BM, 200 nM PG, 50 

nM CP, 0.5 U/ µL Phi29 and 250 µM dNTP). After introducing excess concentration of 

FAM-labeled P0 (500 nM) that overcome the immune tolerance of the system, one major 

fragment band (56 nt) was discovered under the FITC channel, leading to the 
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conclusion that the pathogen was successfully digested by our AIS mimicry system (Fig. 

5-8D, Fig. 5-9).  

As discussed before, the specificity of the system mainly depends on the 

restriction enzyme and sequence of CP. To further confirm this AIS mimicry is specific 

for pathogen Bacillus anthracis, we challenge it by introducing a piece of FAM-labeled 

severe acute respiratory syndrome coronavirus genomic DNA (SARS) in pathogen input 

(P-SARS). Since there is no hybridization between P-SARS and generated antibody P* 

only specific for pathogen Bacillus anthracis, no obvious high-molecular weight 

fluorescent band appeared with either small or large amount of P-SARS under FITC 

channel, indicating the specificity of this biomimicry system (Fig. 5-8E).  

Conclusions 

Building on the rich knowledge of DNA and DNA-enzyme cascade reaction, we 

successfully erected an artificial DNA biomimicry network for AIS and also 

experimentally demonstrate its dynamic behaviors to emulate the real AIS. This is the 

first artificial molecular system based on DNA-DNA and DNA-protein interactions for 

mimicking the vertebrate host adaptive immune system. On a fundamental level, our 

approach provided a general design principle by using DNA for mimicking the naturally 

occurring system, including modularity, parameter sensitivity and kinetics from bottom-

up. A more practical aspect of such artificial mimicry system, which reproduces some of 

the essential features of biological networks, may include the driving force for biological 

and biomedical applications regarding the potential of reaction networks, such as the 

guide for the search for an HIV vaccine.160 Finally, the molecular programming strategy 

reported here could impact the development of powerful autonomous biocomputers or 

theranostic nanodevices.  
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Table 5-1. Sequences used in the AIS mimicry system 

 Sequences (5'-3') 

P0  GGATTATTGTTAAATATTGATAAGGATAACATTTCTCCAAC
TAACTTACGTCCCTCATTCAATACCCTACG-InvT  

P0 -FAM GGATTATTGTTAAATATTGATAAGGATAACATTTCTCCAAC
TAACTTACGTCCCTCATTCAATACCCTACG-FAM-InvT 

P-SARS  ATAATACTGCGTCTTGGTTCACAGCAACATTTCTCCAACT
AACTTACGTCCCT-CATTCAATACCCTACG-InvT 

AM1  
TM   
BM1  
 
BM2 or PI  
BM3 or W1  
PG1  
PG1-DAB  
PG1-DAB-1mis  
PG1-DAB-2mis  
PG2  
PG2-FAM  
MB-R  
CP  
 

AGACGTAGGGTATTGAATGAGGGATGTAA-InvT 
CATTCAATACCCTACGTCTCCA-InvT  
TGGAGACGTAGGGTATTGAATGAGGGACGTAAGTTAGTT
GGAGAAATGTT-InvT 
CCACTCTACCATAACATT TCTCCAACTAACTTACGT-InvT  
CCCTCATTCAATACCCTACG-InvT 
TGGAGAGTTGTTATGGTAGAGTGG  
TGGAGAGTTGTTATGGTAGAGTGG-DAB  
TGGAGAGATGTTATGGTAGAGTGG-DAB 
TGGAGAAATGTTATGGTAGAGTGG-DAB 
CCACTCTACCATAACACA  
FAM-CCACTCTACCATAACACA 
FAM-CCGAGGGATTTTTTTTTTTGGATCTCGG-DAB 
PhosGTAGAGTGGGGATTATTGTTAAATATTGATAAGGATT
TTTTTTTTTGGATTATTGTTAAATATTGATAAGGATTGTGTT
ATG 
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Figure 5-1. Working principle of AIS biomimicry system. A) Diagram illustrating system. 
The system consists of three steps: Recognition & Tolerance, Immune 
Response and Killing & Memory, which can be programmed by autonomous 
immunomimicking response with pathogen (P0) input. B) Working scheme for 
AIS mimicry system, driven by a series of DNA displacement and DNA-
enzyme reactions. Colored lines indicate DNA strands with different domains. 
All x domains are complementary to x*; P0 is the pathogen sequence which 
possesses infection ability in ssDNA form.  AM, BM, and PG are initially 
present as duplex components, along with circular DNA template CT and two 
functional enzymes of Phi29 polymerase and SsPI restriction enzyme. 
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Figure 5-2. The proposed entropy-driven catalytic pathway.49 TM first bind with BM 
through a 4-nt toehold region (domain 5), and form intermediate I1 and ssDNA 
W1 (34). P0 can bind with I1 by a newly formed 4-nt toehold (domain 3) and 
displace TM and ssDNA PI (12). The hybridization reaction is driven forward 
thermodynamically by the entropic gain of the liberated molecules. 
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Figure 5-3. Fluorescence studies of the reaction priority between steps 1 and 2, as well 
as the catalytic effect of TM on the reaction of BM and P0. A) Plot of 
fluorescence restoration of the system with 80 nM AM, 100 nM BM and 
100nM FAM/DAB-labeled PG with different concentrations of P0. B) Kinetics 
experiments of the system with 80 nM AM, 100 nM BM and 100 nM 
FAM/DAB-labeled PG. 30 nM P0 were added to the buffer separately at each 
time point. C) Kinetics experiments to study the catalytic effect of TM. The 
black curve represents background kinetics with 80 nM AM, 100 nM BM, 
100nM FAM/DAB-labeled PG and no P0. The red curve shows the 
uncatalyzed reaction kinetics with 100 nM BM, 100 nM FAM/DAB-labeled PG 
and 150 nM P0. The blue curve exhibits the catalyzed reaction kinetics with 
80 nM AM, 100 nM BM, 100nM FAM/DAB-labeled PG and 150 nM P0. 
Experiments were performed at 25°C in 50 mM Tris-HCl buffer containing 10 
mM MgCl2. 

 

 

Figure 5-4. Fluorescence kinetics of the system with different P0 additions. 30 nM P0 
was added to the buffer with 50 nM AM, 50 nM BM and 50 nM PG separately 
in each time. 
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Figure 5-5. Analysis by PAGE (10% native gel) of the reaction pathway in step 1 and 2. 
Here, to fully separate DNA bands with similar molecular weight, P0 sequence 
was modified by eliminating the Bacillus anthracis genomic sequence part (P: 
28 bp). The products and their base numbers are indicated on right. 
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Figure 5-6. A) Scheme of primer-assisted RCA reaction and plot of fluorescence 
restoration versus different concentrations of primer 12a.  B) Scheme of the 
design of mismatch points on PG and result of fluorescence enhancement 
fold versus different concentrations of ssDNA PI and Phi29. Experiments 
were performed at 25°C in 15mM Tris-HCl buffer containing 12.5 mM MgCl2, 
10mM (NH4)2SO4 and 4mM DTT. 
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Figure 5-7. Scheme of the primer-initiated RCA product cut by SsPI restriction enzyme 
and their analysis by PAGE (8% denatured gel at 4°C). Gel image was taken 
under FITC channel. Lane 1: RCA product + 1 µM FAM-labeled P-
SARS+2U/µL SsPI. Lane 2: RCA product + 1 µM FAM-labeled P0 +2U/µL 
SsPI. Lane3: FAM labeled P0. 
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Figure 5-8. Experimental results of the entire system with pathogen input. A) 
Fluorescence kinetics of the antibody P* generation with different 
concentrations of P0. B) Analysis of the antibody P* generation by agarose 
gel (1.5%). L: 100 bp ladder. The image was taken under EB channel. C) 
Analysis of the capacity of the system by agarose gel (1%). 200 nM AM, 200 
nM BM, 200 nM PG, 50 nM CP, 0.5 U/ µL Phi29 and 250 µM dNTP were 
mixed in the reaction buffer followed by adding 350 nM FAM-labeled P0 and 
incubated for 1 hour. Afterwards, different amounts of P0 were added to 
mixture to test the binding capacity of the system for excess P0. Lane 1: 
mixture +200 nM FAM-labeled P0, lane 2: mixture +1 µM FAM-labeled P0, 
lane 3: mixture +2 µM FAM-labeled P0, lane 4:  mixture +5 µM FAM-labeled 
P0, lane 5: P0 only. D) Analysis of the reactions in the entire system by 
agarose gel (1%). M = mixture of 200 nM AM, 200 nM BM, 200 nM PG, 50 
nM CP,  0.5 U/ µL Phi29 and 250 µM dNTP. Incubation time = 1 hour. Lane 1: 
M+0 nM FAM-labeled P0, lane 2: M+100nM FAM-labeled P0, lane 3: 
M+500nM FAM-labeled P0, lane 4: M+300nM FAM-labeled P0, lane 5: 
M+100nM FAM-labeled P0+ 2U/µL SsPI, lane 6: M+500nM FAM-labeled P0+ 
2U/µL SsPI, L: 1kb ladder. E) Agarose gel analysis of the system specificity 
(1.5%). The image was taken under FITC channel. FITC channel: EX=488nm, 
EM=512nm. EB channel: EX=488nm, EM=623nm. 
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Figure 5-9. Gel analysis by PAGE (8% denatured gel) for the entire AIS mimicry system 
with SsPI restriction enzyme. Gel image was taken under FITC channel. M = 
mixture of 200 nM AM, 200 nM BM, 200 nM PG, 50 nM CP,  0.5 U/ µL Phi29 
and 250 µM dNTP. Lane 1: FAM-labeled P0. Lane 2: M + 1 µM FAM-labeled 
P0+ 2U/µL SsPI for 2 hours. Lane3: M + 1 µM FAM-labeled P0+ 2U/µL SsPI 
for 15 minutes. Lane 4: M only. Lane 5: 200 nM primer 12a+ 50 nM CP + 0.5 
U/ µL Phi29 and 250 µM dNTP+1 µM FAM-labeled P0+2U/µL SsPI for 2 
hours. 
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Figure 5-10. Analysis by PAGE (8% denatured gel) of the preparation of circular 
template (CP). Lane1: After ligation. Lane 2: Before ligation. 
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CHAPTER 6 
FUTURE DIRECTIONS AND CONCLUSIONS 

Conclusions 

This thesis has reported the development of “smart” DNA systems for intelligent 

therapy on the molecular level via molecular engineering. Specifically, to qualify as 

“smart,” therapeutic systems should have the following properties: 1) specific 

recognition of disease-related biomarkers for sensitive diagnosis and signal 

amplification for effective therapy; 2) precise control of drug release with temporal and 

spatial resolution for effective therapy; 3) inhibition of drug side effects for rapid 

recovery; and 4) autonomous and programmable implementation with self-computation. 

To accomplish these objectives, DNA-based functional tools hold the greatest promise, 

due to their stability, programmability, and regulation of biological reactions. Therefore, 

this thesis has focused on engineering DNA molecules into smart molecular tools for 

intelligent therapeutic applications from the following four directions: 1) DNA aptamer-

based system for accurate cancer cell identification and amplified cancer photo dynamic 

therapy; 2) photo-controllable DNA nanostructure platform for smart drug delivery; 3) 

DNA circuit for self-regulatory inhibition of drug side effects; and 4) DNA-based system 

for acquired immune system mimicry.  

Chapter 2 demonstrated a DNA aptamer-based system for accurate identification 

of specific cancer cells and amplified photo dynamic therapy of cancers. The DNA 

circuit used in this strategy, composed of four functional modules (A1, A2, R12 and 

TDO5-C) totally made of DNA, can greatly amplify the singlet oxygen generation and 

selectively kill cancer cells. In particular, the DNA hairpin amplification circuit can be 

catalyzed by specifically designed nucleic acid sequences. Many nucleic acids, 
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including messenger RNA, microRNAs and small interfering RNAs, are important 

biomarkers for various diseases. If sequences for these biomolecules become available, 

the amplification hairpin DNA circuit can be designed to perform other biological and 

biomedical functions inside targeted disease cells with effective delivery methods. 

Second, increasing numbers of aptamers have been developed to target the 

membranes of a variety of cancer cell lines, thus establishing the universality of this 

DNA hairpin circuit for targeted and amplified therapy. Finally, as an application of DNA 

circuitry to biological cells, the prototype DNA circuit demonstrated here has the 

potential to enhance DNA technology with new insights and will broaden the utility of 

DNA circuits for applications in biology, biotechnology, and biomedicine.  

The third chapter described a photoresponsive three-dimensional DNA 

nanostructure which can be used for smart drug delivery. DNA nanostructures capable 

of delivery of target molecules have attracted increasing interest because of their 

potential applications in biomedical and bioanalytical fields, such as drug delivery and 

molecular sensing. Compared to other nanomaterials, DNA is environmentally friendly, 

highly programmable and controllable. Therefore, it can be engineered into smart 

molecular delivery systems with precise temporal and spatial control on drug release, 

thus leading to the development of intelligent therapy. This research effort has been 

focused on the construction of a photoresponsive three-dimensional DNA drug delivery 

system. The working principle involves photoisomerization of azobenzene-incorporated 

DNA, wherein different wavelengths of light (UV and visible) can change the structure of 

the azobenzene compound and, hence, the shape of the DNA. This malleability is 

important to the design of this drug delivery system, because the trapping and release 
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of drug molecules can be controlled by light. Consequently, we have demonstrated that 

the utilization of light irradiation to control the shape of a DNA 3D nanostructure, thus 

enabling the release of cargos encapsulated inside this dynamic DNA nanostructure, as 

a smart drug delivery system with precise temporal and spatial resolution.  

The fourth chapter reports a DNA-based logical circuit for self-regulatory 

inhibition of protein activity, which in turn can be used to autonomously control drug side 

effects. Effective inhibition of drug side effects is another significant issue in intelligent 

therapy. As the centers of homeostatic systems and the key regulators of an organism’s 

behavior, proteins usually are the regulation targets of various drugs. Thrombin is a 

multifunctional protease that involved in a series of enzymatic and cellular reactions in 

the regulation of homeostasis. Impaired or overwhelming of thrombin formation can lead 

to various diseases. Normally impaired thrombin function is repaired by providing 

thrombin analogs or thrombin-induced drugs intravenously. However, precise dosage 

control of these drugs for individual patients has always been a difficult issue for 

physicians, as the unsuitable usage of these drugs may lead to severe side effects, 

such as blood clotting or even thrombosis. Therefore, to effectively inhibit the side 

effects of the thrombin-generating drugs and maintain the activity of thrombin at a 

constant level, a self-regulatory DNA logic circuit based on DNA-protein interactions 

was designed.  This innovative design allows accurate threshold control, as well as 

autonomous, self-sustained and programmable manipulation of thrombin activity in vitro. 

This circuit can precisely sense the local enzymatic environment, specifically, the 

concentration of thrombin, and when it is excessively high, a coagulation inhibitor, i.e., a 

DNA anti-thrombin aptamer, is automatically released by a concentration-adjusted 
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circuit module. This prototype could lead to the development of novel DNA biochemical 

circuits to control the delivery of aptamer-based drugs in smart and personalized 

medicine, providing a more efficient and safer therapeutic strategy.  

In the fifth chapter, for the first time, an artificial DNA biomimetic network was 

designed and constructed for vertebrate Adaptive Immune System based on DNA-DNA 

and DNA-protein interactions. When tested experimentally, the new network 

demonstrated its ability to mimic the dynamics of the vertebrate Adaptive Immune 

System. This strategy provides a general design principle by using DNA to mimic a 

naturally occurring system, including modularity, parameter sensitivity and kinetics from 

bottom-up.  This model will also allow us to gain more insight into real reaction networks 

with concomitant translational applications, e.g., in the case of AIS, perhaps the search 

for an HIV vaccine. 

 Future Directions 

The successful completion of this dissertation research has demonstrated the 

potential of DNA molecular engineering in designing novel intelligent diagnostic and 

therapeutic systems. Building on this foundation, future research will expand the 

capability of those systems for further bioanalytical and biomedical applications. First, 

because of the complexity of cancer cell development, accurate identification of cancer 

subtypes is extremely significant for the successful treatment of cancers. Some 

sequence-specific DNA aptamer probes can effectively accomplish such target-specific 

recognition of cancer cells. However, single-aptamer recognition has not been 

sufficiently effective at identifying cancers in individual patients, due to the multiplicity of 

cancer biomarkers present on single cancer cells. In other words, some cancer 

subtypes express the same biomarker and cannot be identified by a single aptamer. 
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Therefore, engineering a DNA aptamer-based system that integrates multiple aptamer 

recognition and information processing ability could solve this problem, thus effectively 

decreasing the possibility of false diagnosis.  

As a continuation of the work described in Chapter 2, a biaptameric system will 

be constructed to determine whether a cancer cell represents a specific cell line or a 

specific state. The cancer cells will exhibit fluorescence only when both of the two 

biomarkers are present, thereby improving the diagnosis accuracy. In addition, to 

identify the cancer cells more sensitively, an amplification strategy will be introduced via 

DNA molecular engineering. The ultimate goal of this project is applying this DNA 

aptamer system to clinical diagnosis and profiling individuals’ cancer subtypes.  

As a follow-up to the photo-responsive 3D DNA nanostructure described in 

Chapter 3, this nanocage will be used to trap drug molecules and construct an 

intelligent delivery drug platform. To test this idea, rhodamine molecules will be 

encapsulated as a model cargo inside the DNA nanocage. In accordance with the 

working principle, under UV light, the rhodamine will be trapped inside the DNA cages, 

but under visible irradiation, they will be released. Afterwards, an anticancer drug 

molecule, doxorubicin, will be used with this platform for intelligent cancer therapy. 

The threshold-controlled DNA nanocircuit described in Chapter 4 achieved 

autonomous, self-sustained and programmable manipulation of the catalytic activity of 

thrombin. However, the circuit works only in the test tube in its current state. Future 

plans include molding the individual DNA strands onto a DNA scaffold to build a 

complete system and facilitate the coordinated operation in vivo. If that goal is achieved, 

this system can be used as an anticoagulation drug for thrombosis-related diseases.  
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