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Chapter 1 

 

DNA as a versatile construction material for hybrid 

protein-DNA systems 

 

 

 

Abstract 

 DNA has emerged as a highly versatile construction material for nanometer-sized 

structures and sophisticated molecular machines and circuits. The first part of this chapter 

describes the role of (synthetic) oligonucleotides in these fields of research. Because of its 

inherent compatibility with biological systems, biomedical applications of DNA-

nanotechnology are within reach. However, the successful integration of nucleic acid based 

systems in biomedical applications greatly relies on their ability to autonomously sense and 

act on their environment. As proteins are the true workhorses in biological systems, the 

development of strategies to connect these DNA-based molecular machines and circuits to 

efficiently and dynamically sense and control protein activity is of vital importance. The 

second part of this chapter provides an overview of the strategies developed thus far, both 

to control protein activity via oligonucleotide-based triggers and to accept proteins as input 

for DNA-based molecular circuits. 

 

 

 

Part of this chapter has been published as: 

W. Engelen*, B. M. G. Janssen*, M. Merkx, Chem. Commun., 2016, 52, 3598. 
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1.1 Nucleic acids: from genetic information to synthetic material 

 Deoxyribonucleic acid (DNA) harbors our genetic information and governs the evolution 

of life on earth. DNA mainly resides inside the nuclei of cells, densely packed in 

chromosomes (Figure 1.1A). Here, it executes two main functions: 1) it serves as a template 

for DNA polymerases to synthesize exact copies, which are passed on to daughter cells and 

2) it serves as a template for RNA polymerases which make a short lived RNA transcript 

that is transported to the cytosol. In the cytosol the RNA transcripts are translated by 

ribosomes into proteins, which execute the function that was encoded in the genetic code. 

Wondrously, this also includes the task of reading and writing DNA and RNA itself. 

 Recent technological developments have rapidly decreased the cost and time of DNA 

sequencing and synthesis. During the foundation of the Human Genome Project in 1990, 

sequencing the whole human genome would take 15 years and cost approximately $3 

billion, whereas nowadays it costs approximately $1,000 and is completed within 2 days.1 

This astonishing decrease in cost and time has clear implications for biological research, but 

has also rendered DNA a viable engineering material and carrier for long term data storage 

with two main advantages over digital data storage.2 First, the half-life of DNA is in the 

order of 500 years, which is significantly longer than that of digital carriers.3,4 Second, the 

data-density of DNA is ~1019 bits per cm3, meaning that all the digital data worldwide could 

be stored in 1 kg of DNA.5  

The backbone of each DNA strand consists of alternating deoxyribose sugars and 

phosphate groups that connect the 5’ carbon of the deoxyribose sugar to the 3’ carbon of the 

subsequent sugar. Connected to the 1’ carbon of these sugars are the nucleobases that 

provide the quaternary code used for storage of genetic information (Figure 1.1B).6 These 

nucleobases exhibit a highly predictable hydrogen bonding pattern, known as Watson-Crick 

base pairs, where purines (adenine and guanine) interact with pyrimidines (thymine and 

cytosine, respectively). When the sequence of two DNA strands are complementary, they 

hybridize in an anti-parallel orientation to form double stranded DNA (dsDNA), stabilized 

by stacking interactions between neighboring base pairs.7 The most common form of 

dsDNA is the B-type double helix with a helical periodicity of 10.5 base pairs per full turn 

and a diameter of 2 nm. Additionally, when hybridized to form a double-helix, the 
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mechanical properties of the oligonucleotides transform from a flexible polymer into a rigid 

structure with a persistence length of 50 nm.8 

   

 

Figure 1.1 | Deoxyribonucleic acid (DNA): from genetic information to synthetic material. (A) 

Artistic impression of DNA in the nucleus. The DNA is packed in a hierarchical manner into chromatin 

fibers which form the chromosomes. Adapted from Broad Institute.9 (B) Chemical structure of DNA, 

comprised of an alternating sugar-phosphate backbone with the bases connected to the 1’ sugar carbon. 

The four bases are adenine, thymine, cytosine and guanine. (C) In double-stranded DNA the two 

antiparallel strands are hybridized via Watson-Crick base pairs. Adenines form 2 hydrogen bonds with 

thymine, while cytosine forms 3 hydrogen bonds with guanine. (D) Structure of B-DNA, the most common 

structure of double-stranded DNA has a diameter of 2 nm and a helical periodicity of 10.5 base pairs per 

turn (~3.5 nm). Stacking forces between neighboring base pairs results in the formation of a stable 

double-stranded helix. 

 

In addition to the highly predictable Watson-Crick base pairing of complementary 

sequences the thermodynamic properties of dsDNA are very well understood.10,11 The 

thermodynamic stability of a DNA duplex can be calculated using the Watson-Crick base 

pair nearest neighbor method, which is based on empirically derived free energies of all 

possible base pair interactions and an additional penalty for duplex initiation and self-

complementarity. This yields the following approximation of the free energy of DNA duplex 

formation:  

 

 
��°(�����) =���°���� + ��°��� + ��°��� (1.1) 

Due to the interesting mechanical properties, highly programmable self-assembling nature 

and rapidly decreasing cost of automated synthesis, DNA has proven to be a very versatile 
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molecular building block in nanotechnology. Two main fields of applications for DNA-

nanotechnology can be distinguished: 1) structural DNA-nanotechnology, where 

oligonucleotides are used as a construction material to build discrete nanometer-sized three-

dimensional structures and 2) DNA-based molecular computing using DNA as a dynamic 

information carrier. Because of its inherent compatibility with biological systems, biomedical 

applications of DNA-nanotechnology are within reach. However, for such applications to 

become a reality, universal modules need to be constructed that allow DNA-based systems 

to sense and control their environments.  

 

1.2 DNA as a material to construct 3D nanostructures 

The field of structural DNA-nanotechnology was founded in the early 80s by Nadrian 

Seeman, who was the first to recognize that DNA junctions can be used to create two-

dimensional DNA arrays. Here, a Holliday junction containing complementary sticky ends – 

short complementary single stranded overhangs – governs the self-assembly into higher 

order lattices (Figure 1.2A).12,13 This work served as the basis for him and others to construct 

more complex shapes based on DNA double crossover motifs.14 However, as this strategy 

exclusively relies on short oligonucleotides the scalability and complexity of the formed 

structures is limited due to errors in the assembly process.  

Almost 25 years after Ned Seeman’s first report on the use of DNA as construction 

material for nanoscale objects, Paul Rothemund introduced a new approach that enabled the 

construction of more complex 2D shapes. His strategy, termed “DNA-origami”, is based on 

a long single-stranded DNA template (7249 nucleotides, derived from the M13-phage) that 

serves as a scaffold. This scaffold strand is folded and held in a predefined shape by 

hybridization with hundreds of staple strands, short oligonucleotides obtained by computer 

aided design. These staple strands bind to two unique sequences in the scaffold strand, 

forcing the scaffold into a predesigned shape, resulting in a structure composed of double-

helices held together by cross-overs (Figure 1.2B).15 Over the years, Rothemund’s DNA-

origami approach evolved from generating 2D “smiley faces” to complex 3D structures that 

harbor bend helix bundles that govern the formation of curved object (Figure 1.2C).16–19 

Additionally, instead of using a long scaffold strand held in place by hundreds of staple 
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strands, Yin and coworkers developed a strategy to create 3D nanoscale objects that is based 

on so called DNA bricks. These bricks are small oligonucleotides that contain 4 domains of 

each 8 nucleotides that can hybridize to four neighboring strands. Together, hundreds of 

these predefined bricks self-assemble into a molecular cube.20,21 By omitting specific bricks 

from the cube any three-dimensional shape can be readily obtained without redesigning 

individual sequences, making this approach highly modular (Figure 1.2D). 

 

 

Figure 1.2 | Advances in structural DNA-nanotechnology. (A) Four-arm Holliday-junctions with 

complementary sticky ends self-assemble into 2D DNA-arrays. Adapted from Seeman.13 (B) Workflow to 

construct nanoscale objects via DNA-origami. The designed shape is drawn as an assembly of parallel 

cylinders. Next, the cylinders are converted into a long circular scaffold strand with fixed sequence that is 

held together by hundreds of short staple strands, whose sequences are subsequently compiled by 

dedicated software. Thermal annealing of the scaffold strand with an excess of synthetic staple strands 

results in the formation of the designed discrete nanoscale object. Adapted from Hong et al.22 (C) Using 

the same approach, three-dimensional objects harboring curved shapes can be constructed. Adapted from 

Pinheiro et al.23 (D) 3D nanostructures constructed from a DNA cube composed of DNA bricks. Leaving 

out designated bricks results in the sculpting of a 3D shape. Adapted from Ke et al.20 (E) Construction of 

gigadalton-scale objects is achieved by programmable shape complementary between individual DNA-

origami objects. Shape complementary structures are held together by base stacking interactions. This 

allows the construction of (F) reconfigurable dynamic devices such as rotary mechanisms composed of 

two clamps that form the axle bearing and a rotor element that allows a rotary motion. Adapted from 

Wagenbauer et al.24 and Ketterer et al.25 
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Whereas DNA-origami provides the advantage of creating discrete nanoscale objects, the 

scalability of the shapes and the introduction of dynamic properties based on base pairing is 

challenging. To overcome this limitation, Dietz and coworkers introduced shape 

complementarity in combination with short ranged base stacking interactions as a means of 

assembling pre-formed DNA-origami objects into gigadalton-scale objects (Figure 1.2E).24 

Additionally, the conformation of such higher-order assemblies can be controlled by 

temperature and cation concentration. This introduces dynamic properties in these higher-

order assemblies, such as switching and rotating behavior (Figure 1.2F).25,26 

 Finally, the construction of 3D shapes yields the fascinating opportunity to construct 

objects with dedicated functions, particularly regarding interactions with cells and targeted 

drug delivery. An attractive feature of DNA nanostructures compared to other nanoparticles 

is the ability to introduce functional groups at pre-defined locations in the structure, 

resulting in accurate control over their geometry. Anderson and coworkers exploited this 

unique property by creating a self-assembled DNA-based nanoparticle functionalized with 

folate groups acting as cancer-targeting ligands. Additionally, therapeutic nucleic acids such 

as small interfering RNAs (siRNAs) are readily incorporated in the DNA-based 

nanoparticles via oligonucleotide hybridization (Figure 1.3A). Incorporation into DNA 

nanostructures increased the circulation times of the siRNAs and improved gene silencing 

compared to siRNA alone.27 Using a similar approach, the Sleiman group created DNA 

cages that can be site-specifically functionalized at the 8 corners of the nanocage (Figure 

1.3B). Functionalizing the corners with dendritic lipid chains resulted in the collapse of the 

hydrophobic moieties inside the cage, yielding a cubic structure with a hydrophobic core 

that could be used to carry hydrophobic guest molecules such as therapeutic agents. 

Disassembly of the DNA cube by hybridization with specific DNA sequences resulted in the 

release of the hydrophobic cargo.28 Another intriguing glimpse of the potential of DNA-

based molecular systems is the work of Church and coworkers, who reported the 

construction of DNA-based nanocontainers to control the accessibility of cancer cell-

targeting antibody fragments (Figure 1.3C).29 These so-called nanorobots consist of a 

hexagonal barrel composed of two halves, intramolecularly connected via single-stranded 

hinges at the bottom. Aptamer-based locks keep the barrel in its closed conformation in 

absence of the correct combination of input proteins. Antibody payloads functionalized with  
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Figure 1.3 | Biomedical applications of structural DNA nanotechnology. (A) A DNA-based 

tetrahedron decorated with 6 siRNA molecules. The gray bullets represent folate groups conjugated to 

the siRNAs to introduce specific tumor targeting functionality. Adapted from Lee et al.27 (B) A DNA cage 

functionalized with dendritic lipids at the 8 corners of the cube. Intramolecular association of the lipid 

moieties governs the formation of a scaffolded micelle that allows the incorporation of hydrophobic 

molecules. Disassembly of the structure leads to release of the cargo. Adapted from Edwardson et al.28 (C) 

Autonomous cell surface evaluation by a DNA nanorobot carrying a single chain antibody fragment 

payload. The hexagonal barrel is loaded with antibody fragments and closed by two aptamer based locks, 

preventing the antibody fragments from binding to the cell surface target. In the presence of the right 

combination of protein inputs the aptamer locks change conformation and allow the barrel to open and 

the antibody fragments to bind to the cellular surface. Adapted from Douglas et al.29 (D) DNA-origami 

based membrane channel composed of a six helix transmembrane channel that inserts in the membrane 

via a barrel shaped cap that is decorated with 26 cholesterol units. Adapted from Langecker et al.30 

 

an anti-handle are hybridized to handles displayed on the inner surface of the barrel, 

rendering the payload inaccessible to the nanocontainer’s environment. When the correct 

combination of input proteins is present, the aptamers switch conformation allowing the 

barrel to open. Consequently, the payload is no longer shielded and can bind to cells 

displaying the correct antigen. Moreover, the system was shown to be able to perform logic 

gating operations within living organisms.31 In contrast to previous examples where the 

DNA-based nanostructures were used to carry therapeutic molecules, Langecker et. al. 

reported the construction of a synthetic lipid membrane channel, based on a 6 helix 

transmembrane channel that inserts in the membrane with the aid of a barrel shaped cap 

that is decorated with 26 cholesterol units.30 Electron microscopy confirmed the docking and 

protrusion of the structure in unilamellar vesicles and single-channel electrophysical 
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measurements indicated ion conductance. The latter was shown to be useful in studying 

single molecule translocation experiments to discriminate single DNA molecules.  

 

1.3 DNA-based biomolecular circuits 

 In addition to its attractive structural properties, networks of dynamically interacting 

DNA strand have allowed the development of DNA-based molecular computing. Various 

systems have been developed that use enzymes to direct DNA synthesis and degradation, 

yielding complex circuits that are capable of bistability and oscillations.32–34 In enzyme free 

circuits, the flow of information is often mediated by a mechanism known as toehold-

mediated strand displacement (TMSD). In TMSD a complementary single-stranded domain, 

known as a toehold, enables two DNA reactants to hybridize. Followed by this 

colocalization the incumbent strand is displaced by the invading strand via branch 

migration (Figure 1.4A). The branch migration step has been described as an enthalpic (base 

pair formation) and entropic (base pair dissociation) driven random walk process.35–37 

Zhang and Winfree meticulously determined the relation between the thermodynamics of 

toehold hybridization and the kinetics of toehold-mediated strand displacement.38 They 

showed that the overall rate of toehold-mediated strand displacement can be increased over 

6 orders of magnitude by increasing the affinity of the toehold interaction (i.e. increasing the 

length and/or G-C content, Figure 1.4C). Although useful in some applications, a strong 

coupling between kinetics and thermodynamics (reaction speed and stability of the formed 

duplex) is undesirable for cascaded reactions in DNA-based molecular computing. To this 

end, Zhang and Winfree developed the toehold exchange reaction as a more controllable 

version of toehold-mediated strand displacement. Similar to toehold-mediated strand 

displacement, the invading strand binds to a toehold n, initiating branch migration and 

displacing the incumbent strand. However, the incumbent strand possesses a toehold m that 

has to dissociate spontaneously to complete the reaction (Figure 1.4B). The difference in base 

pairs formed by the invading and incumbent strand (i.e. the difference in toehold affinities) 

determines the direction of the reaction, whilst the rate of the overall reaction can be 

controlled by tuning the stability of both toeholds. This decoupling of thermodynamics and 



DNA as a versatile construction material for hybrid protein-DNA systems  

9 

 

Figure 1.4 | The underlying mechanisms used in dynamic DNA circuits. (A) Schematic representation 

of the toehold-mediated strand displacement reaction. Input A binds to the toehold-sequence n present 

on complex X, initiating subsequent branch migration. Completion of branch migration results in the 

release of output B and the formation of an effectively unreactive complex Y. (B) Schematic 

representation of the toehold-exchange mechanism. Input A binds to the toehold-sequence n present on 

complex X, initiating subsequent branch migration. After branch migration output B is bound to the 

complex via toehold-sequence m, which has to spontaneously dissociate for the toehold exchange 

reaction to complete, resulting in the release of output B and the formation of complex Y. Since complex Y 

contains a toehold-sequence to which output B can bind, the overall reaction is reversible. (C) The rate of 

toehold-mediated strand displacement is highly dependent on the length and sequence of the toehold 

domain. Increasing the stability of the toehold results in an increased displacement rate, tunable over 6 

orders of magnitude. (D) Experimental and modeled bimolecular rate constants of toehold exchange 

reactions with various lengths of toehold n and m. Adapted from Zhang et al.38 

 

kinetics allows more control, enabling the construction of reaction networks that are 

entropically driven instead of enthalpy driven. In addition, the revealed toehold can be used 

in subsequent exchange reactions, which has been successfully employed in the construction 

of a range of enzyme-free DNA-based molecular circuits.  

 As mentioned above, the toehold exchange reaction can be described by a three-step 

model based on the hybridization and dissociation of toehold n (kf,n and kr,n, respectively), a 

random walk branch migration step (kb) and the subsequent dissociation and hybridization 
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of toehold m (kr,m and kf,m, respectively). However, for ease of modeling and fitting data, 

Zhang and Winfree modeled the toehold exchange reaction as bimolecular reaction with a 

second order rate constant. Figure 1.4D shows the measured and modeled second order rate 

constants for toehold exchange reactions with n = 1-10 and m = 1-7 nucleotides. Using the 

toehold exchange reaction allows a high control over the kinetics, without the requirement 

of significantly altering the thermodynamic properties of the reaction. E.g. when using 

toeholds of identical length, the bimolecular rate constant can be tuned over 5 orders of 

magnitude simply by increasing the length of both toeholds. 

 

 With oligonucleotide hybridization as a molecular programming language a variety of 

impressive molecular circuits have been constructed and many of these have been discussed 

in comprehensive reviews.39–44 Here a number of implementations of DNA-based circuits, 

switches, walkers and actuators will be discussed.  

An impressive example of the scalability of networks based on toehold exchange 

reactions was shown by Qian and Winfree who reported a multilayer circuit comprising 130 

oligonucleotides that was able to calculate the square root of a four-bit binary input number. 

Their multilayer circuit was solely based on toehold exchange reactions that execute 

functions such as logic gating and thresholding (Figure 1.5A-C). Similarly, the toehold 

exchange reaction has been used to perform neural network computations and implement a 

circuit that mimics the basic steps of the adaptive immune system.45,46 Recently, a dynamic 

system displaying oscillatory behavior was reported that is exclusively based on toehold 

exchange reactions. To achieve this, a chemical reaction network (CRN)-to-DNA compiler 

was developed, allowing automated design of oligonucleotide sequences to yield the 

desired network behavior.47 

Using the same design principles of toehold exchange reactions, Seelig and coworkers 

were able to perform logic operations in mammalian cells, using chemically modified 

oligonucleotides to ensure nuclease resistance in combination with native miRNAs as gate 

scaffolds. This circuit was able to conditionally activate functional siRNA and as a result 

knock down GFP expression.48 Instead of performing Boolean logic operations inside cells, 

Rudchenko and coworkers developed a strand displacement cascade that evaluated the 

expression of cell surface markers on white blood cells. To this end, antibodies were 
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conjugated to oligonucleotides to allow specific cell surface markers to serve as inputs for 

the strand displacement cascade (Figure 1.5D-E). Using sequential strand displacement 

reactions, Boolean logic operations were performed based on cascaded YES and NOT gates, 

resulting in an increase in fluorescence only when specific combinations of cell surface 

markers are present on the blood cell (e.g. CD45 and CD20). 

 

 

Figure 1.5 | Implementation of strand displacement reactions in DNA-based circuits. (A) Schematic 

representation of a “seesaw” gate that functions as an AND or OR gate depending on the initial 

concentration of the threshold complex. As inputs x1 and x2 harbor identical domains, their concentration 

is summed together and if exceeding the threshold the signal is passed to the next gate or read out by the 

ROX reporter. (B) Domain-level implementation of a two-input AND or OR gate. (C) Kinetic 

characterization of the OR and AND gate, respectively. Adapted from Qian et al.49 (D) Autonomous 

evaluation of blood cell surface markers by two cascaded YES gates. Oligonucleotides were functionalized 

with anti-CD45 and anti-CD20 antibodies, allowing CD45 and CD20 surface markers to act as inputs for 

the strand displacement cascade. When CD45 markers are present, strand 0 displaces and quenches the 

Cy5 functionalized strand from the anti-CD45 conjugate via domain T1. Subsequently, domain T3 from 

the anti-CD45 conjugate allows the displacement of strand 3 from the anti-CD20 conjugate which then 

displaces a fluorescein reporter duplex. Consequently, the fluorescein reporter is only activated on 

CD45+CD20+ cells. (E) Kinetic flow cytometry experiments showing displacement of Cy5 strand (left) and 

subsequent activation of the fluorescent reporter (right). After adding strand 0 only a subpopulation that 

is CD45+CD20+ displays an increase in fluorescein intensity, while other cells are CD45+ and therefore 

display Cy5 quenching. Adapted from Rudchenko et al.50 

 

 In addition to cascaded logic operations, a variety of circuits have been developed that 

allow amplification of oligonucleotide signals. Zhang et al. reported the construction of a
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reaction network that results in the catalytic release of a signal and output oligonucleotide in 

the presence of a single stranded catalyst.51 In this entropy driven circuit the catalyst binds 

to a three-stranded substrate complex and displaces a signal strand from the complex, 

hereby activating a second toehold on the intermediate complex. To this toehold a fuel 

strand binds and displaces both the output and catalyst from the intermediate complex to 

complete the catalytic cycle (Figure 1.6A). With this catalytic cycle, a variety of circuits have 

been constructed such as autocatalytic amplification and feedforward cascades. The 

previously discussed systems all rely on the sequestering of toeholds by rendering them 

inactive via complementary, intermolecular Watson-Crick base pairing. However, toeholds 

can also be sequestered by intramolecular Watson-Crick base pairing or by forming short 

loop conformations that are kinetically difficult to access.54 One example that uses these 

kinetically trapped hairpin structures for catalytic signal amplification is catalytic hairpin

 

 

Figure 1.6 | DNA-based amplification circuits. (A) Entropy driven reaction network for catalytic 

release of output sequences. The catalyst binds to a three-stranded substrate complex to release a signal 

strand and activate a new toehold on the intermediate complex. To this toehold a fuel strand can bind and 

displace both the output oligonucleotide and the catalyst, resulting in the release of one signal and one 

output strand per catalytic cycle. Adapted from Zhang et al.51 (B) The catalytic hairpin assembly based on 

the catalyzed hybridization of two metastable hairpins. The catalyst oligonucleotide opens H1 to activate 

a new toehold on H1. Via this new toehold H2 can bind and displace the catalyst from H1 to complete the 

catalytic cycle. Adapted from Li et al.52 (C) In the hybridization chain reaction two metastable hairpins 

coexist in solution until an input oligonucleotide triggers the assembly of an oligomer of alternated 

hairpins. Adapted from Evanko.53 
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assembly (CHA).52,55 Here, two metastable hairpins ( H1 and H2) coexist in solution until a 

catalyst oligonucleotide binds to a toehold domain on H1, after which H1 is opened and 

exposes a new toehold. To this new toehold H2 can bind and displace the catalyst from H1 

to complete the catalytic cycle. This catalytic hairpin assembly has been adapted to be used 

as signal amplifier for the detection of nucleic acid analytes such as specific miRNA 

sequences and has been concatenated with other amplification circuits to yield exponential 

amplification profiles.56 Rather than recycling the catalyst oligonucleotide itself, Pierce and 

coworkers developed the hybridization chain reaction (HCR) that relies on the alternated 

assembly of two metastable hairpins, triggered by the input oligonucleotide (Figure 1.6C).57 

Since the amplification product remains bound to the input oligonucleotide, the 

hybridization chain reaction has proven to be useful as signal amplification module in 

fluorescence microscopy of siRNAs and immunosignals.58–60 

In addition to performing molecular operations such as logic gating and amplification, 

toehold-mediated strand displacement reaction are also used to construct molecular 

machines. One of the first examples where DNA was used to construct a dynamic machine 

based on conformational switching was reported by Yurke et al.61 Their machine comprises 

three oligonucleotides that hybridize to form an opened tweezer-like device. Hybridization 

of a fuel strand to both arms of the machine induces its closing. When subsequently a 

 

 

Figure 1.7 | DNA-based machines based on conformational switching. (A) A DNA-based machine 

comprised of three oligonucleotides that form a tweezer-like structure. Hybridization of alternating fuel 

and anti-fuel strands results in closing and opening of the conformational switch. Adapted from Yurke et 

al.61 (B) A rigid DNA tweezer constructed from two double-crossover motifs joined by a Holliday junction. 

Both arms of the tweezer are functionalized with cooperatively binding thrombin aptamers, resulting in 

sequential binding and release of thrombin upon switching the conformation of the DNA tweezer. 

Adapted from Zhou et al.62 
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complementary anti-fuel strand is added it hybridizes to a toehold on the fuel strand to fully  

displace it from the device, rendering the machine in its original opened conformation 

(Figure 1.7A). Sequentially adding fuel and anti-fuel allowed the reversible closing and 

opening of the tweezer. Similarly, a more rigid tweezer constructed by joining two double-

crossover motifs via a Holliday junction allowed the reversible capture of thrombin by 

regulating the cooperative binding of two thrombin aptamers and the actuation of an 

enzyme-cofactor pair.62,63 

 

1.4 Static scaffolds to colocalize DNA circuit reactants 

 The combination of structural DNA-nanotechnology and the development of dynamic 

DNA-based circuits provides the opportunity to colocalize DNA circuit reactants and 

control the interaction and activity of proteins.64 These platforms range from simple 

template oligonucleotides to highly defined DNA-origami structures. The main advantage 

of colocalizing otherwise freely diffusing reactants or proteins is that their effective 

concentration increases.65 This consequently promotes intermolecular interactions and 

significantly increases reaction kinetics. Moreover, the ability to precisely place molecular 

objects on DNA scaffolds enables the design of ‘tracks’ that are able to direct the flow of 

information along the scaffold. This high addressability is particularly useful to create 

devices that are able to perform processive motion on an external scaffold. In the last decade, 

many variants of these DNA walkers have been developed, being powered by nucleases, 

ligases, DNAzymes and strand displacement reactions.66,67 Typically, a DNA walker that is 

based on a bipedal motion driven by strand displacement harbors two “legs” that 

sequentially bind and dissociate from the track. Pierce and coworkers showed this concept 

by constructing a DNA walker consisting of a partially complementary duplex, where the 

the non-complementary regions formed the two legs (Figure 1.8).68 The track was composed 

of a DNA double helix with single stranded handles protruding from the helix at fixed 

increments. After adding the first attachment fuel strand it hybridizes to one of the bipedal 

legs and the first track handle, recruiting the walker to the track. Next, the second 

attachment fuel strand immobilizes the second leg on the track, after which a detachment 

fuel strand is added to remove the first fuel strand via strand displacement. The first leg is 
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consequently available to take the next step towards the third track handle upon addition of 

the third attachment fuel strand. Similarly, DNA walkers have been constructed that are 

based on a single-stranded walkers powered by hairpin fuels, allowing autonomous 

walking along the track.69 Moreover, different track designs have been explored, such as 

microparticles and two dimensional DNA origami rectangles.67,69–71 

 

Figure 1.8 | DNA bipedal walker traveling along a double stranded DNA track. The DNA walker 

comprises of a partial duplex with two single stranded ‘legs’. The legs sequentially adhere to the track via 

complementary fuel strands. The legs subsequently detach by addition of a fully complementary anti-fuel 

that displaces the fuel strand from both the leg and track. Adapted from Shin et al.68 

 

 In addition to walkers, DNA based scaffolds have also been used to recruit and colocalize 

reactants of DNA-based molecular circuits. Reif and coworkers used a single stranded track 

to immobilize 6 kinetically trapped hairpins in a predefined order. Subsequent addition of a 

single stranded input initiated a hybridization chain reaction where all the hairpins are 

sequentially opened. They showed that the immobilized circuit was accelerated six-fold 

compared to the nonlocalized DNA reactions.72 Similarly, in another study this six hairpin 

hybridization chain reaction was immobilized on a DNA origami rectangle, showing a 

comparable increase in reaction kinetics. However, as in both studies the input is not 

localized on the scaffold, the kinetics of the localized hybridization chain reaction was 

strongly correlated to the concentration of the input oligonucleotide.73 Using a DNA origami 

rectangle, Elezgaray and coworkers immobilized the reactants of strand displacement 

reactions at an optimized distance from each other. In their work they reported that the 

immobilized strand displacement reactions were significantly accelerated compared to the 

non-colocalized reactions. As a downside, however, the yield of the reactions only reached 

50%, which is mainly attributed to assembly defects in the overall structure.74 Finally, in an 

impressive assembly of structural DNA nanotechnology and DNA-based molecular circuits, 

Seelig and coworkers recognized that, in addition to sequence specificity, spatial 
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organization of DNA circuit reactants yields additional circuit design principles by placing 

interacting species in close proximity on the scaffold. Here they used the hybridization chain 

reaction, templated by a DNA origami rectangle, to direct the flow of information along 

predefined transmission lines. To speed up the hybridization chain reaction, input, 

intermediate and output hairpins were incorporated during the assembly of the origami 

rectangle. Next, an excess of input fuel and reporter strands was added to initiate and 

propagate the signal along the scaffold (Figure 1.9A). Only when hairpins were in 

sufficiently short distance from each other the signal could propagate (Figure 1.9B-C). Using 

this feature, cascades of logic operations were constructed simply by changing the geometric 

organization of reactive hairpins on the DNA origami scaffold.75 Additionally, as the 

effective concentrations of the circuit components were selectively increased by 

colocalization, their operating concentration could be decreased 50-fold, reducing spurious 

side reactions. 

 

Figure 1.9 | Signal propagation along a DNA-origami scaffold. (A) Reaction mechanism for a two 

hairpin “DNA domino” wire. The hairpins are immobilized on the DNA-origami platform, introducing 

spatial organization as a means of orthogonality. The input oligonucleotide opens the input hairpin, which 

subsequently opens a fuel hairpin that is in large excess in solution. The opened fuel hairpin can 

subsequently open a reporter hairpin which then displaces the reporter duplex to generate fluorescent 

readout. This circuit can be expanded to perform calculations such as Boolean logic and multi-input logic. 

(B) Fluorescence kinetic experiments that demonstrate signal transfer of localized DNA circuits. Only 

neighboring hairpins interact and propagate the signal, while hairpins with too large spacing are 

effectively nonreactive. (C) By introducing intermediate hairpins the signal can be transduced by 

alternating intermediate hairpin and fuel hairpin opening. Adapted from Chatterjee et al.75 
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1.5 DNA-based control of protein activity 

 In addition to serving as a track for molecular walkers, motors and circuits, the unique 

addressability of DNA has also been exploited to design scaffolds for the assembly of 

protein complexes. Three approaches can be distinguished that allow the proteins of interest 

to bind to a specific DNA strand: 1) using streptavidin to assemble biotinylated proteins to 

biotin-functionalized oligonucleotides, 2) semisynthetic protein-DNA hybrids where 

proteins are covalently ligated to a single-stranded oligonucleotide, and 3) expression of the 

proteins of interest in a fusion construct with a DNA-binding protein or affinity tag.64 

One of the first examples where DNA was used to template multi-enzyme protein 

complexes and thereby control a catalytic pathway was reported by Niemeyer et al. (Figure 

1.10A).76 DNA-templated formation of multi-enzyme complexes provides two potential 

benefits. First, reactions limited by diffusional transport of reaction intermediates may be 

accelerated due to the proximity of the catalytic cores. Second, substrate channeling of 

reaction intermediates could reduce the degree of side reactions, making the overall reaction 

more efficient. As a proof of principle, an artificial multi-enzyme complex was developed by 

colocalizing a biotinylated NADH:FMN oxidoreductase (NFOR) and a biotinylated 

luciferase (LUC) on a shared DNA template. Using NADH as an electron donor, NFOR 

reduces flavin mononucleotide (FMN) to FMNH2. Subsequently, LUC uses the FMNH2 and 

molecular oxygen to convert dodecanal to dodecanoic acid, while emitting a photon. A 

three-fold increase in overall catalytic activity was observed in the presence of the DNA-

template compared to non-templated enzymes. The same principle of DNA-templated 

formation of multi-enzyme complexes was subsequently employed for other enzyme 

cascades such as glucose oxidase (GOx)/horseradish peroxidase (HRP)77,78 and cytochrome 

p450 MB3 subdomains.79 Rather than using the biotin-streptavidin interaction, Gosh and 

coworkers were the first to employ DNA binding proteins for the reassembly of split-protein 

fragments by introducing a method named SEquence Enabled Reassembly of proteins 

(SEER). In this approach two non-functional luciferase halves were fused to two zinc fingers, 

each with a low nanomolar affinity towards a specific DNA sequence of 9 base pairs.80 In a 

modular approach where the recognition sequence of the zinc fingers is decoupled from the 

target sequence, two DNA hairpin-guides were used that contain a double stranded zinc 

finger recognition sequence and a single stranded sequence complementary to the target 
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sequence (Figure 1.10B).81 The same approach was also employed to reconstruct split-murine 

dihydrofolate reductase, split-β-lactamase and used for the detection of specific DNA 

methylation and DNA-damage.82–85 

 

 

Figure 1.10 | DNA-directed reassembly of proteins cascades and partners. (A) DNA-templated 

assembly of a multi-enzyme complex. The biotinylated enzymes are conjugated to biotinylated 

oligonucleotides using streptavidin as crosslinker. Efficient light production by the luciferase is only 

observed upon colocalization of both enzymes on a shared template strand. Adapted from Niemeyer et 

al.76 (B) Controlling protein activity by zinc-finger mediated assembly on DNA/RNA templates. Each 

protein half is expressed as a fusion protein to a zinc finger domain that recognizes a specific DNA duplex 

sequence. Two DNA hairpins function as a guide to bind the zinc-finger, while the variable overhang 

facilitates hybridization with a ssRNA target sequence. The presence of the target sequence consequently 

mediates the reconstitution of the protein halves. Adapted from Furman et al.81 

 

 Another molecular principle to control protein activity takes advantage of the large 

difference in mechanical properties between single- and double-stranded DNA. As 

mentioned earlier, single-stranded DNA is a flexible polymer chain, whereas double-

stranded DNA behaves like a rigid rod, at least at the 5-10 nm scale typical of protein 

(complexes). This provides the opportunity to allosterically control the activity of a protein 

by inducing conformational changes. Zocchi and coworkers pioneered this approach by 

creating a maltose-binding protein (MBP)-DNA hybrid in which the two lobes of the protein 

were connected via a 60 nucleotide ssDNA linker.86 Hybridization of a complementary 

oligonucleotide increased the mechanical tension on the protein, decreasing the binding 

affinity for maltose by 60%. Using a similar strategy, the activity of enzymes such as 

luciferases and guanylate kinase were controlled (Figure 1.10A).87–89 Instead of modulating 

protein activity by exerting a mechanical force on the protein itself, protein activity can also 

be controlled by mechanically modulating the interaction between the protein and an 
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inhibitor protein.90,91 To facilitate system optimization and high throughput applications, our 

group developed a modular approach to reversibly control enzyme-inhibitor complex 

formation (Figure 1.10B).92 To this end, TEM1-β-lactamase and its inhibitor protein BLIP 

were each conjugated to a 21 nucleotide tether. Due to their low micromolar affinity, both 

protein domains only form an inhibited complex upon hybridization to a template 

oligonucleotide complementary to both DNA tethers. The interaction between the enzyme 

and inhibitor results in the formation of a single-stranded loop region in the template, which 

is used as a target recognition loop. Upon hybridization of the target oligonucleotide to the 

template loop, the formed double helix disrupts the enzyme-inhibitor complex, and 

consequently reactivates the enzyme. This enzyme actuator has recently been successfully 

interfaced with a DNA-based switchable memory.93  

 

 

Figure 1.11 | Mechanical control of protein activity. (A) A mechano-sensitive enzyme actuated by a 

‘DNA spring”. A 60 nucleotide long ssDNA linker is conjugated with both ends to the two lobes of a 

guanylate kinase. By binding of the complementary oligonucleotide, the mechanical properties of the DNA 

linker change, transforming into a rigid rod. The rigidity of the linker exerts a mechanical force on the 

protein, reducing its catalytic activity. Adapted from Choi et al.86 (B) Non-covalent formation of an 

enzyme inhibitor complex via DNA tethers conjugated to both proteins. Due to their low intrinsic affinity 

TEM1-β-lactamase and the inhibitor protein BLIP only form an inactive complex upon binding to a 

template oligonucleotide that is complementary to both tethers. Enzyme-inhibitor complexation leads to 

the formation of a single stranded target recognition loop in the template strand. Binding of the 

complementary target oligonucleotide to this loop results in the mechanical disruption of the enzyme-

inhibitor complex, hereby reactivating the enzyme. Adapted from Janssen et al.92 

 

 The examples discussed so far employ simple one-dimensional single- or double-

stranded DNA as a scaffold for protein assembly. Several groups also explored the use two-

dimensional scaffolds to reconstitute protein cascades, as these more rigid scaffolds allow 

more control over inter-protein distances and geometries. Willner and coworkers showed 
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this by creating strips formed by hexagon-like structures (Figure 1.12A). These strips can 

either contain arrays of two or four hexagons that are functionalized at the hinges with GOx 

and HRP to form an enzyme cascade. By subsequently tuning the distance between the 

hinges and the length of the tethers connected to the hinges the efficiency of the protein 

cascade could be controlled.94 Similarly, these proteins were reconstituted into a catalytic 

pathway by immobilization on a rigid DNA-origami rectangle.95 Finally, Yan and coworkers 

took advantage of the expanded possibility to spatially organize different proteins by 

immobilizing a central glucose-6-phosphate dehydrogenase (G6pDH) in between two 

peripheral proteins (malate dehydrogenase (MDH) and lactate dehydrogenase (LDH), 

respectively). In their system two orthogonal enzyme cascades could be switched on by 

selectively binding a swinging arm functionalized with an NAD+ cofactor that serves as a 

substrate channel between the two proteins of the desired pathway (Figure 1.12B).96  

 

 

Figure 1.12 | Structural DNA-nanotechnology for the assembly of protein cascades. (A) A two-

hexagon DNA strip with tethers to immobilize enzyme-DNA conjugates. The glucose oxidase 

(GOx)/horseradish peroxidase (HRP) pathway is reassembled on a two- and four-hexagon strip. As the 

distance between the proteins increases the intermediate product has to diffuse further, increasing side 

reactions and decreasing the pathway efficiency. Adapted from Wilner et al.94 (B) Directional regulating of 

enzyme pathways. A central glucose-6-phosphate dehydrogenase (G6pDH) and two peripheral proteins 

(malate dehydrogenase (MDH) and lactate dehydrogenase (LDH), respectively) are immobilized on the 

DNA-origami rectangle. The desired pathway can be switched on by controlling the location of a swinging 

arm functionalized with an NAD+ cofactor via strand displacement reactions. Adapted from Ke et al.96 

 
 The rigidity and easily tunable length make dsDNA an attractive linker for the 

construction of multivalent ligands. This is particularly important when spanning long 

intramolecular distances while ensuring a low entropic penalty.97,98 Our group recently 
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antibody blockers. By conjugating a peptide epitope to both sides of a dsDNA spacer the 

relatively large distance between the antigen binding sites of the antibody was efficiently 

bridged, resulting in strong bivalent antibody binding (Figure 1.13).99 Incorporation of a 

protease recognition sequence allowed cleavage of the linker between the peptide epitope 

and the dsDNA spacer, disrupting the bivalent interaction and releasing the antibody from 

the blocker. In addition, implementation of single stranded overhangs on the dsDNA spacer 

enabled activation of the antibody via YES, OR, and AND logic-gated toehold-mediated 

strand displacement reactions.100 These bivalent peptide-DNA locks provide an opportunity 

to introduce additional specificity in antibody-based targeting by allowing matrix 

metalloprotease (MMP)-activity, the presence of miRNAs, or aptamer-activation to control 

antibody-based therapies, potentially resulting in less side effects. 

 

Figure 1.13 | Bivalent peptide-DNA ligands to noncovalently control antibodies. Bivalent peptide-

DNA conjugates provide non-covalent and easily applicable molecular locks that allow the control of 

antibody activity using toehold-mediated strand displacement and/or protease activity. The rigidity of 

the dsDNA linker allows efficient bridging of the distance between the antigen binding sites of the 

antibody, resulting in tight bivalent binding. Disrupting the bivalent nature of the ligand results in the 

formation of two monovalent interactions that bind 500-fold weaker and therefore spontaneously 

dissociate from the antibody, enabling the antibody to bind to its intended target. Adapted from Janssen 

et al.100 
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1.6 Integrating protein sensing and DNA-based systems 

 The examples discussed so far all used DNA to control the activity of proteins, which in 

some cases allowed control of protein activity by the output of DNA-based molecular 

circuits. However, in order to develop fully autonomous DNA-based molecular circuits that 

both sense and control their environment, modular strategies need to be developed that also 

allow proteins to serve as inputs for DNA circuits. One interesting approach to translate 

protein inputs to an oligonucleotide signal is mediated by aptamer recognition.101–103 

Typically, the aptamer is partially hybridized to the output oligonucleotide, resulting in the 

displacement of the output oligonucleotide by the protein input. An impressive example of 

an autonomous circuit based on this principle has been reported by Han et al.104 Their 

autonomous system to control the activity of thrombin was composed of an input converter 

that converts thrombin to a DNA signal, a threshold controller that defines the threshold 

concentration at which the protein concentration is maintained, and an inhibitor generator 

that inhibits protein activity above the predefined threshold value (Figure 1.14). Key for this 

application was the use of two anti-thrombin aptamers. One aptamer binds to the heparin 

exosite without exerting any inhibitory action (TA-29), therefore acting as the input 

converter. The second aptamer binds to the fibrinogen exosite (TA-15) and has a strong 

inhibiting effect on thrombin, therefore acting as the inhibitor generator module. Upon 

introduction of thrombin to the system, the TA-29 aptamer binds to the protein, which 

induces the release of an oligonucleotide. This oligonucleotide subsequently serves as an 

input for a cascade of strand exchange reactions. Once a predefined threshold concentration 

of input oligonucleotide is exceeded, a second, thermodynamically less favorable cascade is 

activated that leads to the release of the TA-15 aptamer. Hence, excessively high 

concentrations of thrombin are inhibited. Although the system operates autonomously, 

DNA-based cascade components are not recycled and continuous administration of the 

modules would be required for sustained performance of the system. Moreover, the circuit 

is based on diffusive components, which would result in rapid dilution when applied in in 

vivo models. 
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Figure 1.14 | Autonomously regulated control of active thrombin protein concentration. The 

aptamer circuit consists of three modules; an input converter, where the thrombin input is converted via 

aptamer-binding to release an oligonucleotide, a threshold controller that captures the DNA input up to a 

predefined concentration, and an inhibitor generator that releases an inhibiting thrombin aptamer only 

when the DNA input concentration exceeds the predefined threshold concentration. Adapted from Han et 

al.104 

 

Although aptamers provide a modular, noncovalent means of translating proteins to 

oligonucleotide signals, the number of proteins for which high affinity aptamers have been 

developed is limited. Many of the strategies discussed above to control the activity of 

proteins by DNA ligands are reversible, however, and could be redesigned to allow protein-

based control of DNA-based molecular circuits. E.g., instead of controlling the activity of 

proteins by co-localizing them on a DNA template the opposite, where the assembly of 

oligonucleotides is triggered on a template protein, can be employed to translate the 

presence of a protein trigger to a DNA-based output.105 A well-known example is proximity-

based ligation, which makes use of target protein induced stabilization of DNA 

hybridization (Figure 1.15A).106 Important for a proximity based assay is the availability of 

two orthogonal protein-binding ligands (usually aptamers or antibodies) that are 

functionalized with complementary oligonucleotides. Binding of the two ligands 

significantly increases the effective concentration of the two complementary 

oligonucleotides, hereby inducing their association.106 Based on this principle, the assembled 

complex can be used as input to start a rolling circle amplification or quantitative 

polymerase chain reaction.107–109 Additionally, using a similar approach, split proximity 

circuits have been reassembled to activate DNAzymes, DNA three-way junctions and 

hybridization chain reactions.110–112 Li et al. showed that the principle of proximity induced 
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DNA hybridization can be used to stabilize three-way junctions (Figure 1.15B).113 In their 

work two oligonucleotides contain orthogonal aptamers at their termini. Binding of the 

aptamers to thrombin stabilizes the formation of base pairs between the two 

oligonucleotides. Consequently, a toehold (T) and branch migration domain (C) are 

reconstituted that together can displace a reporter duplex (T*C*:C), resulting in an increase 

in fluorescence. Additionally, the displaced oligonucleotide can serve as input for DNA-

based molecular computing.  

 

 

Figure 1.15 | Proximity induced DNA hybridization. (A) Upon binding of two orthogonal, ligand 

functionalized oligonucleotides to a shared target protein their effective concentration significantly 

increases, hereby inducing their hybridization. This intramolecular duplex therefore has a higher melting 

temperature and is stabilized compared to the non-colocalized oligonucleotides. The formed assembly is 

typically used as input to start signal amplification such as rolling circle amplification or hybridization 

chain reaction. Adapted from Zhang et al.110 (B) Thrombin serves as scaffold to reconstitute a strand 

displacement circuit via the formation of a binding-induced three-way junction. Adapted from Li et al.113 

 

 

1.7 Aim and outline of the thesis 

 The highly programmable molecular interactions of DNA and its well-defined and 

controlled mechanical properties have made DNA a very versatile molecular building block 

in nanotechnology, both for the construction of complex three-dimensional structures and 

the development sophisticated molecular computers. Because of its inherent compatibility 

with biological systems, biomedical applications of DNA–nanotechnology are within reach. 

For such applications to become a reality, however, DNA-based systems need to be able to 
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sense, process information and control their environments. The aim of the research 

described in this thesis is to develop generally applicable, modular strategies that allow 

protein activity to control the input of DNA-based molecular circuits or allow their DNA-

output to control downstream protein activity. Moreover, to ensure the efficient integration 

of these functional modules, supramolecular polymers are explored as a dynamic platform 

to recruit protein and DNA reactants, providing a versatile template to confine and 

accelerate DNA-based molecular computing and enable their application in complex 

biological matrices. 

 Chapter 2 describes the construction of a luciferase-DNA hybrid for the detection of 

single stranded nucleic acids. The luciferase-DNA hybrid is implemented in a classical 

molecular beacon design to harness the programmable design principles of molecular 

beacons with the advantages of bioluminescence detection. By using bioluminescent 

resonance energy transfer (BRET) between the bright Nanoluc luciferase and a synthetic 

acceptor fluorophore, a sensitive, ratiometric readout is realized. These BRET beacons allow 

the detection of pM concentrations of nucleic acids directly in complex media, without the 

need for pre-amplification of the analyte. In addition to diagnostic applications, this system 

is ideally suited as sensitive readout for DNA-based molecular circuits. 

 Antibodies play a central role in life sciences as they can be generated to bind with high 

specificity and affinity to virtually any molecular target. In Chapter 3 antibody-templated 

strand exchange is introduced as a generic method to convert the presence of an antibody 

into a specific oligonucleotide sequence. By using the characteristic bivalent architecture of 

antibodies, strand exchange reactions are templated and promoted both kinetically and 

thermodynamically. As a result, DNA-based molecular circuits can be used to process the 

signals generated by the antibody-templated strand exchange reactions. We show that 

multiple antibodies can be processed in parallel and autonomously integrated by Boolean 

logic operators. Additionally, the DNA-based signal can be amplified by downstream 

actuation of a DNAzyme and DNA-directed reporter enzyme module.  

 Chapter 4 describes the design and implementation of pH-responsive triple-helical DNA 

domains into bivalent peptide-DNA ligands. These ligands are able to reversibly block the 

antigen binding sites of monoclonal antibodies in a non-covalent fashion. Particularly, the 

integration of pH-responsive domains introduces pH as an additional, orthogonal trigger for 
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the activation of the antibody. First, two design strategies are explored to activate the 

antibody upon an increase in pH, either with or without the requirement of an additional 

nucleic acid trigger. Next, a third design is introduced that allows antibody activation upon 

a decrease in pH. This low pH responsive bivalent ligand is employed to conditionally 

target the monoclonal anti-HA antibody to mammalian cells. Integration of this system in 

microfluidic droplets allows the screening of single tumor cells based on their metabolic 

activity, with the final goal of detecting and isolating circulating tumor cells from liquid 

biopsies.  

 Chapter 5 describes the introduction of a synthetic protein recruitment platform based on 

DNA-decorated supramolecular BTA polymers. The dynamic nature of the supramolecular 

platform mimics natural molecular platforms that recruit weakly associating proteins into 

higher order assemblies. Recruitment of a DNA-functionalized enzyme inhibitor pair on the 

polymer promotes their association due to a 1000 fold increase in effective concentration. By 

exploiting the programmability and orthogonality of DNA hybridization with the dynamic 

nature of supramolecular polymers the proteins can be reversibly recruited to the polymer 

platform. 

 Chapter 6 describes the implementation of the same DNA-decorated supramolecular 

BTA polymers as a platform for DNA-based molecular circuits. By co-recruiting DNA circuit 

reactants on the supramolecular polymer the kinetics of DNA-based molecular circuits are 

found to be increased by two orders of magnitude. The general applicability of the 

supramolecular polymer as template for DNA circuits is shown by implementing multi-

input AND gates, catalytic hairpin assembly and a hybridization chain reaction. As the BTA-

DNA platform only requires the introduction of a complementary anti-handle sequence, this 

system is generally applicable as an efficient platform for DNA-based molecular operations, 

paving the way for the construction of autonomous bionanomolecular systems that confine 

and combine molecular sensing, computation and actuation.   

In Chapter 7 the most important results described in this thesis are discussed, after which 

opportunities to combine the developed systems into an autonomously operating platform 

for bionanomedicine applications are identified. Finally, key hurdles that need to be 

overcome to fully harness the potential of this approach are discussed. 
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Chapter 2 

 

Nucleic acid detection using bioluminescent protein-

DNA hybrids 

 

 

Abstract 

The sequence specific detection and quantification of nucleic acids plays a vital role in 

the life sciences. We combined the robust and programmable design principles of the 

classical molecular beacon with the advantages of bioluminescence detection by developing 

a protein-DNA hybrid nucleic acid sensor based on bioluminescence resonance energy 

transfer (BRET). To this end, the luciferase NanoLuc is conjugated to the 5’-end of a handle 

sequence that is complementary to an anti-handle sequence appended to a stem-loop 

structure, which is functionalized with a Cy3 acceptor dye at its 3’-end. This separation of 

target recognition motif and the donor-luciferase allows the BRET-beacon to be easily 

adapted to different target sequences using only a single protein-DNA conjugate. While 

classical molecular beacons are hampered by background fluorescence and scattering, these 

BRET-beacons allow detection of pM concentrations of nucleic acids directly in complex 

media. 

 

 

This work was performed in collaboration with K. M. van de Wiel (mutagenesis and protein 

expression), L.H.H. Meijer (curve fitting) and B. Saha (protein expression). 

 

This work has been published as: 
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2.1 Introduction 

The sequence specific detection and quantification of nucleic acids plays a vital role in 

life sciences ranging from molecular diagnostics, imaging and forensics to synthetic biology, 

genetic engineering and DNA-based molecular circuits.1–6 Various strategies for nucleic acid 

detection have been developed. A popular approach that allows direct detection in solution 

is the fluorescence-based molecular beacon7; a single-stranded oligonucleotide modified 

with a fluorophore-quencher pair that forms a stem-loop structure. Upon hybridization of 

the target oligonucleotide to the complementary loop sequence the stem opens and 

fluorescence increases due to separation of the fluorophore and quencher. While the output 

signal of the classical molecular beacon is intensiometric, FRET analogs have been 

developed by replacing the quencher with an acceptor fluorophore, resulting in a 

ratiometric output signal that is independent of the sensor concentration.8,9 However, the 

sensitivity of these fluorescence-based optical probes is inherently limited because of 

background fluorescence and scattering of excitation light, in particular in complex media. 

Given the low concentrations of target oligonucleotide that need to be detected, molecular 

beacon based detection of nucleic acids typically requires purification and/or pre-

amplification of the analyte using PCR.10 Rather than amplifying the input signal, various 

strategies have been developed that rely on the amplification of the generated output signal, 

e.g. by DNA-templated assembly of (split-)protein partners such as enzyme-inhibitor pairs,11 

and split-enzymes.12,13 Bioluminescent approaches using split luciferases allow for sensitive 

detection, as they do not require external excitation and therefore do not suffer from auto-

fluorescence and background scattering.14,15 However, all of these approaches lack 

ratiometric detection provided by the FRET-based molecular beacons and thus require 

accurate calibration. 

In this work we aimed to combine the robust and programmable design principles of the 

molecular beacon with the advantages of bioluminescence detection by developing a 

protein-DNA hybrid molecular sensor based on bioluminescence resonance energy transfer 

(BRET). In our approach the luciferase NanoLuc is conjugated to the 5’-end of a handle 

sequence that is complementary to an anti-handle sequence appended to a stem-loop 

structure, which at its 3’-end is functionalized with a Cy3 acceptor dye (Figure 2.1). This 

separation of target recognition motif and the donor-luciferase allows the BRET-beacon to be 
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easily adapted to different target sequences using only a single protein-DNA conjugate, thus 

significantly reducing synthetic efforts and costs. NanoLuc was chosen as the donor 

luciferase, because it exhibits superior luminescence intensity (~150 fold brighter than firefly 

and Renilla luciferase) as well as high thermal and chemical stability.16 NanoLuc has already 

been successfully applied in BRET-based assays that allow detection of low molecular 

weight therapeutic compounds and antibodies directly in blood plasma and serum.17,18 

 

 

Figure 2.1 | General concept of the intermolecularly assembled BRET-beacon. The sensor is 

constructed by site-specifically conjugating a handle-oligonucleotide to NanoLuc and hybridizing it to an 

anti-handle sequence appended to the target-binding stem-loop structure. (i) The stem-loop is modified 

with a synthetic acceptor fluorophore (Cy3) to facilitate the readout of target oligonucleotide binding by 

measuring BRET efficiencies. (ii) Upon hybridization of the target oligonucleotide to the complementary 

stem-loop sequence a rigid double-helix is formed that disrupts the stem, hereby separating NanoLuc and 

the synthetic acceptor fluorophore, causing the BRET efficiency to decrease. (inset) Spectral properties of 

NanoLuc luciferase and Cy3 as acceptor fluorophore. 

 

2.2 Conjugation and purification of ODN-Nanoluc 

The 21 nucleotide long, amine-modified handle oligonucleotide (ODN) was initially 

successfully conjugated to the only native cysteine (Cys164) in NanoLuc via the 

heterobifunctional crosslinker Sulfo-SMCC (Figure 2.2A). However, conjugation of the ODN 
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at this site almost completely abolished the protein’s activity (data not shown).19 Therefore, 

this cysteine was mutated to a serine residue and a non-native cysteine residue was 

introduced at the flexible C-terminus of the protein. Conjugation of the maleimide-

functionalized ODN to the cysteine at this position did not affect the luciferase activity and 

resulted in a conjugation efficiency of >90% as estimated from SDS-PAGE analysis (Figure 

2.2B). Subsequent purification of the crude reaction mixture using consecutive Ni2+-affinity 

chromatography (to remove excess ODN) and anion exchange chromatography (to remove 

unreacted NanoLuc) yielded the ODN-NanoLuc conjugate in >99% purity. 

 

 

 

2.3 BRET-beacon assembly and target binding 

Having obtained pure ODN-NanoLuc, next the assembly of the BRET-beacon was tested 

using bioluminescence spectroscopy (Figure 2.3A). Addition of 20 nM of a Cy3-

functionalized stem-loop (5 bp stem, 23 nt loop) to 10 nM ODN-NanoLuc resulted in 

kDa

75

50

37

25

20

15

10

N
an

oL
uc

M C
ru

de
 R

ea
ct

io
n 

m
ix

P
ur

ifi
ed

 O
D

N
-N

an
oL

uc

P

O

O

O-

6

NH
2

P

O

O

O-

6
NH

O

O

O
N

HS

P

O

O

O-

6

NH

O

O

O
N

S

sulfo-SMCC

A B

(i)

(ii)

handle

NanoLuc

Figure 2.2 | Synthesis and characterization of the semi-synthetic protein-DNA hybrid. (A) 

Conjugation of the 21 nucleotide handle to NanoLuc. (i) The 5’-amine-modified oligonucleotide is reacted 

with the heterobifunctional linker Sulfo-SMCC. (ii) Subsequently, the maleimide-activated oligonucleotide 

is reacted with a cysteine that is inserted in the C-terminus of NanoLuc. (B) 4-20% SDS-PAGE analysis of 

NanoLuc, the conjugation reaction of the oligonucleotide handle to NanoLuc and the purified ODN-

NanoLuc product. Conjugation efficiency based on relative band intensities of the crude reaction mixture 

is estimated to be >90%. Similarly, the purity of the final product is estimated to be >99%. 



Nucleic acid detection using bioluminescent protein-DNA hybrids 

35 

efficient energy transfer from NanoLuc (λem = 452 nm) to Cy3 (λem = 564 nm), indicating the 

correct assembly of the BRET-beacon. Subsequent addition of a complementary target 

oligonucleotide resulted in a large, ~13 fold decrease of Cy3/NanoLuc emission ratio, 

consistent with an increase in the NanoLuc–Cy3 distance due to opening of the stem-loop 

conformation. Similar responses were observed using 4 and 6 base pair stems, with an 

increase in stem length yielding a slightly higher emission ratio in the closed state. To 

establish the efficiency of formation of the BRET beacon, titration experiments were 

performed in which increasing amounts of the stem-loop with a 4, 5 or 6 base pair stem were 

added to 500 pM ODN-NanoLuc. (Figure 2.3B-D). In all three titrations, the emission ratio 

increased linearly between 0 and 500 pM of added stem-loop, followed by a sharp transition 

to a maximal emission ratio above 500 pM of the stem-loop. These results are consistent with 

the formation of a tight complex between ODN-NanoLuc and the anti-handle of the stem-

loop structure. In all subsequent experiments a 2-fold molar excess of stem-loop was used to 

avoid the presence of small and varying amounts of free ODN-NanoLuc.  

Having established efficient assembly of the bioluminescent molecular beacon, we next 

assessed its analytical performance. To allow the detection of low target concentrations, the 

concentration of the BRET-beacon was lowered to 4 pM (i.e., 2 pM ODN-NanoLuc and 4 pM 

stem5-loop). To ensure efficient opening of the stem, a target that is fully complementary to 

both the stem and loop sequence was titrated to the BRET-beacon. Finally, equation 2.1 was 

fitted to the resulting BRET ratios as a function of target concentration, resulting in an 

apparent affinity (Kd,app) of 131 ± 9 pM (Figure 2.3E). The limit of detection (LOD) under 

these conditions was 5.6 pM, corresponding to 283 attomol of analyte in a volume of 50 μL. 

These concentrations are approximately 3 orders of magnitude lower than those achieved 

using fluorescent molecular beacons and 2 orders of magnitude lower than previously 

reported BRET systems that employed less efficient luciferases and different probe 

designs.20,21 Please note that to reach full equilibrium of target binding at these low 

concentrations, incubation times of at least 4 hours are required. 
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Figure 2.3 | Characterization of the sequential assembly and target binding of the bioluminescent 

molecular beacon. (A) Normalized emission spectra of 10 nM ODN–NanoLuc, 10 nM ODN–NanoLuc 

hybridized to 20 nM stem5-loop to form the bioluminescent molecular beacon, and the bioluminescent 

molecular beacon incubated with 200 nM target oligonucleotide. Titration of (B) stem4-loop, (C) stem5-

loop and (D) stem6-loop to 0.5 nM of ODN–NanoLuc. The stem-loop tightly binds with its anti-handle to 

the handle on ODN–NanoLuc as indicated by the linear increase in BRET-ratio up to stoichiometric 

concentrations of the stem-loop. Dashed lines represent linear fits of the experimental data from 0 nM to 

0.5 nM and 0.5 nM to 3 nM of the stem-loop. (E) Titration of a target complementary to both the loop and 

stem to 4 pM BRET-beacon5 (2 pM ODN–NanoLuc, 4 pM stem5-loop). An apparent affinity of Kd,app = 131 

± 9 pM is obtained by fitting of Equation 2.1 to the experimental data. Errorbars represent the s.d. 

calculated from triplicate measurements. 

 

One of the attractive features of the BRET beacon design is that both the sequence of the 

loop and the length of the stem can be easily adapted without having to modify the ODN-

NanoLuc conjugate. Whereas stem lengths of 4, 5 and 6 base pairs yield sensors with a 

similar BRET response, varying the length of the stem could provide an opportunity to 

modulate the apparent affinity of the sensor for its intended target oligonucleotide. Figure 

2.4 shows experiments in which target oligonucleotides of different lengths (between 10 to 

14 nucleotides, all harboring 4 stem-invading nucleotides) were titrated to BRET-beacons 

with different stem lengths (4, 5 or 6 base pairs). Using the same sensor, a 10-20 fold increase 

in apparent affinity is observed per nucleotide that is appended to the target oligonucleotide 
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(Table 2.1). However, when the apparent affinities of the target sequences become similar to 

the sensor concentration (e.g. targets 13 and 14 with stem loop 4), the titration curves of 

target sequences with different length start to coincide. The apparent affinity for the target 

oligonucleotide can be modulated by either decreasing or increasing the stability of the stem, 

however. Increasing the stem length by a single base pair weakens the apparent affinity for 

the target oligonucleotides by one order of magnitude. E.g., the affinity of the 12 nucleotide 

target is 1 nM, 10 nM, and 400 nM for sensors with a stem of 4, 5 and 6 base pairs, 

respectively. In this way, the ability to discriminate between targets differing by only one 

nucleotide can be easily optimized for different target sequences, or the responsive 

concentration range can be tuned for the intended application.22 The 10-20 fold change in 

apparent affinity per additional base pair is consistent with previous studies on molecular 

beacons and determined by the thermodynamics of DNA hybridization, which show that 

each additional base pair contributes approximately 1.5 kcal mole-1 in free energy.23 

 

  

 

Figure 2.4 | Tuning the response of the bioluminescent molecular beacon. The response of the 

bioluminescent molecular beacon towards targets of different lengths is tuned by stabilizing the stem (i.e. 

increasing the number of base pairs). Titrations of target oligonucleotides with lengths ranging from 10 to 

14 nucleotides to BRET-beacons harboring a stem region of (A) 4 base pairs, (B) 5 base pairs and (C) 6 

base pairs. The experiments were performed using 20 pM BRET-beacon (i.e. 10 pM ODN-NanoLuc 

hybridized with 20 pM stem-loop) and 1 pM – 5 μM target oligonucleotides. The solid lines represent 

global fits of Equation 2.1 to the experimental data per stem length. Errorbars represent SEM of duplicate 

measurements. 
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Table 2.1 | Apparent affinities (Kd,app), (nM) of different target vs. stem lengths 

Target length (nt) Stem 4 Stem 5 Stem 6 

14 0.22 ± 0.02 0.25 ± 0.02 14.46 ± 0.61 

13 0.20 ± 0.02 1.60 ± 0.10 77.1 ± 3.3 

12 0.82 ± 0.07 12.2 ± 0.80 402 ± 16.9 

11 10.01 ± 0.83 104.4 ± 6.8 3215 ± 144 

10 112.2 ± 9.3 1009 ± 66 22320 ± 2284 

 

2.4 Boolean logic AND-gate implementation 

We also tested the ability of the BRET-beacon to detect the presence of two 

oligonucleotides in the form of an AND-gate logic operator. The development of such 

Boolean logic operations is important for the readout and detection of combinations of 

oligonucleotide triggers, which could prove useful for disease diagnosis and the 

characterization of DNA-based molecular circuits.24 Two small target oligonucleotides (10 

nucleotides each) were designed to bind to a designated part of the target recognition loop 

without invading the stem of the BRET-beacon (Figure 2.5A). The heat map in Figure 2.5B 

shows BRET-ratios as a function of the concentrations of both target oligonucleotides. No 

increase in BRET-ratio is observed when only one of the two target strands is added. This 

confirms that upon binding of only one of the two target strands the flexibility of the 

unbound region of the loop is sufficient to keep the stem in its closed conformation. The 

BRET-ratio decreases upon addition of both target oligonucleotides, confirming that the 

nicked double-helix that is formed upon addition of the second target oligonucleotide 

imposes sufficient mechanical strain on the stem to disrupt it. Individual binding affinities 

for both targets were determined in the presence of saturating concentrations of the other 

target (5 μM), resulting in apparent dissociation constants of Kd,TargetA = 137.4 ± 24.1 nM and 

Kd,TargetB = 16.4 ± 1.9 nM for target A and target B, respectively. 
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2.5 Nucleic acid detection in complex medium 

To assess the performance of the BRET beacons in a complex medium we tested their 

ability to detect the DNA analog of the clinically relevant micro-RNA21 (miRNA21) 

sequence directly in human serum. miRNA21 is a small (22 nt), non-coding RNA sequence 

whose overexpression is associated with the development of various types of cancer.25 To 

allow the detection of this miRNA21 mimic, the loop sequence of the stem-loop structure 

was redesigned to be complementary to the sequence of miRNA21. Figure 2.6 shows 

experiments in which the deoxyribose analog of miRNA21 was titrated to 50 pM of BRET-

beacon in buffer and pooled human serum. To prevent possible degradation of the BRET-

beacon by nucleases present in human serum, 10 μM of an inert T20 oligonucleotide carrier 

strand was added. The absolute emission ratios are 2-fold higher in serum compared to 

buffer, possibly due to reabsorption of light by serum components, but the relative change in 

emission ratio is very similar. Both titration experiments also reported similar apparent 

 

Figure 2.5 | Implementation of AND-gate Boolean logic. (A) Two 10 nt target oligonucleotides (Target 

A and B) bind independently to a portion of the loop region. When one of the two targets binds, the free 

binding region of the other target provides enough flexibility to keep the stem-loop in the closed 

conformation. The mechanical strain induced by binding of both targets forces the stem to open, resulting 

in a decrease in BRET efficiency. (B) Heatmap showing BRET-ratios in the presence of a concentration 

range of both target oligonucleotides. The affinity of the individual targets is determined at saturating 

concentrations of the other target (5 μM), resulting in an affinity of 137.4 nM and 16.4 nM of Target A, 

respectively. The assays were performed using 10 pM ODN–NanoLuc, 20 pM stem5-loop and 0 nM –5 μM 

of the individual target oligonucleotides. 
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affinities for the miRNA21 analog of Kd = 444 ± 30 pM and Kd = 564 ± 41 pM in buffer and 

serum, respectively. These results convincingly show the excellent performance of BRET-

based detection in human serum. 

 

 

2.6 Conclusions 

In conclusion, BRET-beacons have been developed as a new bioluminescent sensor 

platform for the detection of ssDNA and RNA. By using the bright luciferase NanoLuc these 

BRET beacons are at least 2 orders of magnitude more sensitive than previously reported 

nucleic acid BRET sensors. Because of their high stability, well-defined conjugation 

chemistry and modular assembly, BRET-beacons represent an attractive sensor format for 

numerous applications in molecular diagnostics, molecular biology, and DNA-based 

computing.  

 

Figure 2.6 | miRNA21 detection in buffer and serum. 50 pM BRET-beacon (25 pM ODN–NanoLuc 

prehybridized to 50 pM stem-loop) was incubated with various concentrations of a synthetic deoxyribose 

analog of miRNA21 in (A) TE/Mg/NaCl buffer supplemented with 1 mg mL-1 BSA and (B) 1 times diluted 

pooled human serum. To reduce degradation of the BRET-beacon by nucleases present in serum, 10 μM of 

a T20 oligonucleotide was added as carrier strand in both buffer and serum measurements. Errorbars 

represent the standard deviation of triplicate measurements. 
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2.7 Experimental sections 

Chemicals and reagents. All oligonucleotides were purchased HPLC-purified from 

Integrated DNA Technologies. Sulfo-SMCC was purchased from Thermo Scientific in 2 mg 

no weigh format. Pooled human serum was obtained from Innovative Research. NanoGlo 

substrate was obtained from Promega. All other reagents and solvents were obtained from 

commercial sources and used without further purification. Oligonucleotides that are not 

used for conjugation were dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) to 

an approximate concentration of 100 μM as suggested by the manufacturer. Subsequently 

the concentration was determined by UV-VIS (NanoDrop 1000, Thermo Scientific), using the 

extinction coefficients at 260 nm calculated with the DNA UV spectrum predictor tool 

(Integrated DNA Technologies). Finally, the oligonucleotide stock solutions were diluted in 

TE buffer to a final concentration of 50 μM and stored at -30 °C. 

 

Mutagenesis, expression and purification of NanoLuc luciferase. DNA encoding for 

NanoLuc luciferase with an N-terminal strep-tag and a C-terminal His-tag was available in a 

pET28a expression vector (Genscript). The native cysteine was mutated to a serine (C164S) 

and the glycine before the N-terminal His-tag was mutated to a cysteine (G180C) using 

QuickChange multisite-directed mutagenesis (Agilent Technologies) according to 

manufacturer’s protocol. The plasmid encoding for the mutated NanoLuc was subsequently 

transformed in E. coli BL21(DE3) (Novagen) and cultured in LB-medium supplemented with 

30 mg L-1 kanamycin in a total volume of 500 mL. At OD600 = 0.6 protein expression was 

induced by the addition of 100 μM isopropyl β-D-1-thioglactopyranoside (IPTG) overnight 

at 18 °C. Subsequently, cells were harvested by centrifugation for 10 minutes at 10,000xg and 

lysed by resuspending the pelleted cells in BugBuster protein extraction reagent (Novagen) 

and Benzonase endonuclease (Novagen). The soluble fraction was obtained by 

centrifugation for 40 minutes at 40,000xg. Finally, NanoLuc luciferase was purified from the 

soluble fraction by Ni2+-affinity chromatography and the buffer was exchanged to storage 

buffer (20 mM Tris-HCl, 150 mM NaCl, 2 mM TCEP, pH 7.9). The correct mass and purity 

were confirmed by mass spectrometry: calculated mass: 22145.3 Da; observed mass: 22145.1 

Da. 

 

Conjugation of handle oligonucleotide to NanoLuc. The handle oligonucleotide 

functionalized with a 5’ primary amine was dissolved in PBS (100 mM NaPi, 150 mM NaCl, 

pH 7.2) to a final concentration of 1 mM. Subsequently, 20 equivalents of Sulfo-SMCC 

dissolved in DMSO to a final concentration of 20 mM were added and incubated for 2 hours 

at room temperature with continuous shaking at 850 rpm. The maleimide-functionalized 

handle oligonucleotide was purified by 3 consecutive ethanol precipitations. In short, 10% 

(v/v) 5 M NaCl and 300% (v/v) ice cold ethanol was added and the solution was stored at 

-30 °C for 1 hour. After centrifugation at 14,000 rpm for 15 minutes at 4 °C the supernatant 

was removed and the pellet was dried under vacuum. Before conjugating the handle 
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oligonucleotide to NanoLuc, the protein was first buffer exchanged to 100 mM sodium 

phosphate at pH 7.0 using a PD-10 desalting column to remove TCEP. Subsequently, the 

handle oligonucleotide was added in a 3-fold molar excess to ~100 μM NanoLuc and 

allowed to react for 2 hours at room temperature with continuous shaking at 850 rpm. 

Finally, the ODN-NanoLuc conjugate was purified by Ni2+-affinity chromatography and 

anion exchange chromatography to remove excess handle oligonucleotide and unreacted 

NanoLuc, respectively. In short, the reaction mixture was loaded on a prepacked His-bind 

resin column and the excess of handle oligonucleotides was removed by washing the 

column with wash buffer (20 mM Tris-HCl, 250 mM NaCl, 60 mM imidazole, pH 7.9). By 

subsequently washing the column with elution buffer (20 mM Tris-HCl, 250 mM NaCl, 

500 mM imidazole, pH 7.9) the unreacted NanoLuc and ODN-NanoLuc were eluted. The 

elution fractions were pooled and the buffer was exchanged to a low ionic strength buffer 

(20 mM Tris-HCl, pH 7.0) using a PD-10 desalting column and directly loaded on a Strong 

Anion-exchange Spin Column (Thermo Scientific). Unreacted NanoLuc was eluted by 

washing the anion exchange spin column with a low ionic strength buffer (20 mM Tris-HCl, 

0-300 mM NaCl, pH 7.0). Finally, pure ODN-NanoLuc was eluted with a high ionic strength 

buffer (20 mM Tris-HCl, 1 M NaCl, pH 7.0). The concentration of ODN-NanoLuc was 

determined by measuring the absorbance at 260 nm and the theoretical extinction coefficient 

of the handle oligonucleotide (225,400 M-1 cm-1). 

 

 Emission spectra of BRET-beacon assembly and target binding. The emission spectra 

of 10 nM ODN-NanoLuc, the fully assembled BRET-beacon (10 nM ODN-NanoLuc 

hybridized to 20 nM Stem5-loop, and the BRET-beacon incubated with 200 nM fully 

complementary target were recorded on a Varian Eclipse spectrophotometer using a 10 mm 

cuvette in bioluminescence mode with an emission slit of 20 nm and a gate time of 200 ms. 

Experiments were performed in TE/Mg2+/NaCl buffer supplemented with 1 mg mL-1 BSA (10 

mM Tris-HCl, 1 mM EDTA, 12.5 mM MgCl2 150 mM NaCl, 1 mg mL-1 BSA, pH 8.0). Directly 

prior to the start of the bioluminescence measurement the NanoLuc substrate was added at 

a 5000-fold dilution. For stem-loop and target titrations, luminescence intensities at 458 nm 

and 578 nm were recorded using a Tecan Spark 10 M plate reader with 1 second integration 

time using a white 384-well plate in a final volume of 50 μL. Equation 2.1 was used to fit the 

obtained bioluminescence emission ratios for the target titrations to BRET-beacons with 

stem lengths of 6, 5 and 4 base pairs.  

 

 In equation 2.1, R is the measures emission ratio, R0 and R∞ the emission ratio in absence 

and presence of saturating target concentrations, [B] the concentration of the BRET-beacon, 

[Target] the concentration of the target oligonucleotide and Kd,app the apparent dissociation 

constant of the target binding to the BRET-beacon.  

 
� = �� + (�� − ��)

[
] + �,��� + [������] − �([
] + �,��� + [������])� − 4[
][������]
2[
]

 (2.1) 
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Table 2.2 | Oligonucleotide sequences 
Name Sequencea 

Handle 5’-H2N-GTGATGTAGGTGGTAGAGGAA-3’ 

Stem4-Loop 5’-TTCCTCTACCACCTACATCACCAGCTGGAGACGTAGGGTATTGAATGTGCTG-Cy3-3’ 

Stem5-Loop 5’-TTCCTCTACCACCTACATCACACAGCTGGAGACGTAGGGTATTGAATGTGCTGT-Cy3-3’ 

stem6-Loop 5’-TTCCTCTACCACCTACATCACGACAGCTGGAGACGTAGGGTATTGAATGTGCTGTC-Cy3-3’ 

 

Full target 5’-CAGCACATTCAATACCCTACGTCTCCA-3’ 

Target 10 5’-CAGCACATTC-3’ 

Target 11 5’-CAGCACATTCA-3’ 

Target 12 5’-CAGCACATTCAA-3’ 

Target 13 5’-CAGCACATTCAAT-3’ 

Target 14 5’-CAGCACATTCAATA-3’ 

 

Target A 5’-CATTCAATAC-3’ 

Target B 5’-CTACGTCTCC-3’ 

 

Stem-Loop 

miRNA21 

5’-TTCCTCTACCACCTACATCACCCAGCATCAACATCAGTCTGATAAGCTAGCTGG-3’ 

Target miRNA21 5’-TAGCTTATCAGACTGATGTTGA-3’ 
a Colors represent individual oligonucleotide domains. 
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Chapter 3 
 

Antibody-controlled actuation of DNA-based 

molecular circuits 

 

 

Abstract 

DNA-based molecular circuits allow autonomous signal processing, but their actuation 

has relied mostly on RNA/DNA-based inputs, limiting their application in synthetic biology, 

biomedicine and molecular diagnostics. Here a generic method is introduced to translate the 

presence of an antibody into a unique DNA strand, enabling the use of antibodies as specific 

inputs for DNA-based molecular computing. This approach, antibody-templated strand 

exchange (ATSE), uses the characteristic bivalent architecture of antibodies to promote 

DNA-strand exchange reactions both thermodynamically and kinetically. Detailed 

characterization of the ATSE reaction allowed the establishment of a comprehensive model 

that describes the kinetics and thermodynamics of ATSE as a function of toehold length, 

antibody–epitope affinity and concentration. ATSE enables the introduction of complex 

signal processing in antibody-based diagnostics, as demonstrated here by constructing 

molecular circuits for multiplex antibody detection, integration of multiple antibody inputs 

using logic gates and actuation of enzymes and DNAzymes for signal amplification. 

 

 

This work was performed in collaboration with L.H.H. Meijer (development of kinetic model and 

stopped flow fitting) and B. Somers (DNAzyme characterization). 

 

This work has been published as: 

W. Engelen, L. H. H. Meijer, B. Somers, T. F. A. de Greef, M. Merkx, Nat. Commun., 2017, 8, 14473. 



Chapter 3 

46 

 Introduction 

Governed by its highly automated synthesis and the predictable and modular nature of 

self-assembly, DNA has emerged as a versatile building block for the construction of 

precisely defined nanometer-sized structures and sophisticated molecular circuits.1–7 

Examples range from three-dimensional nanostructures capable of encapsulating 

therapeutic molecules to complex DNA-based molecular circuits, robots and motors.8–11 

DNA-based molecular circuits capable of adaptation, oscillations and bistability have been 

created using enzymes involved in DNA synthesis and degradation such as DNA 

polymerases, nickases and exonucleases.12–14 Moreover, toehold-mediated strand exchange 

has been introduced as a highly versatile and universal molecular programming language to 

construct enzyme-free systems that include logic gates, signal amplification, thresholding, 

feedback control and consensus gating.15,16 In toehold-mediated strand exchange reactions, 

complementary single-stranded domains (toeholds) allow two DNA reactants to transiently 

hybridize, thereby initiating dynamic strand exchange reactions. By tuning the length and 

sequence of a toehold, both the kinetics and thermodynamics of toehold-mediated exchange 

reactions can be readily controlled.17–19 Impressive examples of DNA-based molecular 

circuits based on this principle include neural networks20 and adaptive immune system 

mimics21, molecular tic-tac-toe22 and circuits able to calculate the square root of four bit 

binary input numbers.6  

Whereas oligonucleotide-based molecular circuits are not expected to rival silicon-based 

electronic computing, their key advantage is that they can be integrated at a molecular level 

with biological systems.23–26 For example, autonomous DNA-based molecular circuits that 

are able to sense specific input signals in their environment, process these inputs according 

to a predefined algorithm, and finally translate the result into a biological activity could be 

used as theranostic devices.27 The successful application of DNA-based molecular circuits 

for these and other applications in bottom up synthetic biology relies on their ability to sense 

and act on their environment. While some progress has been made to control downstream 

protein activity using DNA-based molecular circuits, the upstream actuation of DNA-based 

molecular circuits still mostly relies on oligonucleotide-based input triggers.28–30 With the 

exception of a few well-characterized protein-binding aptamers, generic design principles to 

interface DNA-based molecular circuits with protein-based input triggers are lacking.31 
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The excellent specificity and affinity of antibody-based molecular recognition has 

proven invaluable for the development of modern diagnostic assays and therapeutic 

antibodies constitute an important class of newly introduced drugs.32 In addition, antibodies 

represent excellent biomarkers for a range of diseases, in particular infectious and 

autoimmune diseases. Their omnipresence in today’s lifesciences encouraged us to develop 

a generic approach to use antibodies as specific inputs for DNA-based molecular computing. 

Our strategy harnesses the characteristic bivalent Y-shaped molecular architecture of 

antibodies as a template to promote strand exchange of peptide-functionalized DNA 

strands, providing a generic and highly efficient way to translate the presence of an 

antibody into a specific DNA output sequence. In this work, we present a detailed 

experimental characterization and optimization of this antibody-templated strand exchange 

(ATSE) reaction, introduce a model to understand the critical parameters that determine its 

kinetic and thermodynamic properties, and demonstrate how DNA-based molecular circuits 

can be used to process multiple antibody inputs using predetermined logic operations and 

control downstream catalytic systems. 

 

 Antibody-templated strand exchange reactions 

Figure 3.1A shows the principle of the antibody-templated strand exchange reaction. 

The ATSE system consists of a base strand (B) and an output strand (O) prehybridized to 

form duplex BO, and an invading strand (I). A toehold (T) on BO allows I to bind and 

displace O, but the number of basepairs in BO is higher than in BI. In the absence of the 

target antibody this reaction is therefore thermodynamically unfavorable and is maintained 

in the initial state, that is, no output is generated. Conjugation of antibody specific peptide 

epitopes to the 3’-ends of B and I, allows binding of BO and I to their target antibody and 

enhances the toehold exchange reaction in two ways. First, the product of the exchange 

reaction BI can form a bivalent interaction with its target antibody, thus making the 

displacement of O by I thermodynamically more favorable. We recently showed that 

bivalent peptide-dsDNA ligands form very tight 1:1 complexes with their target antibody, 

showing a 500-fold increase in affinity compared to the monovalent peptide-antibody 

interaction. Second, the colocalization of the reactants increases their effective concentration, 

hence enhancing the rate of the exchange reaction.  
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To provide proof-of-principle for ATSE we used a monoclonal antibody targeting the 

HA-tag, a peptide derived from the human influenza virus hemagglutinin protein 

(Kd = 0.269 ± 0.020 nM, Figure 3.3A). The kinetics of the strand exchange reaction was 

studied by coupling the released output strand O to a downstream toehold-mediated strand 

displacement (TMSD) reaction with a reporter duplex (Rep), resulting in quantitative release 

of a fluorescently labelled oligonucleotide. To ensure minimal background in combination 

with fast initiation of the ATSE reaction, we optimized the design by systematically 

increasing the length of the toehold T from 0 to 6 nucleotides, hence gradually destabilizing 

the initial state. The length of the strands was chosen such that the bivalent peptide-dsDNA 

product BI contained 24 base pairs, a length that we have previously shown to be optimal 

for bivalent binding to the target antibody.33,34 In the absence of input antibody no increase 

in fluorescence was observed up to a toehold length of 3 nucleotides (Figure 3.1B). 

Increasing the toehold beyond 3 nucleotides gradually increased the rate of the background 

reaction until it was maximal at a toehold length of 6 nucleotides. In the presence of 5 nM of 

anti-HA antibody, a significant amount of strand exchange was observed even for a 1 

nucleotide toehold and the maximum rate was already obtained at a toehold length of 3 

nucleotides. Figure 3.1C shows the apparent first-order rate constants for the ATSE reaction 

as a function of toehold length in the presence and absence of anti-HA antibody. Dividing 

the apparent rate constant in the presence of antibody by the apparent rate constant of the 

background reaction shows that a maximal signal-to-background ratio (S/B ratio) of ~100 

was obtained using a toehold length of 3 nucleotides (Figure 3.1D).  

The modularity of the ATSE principle should allow its application to virtually any 

antibody by simply exchanging the peptide epitopes. To test this, we repeated these 

experiments for the anti-HIV1-p17 antibody, using peptide epitopes derived from the p17 

coat protein of the HIV1 virus that bind with a monovalent Kd of 16 nM.35 At the same 

concentration of antibody (5 nM), the rate of ATSE was found to be smaller for the anti-

HIV1-p17 antibody compared to the anti-HA antibody, which can be explained by the lower 

affinity of the peptide-antibody interaction in the former, meaning that less reactants will 

form the reactive peptide-antibody complex. However, despite the significantly lower 

binding affinity of the HIV1 epitope to the antibody, the ATSE reaction displayed a similar 
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toehold length dependence as the anti-HA antibody templated strand exchange reaction, 

showing a maximal S/B ratio of ~20 using a toehold of 3 nucleotides. 

 

 

Figure 3.1 | Antibody-templated strand exchange. (A) Principle of ATSE. In the absence of antibody 

(Ab) the strand exchange reaction is thermodynamically unfavorable and remains in the initial state with 

output strand (O) hybridized to the peptide-functionalized base strand (B). Scaffolding of the 

oligonucleotide reactants on the input antibody initiates intramolecular toehold-mediated strand 

exchange, forming a stable intramolecular bivalent complex (BI) and displacing O in solution. Activation 

of O is monitored by a downstream reporter duplex (Rep), resulting in a stoichiometric increase in 

fluorescence. (B) Monitoring the release of output strand O as a function of toehold length T in the 

absence (black) and presence of 5 nM of anti-HA antibody (red) or 5 nM anti-HIV1-p17 antibody (green). 

One normalized unit (n.u.) represents the fluorescence generated by the displacement of Rep by 1 nM O. 

(C) Apparent first-order rate constants (kobs) obtained by fitting the kinetic traces shown in (B) using a 

single exponential. (D) Signal to background ratios as a function of T obtained by dividing the antibody-

templated first-order rate constants by the background rate constants. All experiments were performed 

with [BO] = 5.5 nM, [I] = 5 nM, [Ab] = 5 nM and [Rep] = 10 nM. Error bars represent the standard error of 

estimated value of kobs. 
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 ODE-based kinetic model of ATSE reactions 

To provide a thorough understanding of the critical parameters that determine the 

performance of the ATSE reaction, we constructed a mechanistic kinetic model consisting of 

a set of ordinary differential equations (ODEs). The model describes the time-dependent 

concentrations of all start, intermediate and end products of the antibody-templated strand 

exchange reaction (Figure 3.2). First, the dissociation constant (Kd) of the binding of the 

peptide-DNA conjugate (BO) to the anti-HA antibody (Ab) was determined via a 

fluorescence polarization assay with a peptide-DNA conjugate hybridized to a fluorescently 

labeled oligonucleotide, yielding a Kd of 0.775 ± 0.031 nM. To rule out any effect of DNA 

conjugation on the binding affinity of the peptide a second fluorescence polarization study 

was performed with a peptide epitope that was directly labeled with a FITC fluorophore, 

resulting in a similar dissociation constant of 0.269 ± 0.020 nM (Figure 3.3A). 

 

Figure 3.2 | Schematic representation of the reactions considered in the ATSE ODE model. The two 

peptide-DNA conjugates bind to the antibody with forward rate kf and backward rate kb, after which and 

intramolecular cyclization with rate kintra results in the release of strand O. Subsequently, strand O 

displaces the reporter duplex with rate krep. The background reaction involves displacement of BO by I 

with rate constant kbg, followed by the displacement of the reporter duplex by strand O. Note that the 

antibody-templated and background reaction can simultaneously take place. Hence, the product of the 

background reaction (B·I) can bind to the antibody.  
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Next, the rate constant (kf) of the binding of the peptide epitope (BO) to the anti-HA 

antibody (Ab) was determined by measuring the fluorescence polarization in time with a 

stopped-flow setup by mixing 2 nM anti-HA antibody with either 2 nM, 10 nM or 100 nM of 

FITC-labeled peptide epitope. The obtained raw data was converted to the concentration of 

formed antibody-peptide complex (Ab·BO) by subtracting the polarization at t = 0 and 

assuming equilibrium at t = 125 seconds. The steady-state concentrations were calculated 

from the known concentrations of reactants and their experimentally determined 

dissociation constant. Finally, the rate constant of peptide epitope binding was obtained by 

non-linear least-square optimization of the multiple kinetic traces to the ODE model 

describing epitope binding to the antibody, yielding kf = 1.2 x 107 M-1 s-1 (Figure 3.3B). To 

characterize the kinetics of the displacement of the reporter duplex (F·Q) by output (O), the 

fluorescence of the reporter was measured in time with a stopped-flow setup by mixing 10 

nM F·Q with either 2 nM, 20 nM or 100 nM output (O). The raw data was subtracted by the 

fluorescence at t = 0 and the fluorescence was converted to the concentration of free F by 

assuming equilibrium at t = 400 seconds. To obtain the second-order rate constant krep, non-

linear least-square optimization of the multiple kinetic traces to the ODE model describing 

the displacement of F·Q by O, yielding krep = 1.4 x 106 M-1 s-1 (Figure 3.3C).  

The rate constants of the background reaction (kbg) as a function of toehold length were 

obtained by fitting of the fluorescence traces in Figure 3.3D using the experimentally 

determined value of krep as a fixed parameter and a model that describes the kinetics of the 

toehold-mediated strand exchange as a bimolecular reaction (Equation 3.9 – 3.15). The 

background reaction was assumed to be effectively irreversible as DNA strand O is 

sequestered by an excess of reporter complex F·Q.18 Finally, having established the kinetic 

parameters kf, kbg and krep and the Kd for the antibody–epitope interaction allowed the 

determination of the rate constants (kintra) for the antibody-templated intramolecular toehold-

mediated strand exchange reaction as a function of toehold length by non-linear least square 

optimization of the ODE model to experimental data obtained in the presence of 2 nM anti-

HA antibody (Figure 3.3E; Equation 3.16 – 3.29). Using the experimentally obtained kinetic 

parameters kb, kf, krep, kbg and kintra, we simulated the concentration of the individual reaction 

components as a function of time for the system with the optimal toehold length of 3 

nucleotides (Figure 3.3F). This simulation shows that the amount of free output O increases 
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in the first few minutes of the reaction, indicating that the anti-HA antibody (Ab) rapidly 

induces the toehold-mediated strand exchange reaction to form the intramolecular cyclic 

complex (Ab·B·I). Subsequently, O reacts rapidly with Rep in the downstream displacement 

reaction, establishing a low pseudo steady-state concentration of O that is proportional to 

the concentration of remaining free antibody. At this stage the increase in fluorescence 

closely mirrors the kinetics of the ATSE reaction as defined by the formation of the Ab·B·I 

complex. The analysis also shows that the background reaction only starts to contribute 

significantly to the fluorescence after 60 min, when the ATSE reaction has reached 

completion.  

 The ODE model can also be used to determine the optimal conditions for the ATSE 

reaction by assessing the influence of both the oligonucleotides (BO, I) and antibody (Ab) 

concentrations as well as the kinetics (kf) and thermodynamics (Kd) of the antibody-peptide 

interaction. Figure 3.3G and H show the amount of F formed at t = 180 min for the 

background and antibody-templated reaction, respectively. As expected, the background 

increases proportional to increasing [BO, I] and is independent of [Ab], whereas the 

antibody-templated signal strongly depends on both [BO, I] and [Ab]. The signal-to-

background ratios (S/B, Figure 3.3I), obtained by dividing the fluorescence formed in the 

presence of antibody (S) by the fluorescence of the background reaction (B), shows a 

maximum at [Ab] ~Kd and low concentrations of [BO, I]. The latter is caused by the strong, 

linear dependence of the background reaction on [BO, I]. However, since the absolute 

increase in fluorescence becomes increasingly difficult to distinguish above the background 

fluorescence for low concentrations of [BO, I], we defined an empirical formula for the 

optimal ATSE conditions as the product of the signal-to-background ratio (S/B) and the 

absolute dynamic range (S–B, Figure 3.3J). The latter formula shows optimal performance at 

stoichiometric concentrations of antibody and oligonucleotides, but the ATSE reaction is 

relatively robust and antibody can also be clearly detected above background at suboptimal 

stoichometries of antibody and oligonucleotides. 
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Figure 3.3 | Measuring individual kinetic parameters and model fitting. (A) Fluorescence 

polarization assay to determine the dissociation constant of a fluorescein-labeled HA peptide-DNA 

conjugate (top) and a fluorescein-labeled HA peptide epitope (bottom) to the anti-HA antibody, resulting 

in a Kd of 0.775 ± 0.031 nM and 0.269 ± 0.020 nM, respectively. (B) Kinetic characterization of the binding 

of a fluorescein-labeled HA peptide-epitope to the anti-HA antibody using stopped-flow fluorescence 

polarization. 2 nM anti-HA antibody was mixed with 2 nM (blue), 10 nM (green) and 100 nM (red) of 

fluorescently labeled HA peptide-epitope. Non-linear least square optimization (black) of multiple kinetic 

traces to the ODE model depicted in Equation 3.2 -3.4 resulted in kf = 1.2 x 107 ± 4.3 x 104 M-1 s-1. (C) 

Kinetic characterization of the displacement of the reporter duplex by the output oligonucleotide using 

stopped-flow fluorescence. 10 nM F·Q was mixed with 2 nM (blue), 20 nM (green) and 200 nM (red) O. 

Non-linear least square optimization (black) of multiple kinetic traces to the ODE model depicted in 

Equation 3.5 -3.8 resulted in krep = 1.4 x 106 ± 0.85 x 103 M-1 s-1. (D,E) Non-linear least square optimization 

of the ODE model to the experimental kinetic data for the background reaction (blue dots) and the anti-

HA antibody-templated reaction (red dots). (F) Kinetic speciation of free antibody (Ab), intramolecular 

cyclic complex (Ab·B·I), free output (O), product of the background reaction (B·I) and the fluorescent 

product of the reporter duplex (F). (G-J) Simulated background (B), signal (S), signal-to-background (S/B) 

ratio and product of signal-to-background (S/B) and dynamic range (S-B) as a function of initial [BO, I] 

and [Ab] after 3 hours incubation, yielding an empirical estimation of optimal initial conditions. 
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 Antibody-triggered actuation of DNA-based logic operations 

Having established ATSE as a robust and generic method to translate the presence of an 

antibody into a specific DNA sequence, we next explored the possibilities to use multiple 

antibodies as inputs for DNA-based molecular logic circuits. The anti-HA and anti-HIV1-

p17 antibodies described above were used as two input antibodies and fluorescence was 

used to study the performance of various circuits. Figure 3.3A shows the construction of a 

circuit that allows multiplex detection of antibodies based on two parallel YES logic 

operators. In this system each antibody generates a specific DNA sequence, which can be 

detected simultaneously using two specific reporter duplexes, each generating a fluorescent 

output oligonucleotide with a different color (red and green for anti-HA and anti-HIV1-p17, 

respectively). Figure 3.3A shows that there was indeed no cross-talk between the two 

detection pathways, as expected since each antibody was translated into a unique DNA 

sequence.  

Next we developed a complete set of Boolean logic operators by constructing OR, NOR, 

AND and NAND antibody detection circuits. OR and NOR logic operators were constructed 

by translating both input antibodies to the same output sequence. In the OR gate, the output 

strand was detected using a single reporter duplex, showing a positive fluorescence signal in 

the presence of either or both of the input antibodies (Figure 3.4B). The circuitry used for the 

NOR gate was very similar to that of the OR gate, but here quencher dyes were attached to 

the ATSE output strands, resulting in quenching of the fluorescence of the reporter duplex 

(Figure 3.4C). Figure 3.3D and E show the construction of AND and NAND gate antibody 

detection circuits. Here each antibody is translated into a different output DNA strand and 

sequential toehold-mediated strand exchange and displacement reactions on a reporter 

duplex are required to generate a fluorescence signal (AND gate) or quench a fluorescence 

signal (NAND gate). First, the output of the anti-HIV1-p17 translator module displaces a 

blocking strand from the reporter duplex, rendering a new toehold on the base strand. Via 

this newly formed toehold, the anti-HA output oligonucleotide can displace a fluorescent 

strand from the reporter duplex, yielding AND type logic behavior. Figure 3.3D shows that 

a high level of fluorescence (1, true) was indeed only observed when both input antibodies 

were present. Using the same approach, a NAND gate can be constructed by functionalizing 

the anti-HA output oligonucleotide with a 3’-quencher and the reporter duplex with an 
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internal fluorophore. This NAND circuit reported high fluorescence levels (1, true) in the 

presence of either one or none of the two antibodies, but low fluorescence when both 

antibodies were present. These examples show that coupling of the ATSE reaction with 

downstream DNA-based molecular circuits allows the implementation of complex signal 

processing functionalities beyond those possible with current antibody detection 

approaches.36,37 In general, antibody-based diagnostic assays based on multiple inputs will 

increase the specificity of current diagnostic approaches, especially for the detection of 

diseases that are typically characterized by a specific profile of antibodies such as 

autoimmune diseases.38,39 

 

 

Figure 3.4 | DNA-based molecular circuits for complex signal processing. (A) Multiplexed antibody 

detection. Two orthogonal ATSE reactions process the anti-HA and anti-HIV antibodies into two unique 

ssDNA outputs. Each output is coupled to a downstream TMSD reaction to displace a different color 

reporter duplex (anti-HA = red, anti-HIV = green). (B,C) OR and NOR gates. Both input antibodies 

generate the same output sequence, which react with a single reporter duplex, resulting in increased (OR) 

or decreased (NOR) fluorescence when either one or both input antibodies are present. (D) AND gate. 

Sequential toehold exchange and toehold-mediated strand displacement reactions of the HIV and HA 

output oligonucleotides displace a fluorescently labelled strand from the reporter complex. (E) NAND 
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gate. Sequential toehold exchange and strand displacement reaction result in the quenching of an 

internally fluorescently modified reporter complex. Experiments were performed with [BO] = 5.5 nM, 

[I] = 5 nM, [Ab] = 10 nM and [Gate/Rep] = 1 nM Error bars represent the s.d. calculated from triplicate 

measurements.  

 

 

 Autonomous sense-process-act molecular circuits 

Autonomous biomolecular systems that are able to obtain molecular information from 

their environment (sense), process this information and finally respond to their environment 

(act) represent attractive systems for the development of theranostic devices. Having 

established the ability to translate the presence of antibodies into specific DNA strands and 

subsequently use these as input for a variety of signal processing algorithms, we finally 

explored whether the DNA outputs could also be used for actuation. Here we explored two 

important classes of actuators, DNAzymes and DNA-directed control of enzyme activity, 

which can both be used for signal amplification. Our design of the DNAzyme actuator was 

based on the previously developed RNA-cleaving 8–17 DNAzyme (Figure 3.5A).40,41 In the 

initial state the DNAzyme (Dz) is hybridized to an inhibitor oligonucleotide (Inh), rendering 

the DNAzyme catalytically inactive. A toehold on Inh allows O, the output oligonucleotide 

generated in the ATSE reaction, to bind and displace Dz. Subsequently, Dz can adopt its 

catalytically active conformation while binding with the substrate binding arms to the 

substrate (S). Cleavage of an RNA-nucleotide in S results in dissociation of the two product 

strands (P1 and P2) from Dz due to their lower melting temperature, allowing Dz to bind to a 

new substrate oligonucleotide. Product formation was monitored by the introduction of 

FRET donor and acceptor fluorophores on each end of S. Figure 3.5A shows the conversion 

of the substrate S in the absence and presence of 5 nM anti-HA antibody. Following an 

initial lag phase due to the upstream ATSE reaction, efficient activation of the DNAzyme is 

observed after 30–60 min, resulting in complete substrate conversion after 3 h. Although 

some substrate turn-over is eventually also observed in the absence of antibody, activity 

levels as estimated from Figure 3.5A by deriving the slope of the kinetic traces are at least 

20-fold higher after 1 h incubation in the presence of antibody compared with the 

background reaction.  

While DNAzymes by their nature are easily integrated into DNA molecular circuits, 

their catalytic diversity is limited compared to protein-based enzymes. We recently 
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introduced a modular approach to control the activity of the reporter enzyme TEM1-β-

lactamase by DNA-mediated modulation of the interaction of this enzyme with its inhibitor 

protein BLIP.42 This system uses variants of TEM1-β-lactamase and BLIP that interact 

relatively weakly (Ki = 1.5 μM).43 By conjugating each protein to an oligonucleotide their 

interaction can be induced via hybridization to a shared template strand, harboring a 

toehold between the two duplexes (Figure 3.5B). Via this toehold, the output oligonucleotide 

O can bind and displace the enzyme from the template strand, thereby disrupting the 

enzyme-inhibitor interaction and reactivating the enzyme. Using this system, a threefold 

higher β-lactamase activity was observed in the presence of the anti-HA antibody after 3 h 

incubation compared with the background reaction in the absence of antibody. These 

examples demonstrate how the modular nature of oligonucleotide hybridization can be used 

as a universal ‘programming language’ to connect antibody activity to in principle any 

DNA-controlled molecular process, including the regulation of protein-protein interactions. 

 

Figure 3.5 | Antibody-templated strand exchange allows antibodies to control DNAzyme and β-

lactamase activity. (A) Design and characterization of a DNAzyme-based actuator module. HA output O, 

generated by anti-HA antibody induced ATSE binds to a toehold on the inhibitor oligonucleotide (Inh) 

and displaces the DNAzyme (Dz), allowing it to adopt a catalytically active conformation while binding to 

substrate strand (S). After cleaving S, the product strands (P1 and P2) spontaneously dissociate from Dz 

to complete the catalytic cycle. Experiments were performed with [BO] = [I] = [Ab] = [DzInh] = 5 nM, [S] 

= 10 nM. (B) Design and characterization of a DNA-directed reporter enzyme actuator module. A weak 

binding enzyme-inhibitor pair, TEM1-b-lactamase and its inhibitor protein BLIP (Ki = 1.5 μM), are each 

conjugated to an oligonucleotide, inducing their interaction upon hybridization to a shared template 

strand. The output oligonucleotide O generated in the anti-HA antibody induced ATSE reaction binds to 

an internal toehold on the template oligonucleotide and displaces the enzyme from the template strand, 

resulting in enzyme activation. Experiments were performed with [BO] = [I] = [Ab] = 5 nM, [Reporter 

Enzyme] = 1 nM. Error bars represent the s.d. of triplicate measurements. 
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 Conclusions 

We have shown that Antibody-Templated Strand Exchange (ATSE) of peptide-

functionalized DNA strands provides a unique and robust molecular approach to translate 

the presence of an antibody into a ssDNA output. Both thermodynamic and kinetic effects 

contribute to the remarkable efficiency of ATSE. First, the bivalent peptide-dsDNA product 

of the ATSE reaction forms a highly stable 1:1 cyclic complex with its bivalent target 

antibody, thus making the displacement reaction thermodynamically favourable.33,34 

Second, colocalization of the peptide-functionalized oligonucleotides on the two antigen 

binding domains of the antibody increases their effective concentration, hence enhancing the 

rate of the exchange reaction. An important application of the ATSE reaction is that it allows 

the use of DNA-based molecular circuits in antibody-based diagnostics, introducing 

complex signal processing capabilities beyond those achievable in conventional 

immunoassays. In addition to the logic gates and multiplex detection demonstrated in this 

work, many other features of DNA-based molecular circuits could be employed, including 

thresholding, signal amplification, feedback and signal modulation.9,44,45 The importance of 

ATSE to the field of DNA nanotechnology is that it provides a generic method that allows 

the use of antibodies as inputs for DNA-based molecular computing and the actuation of 3D 

DNA-nanoarchitectures. Since antibodies can be generated that bind with high affinity and 

specificity to almost any molecular target, any of these biomarkers can now also be 

considered as potential inputs for DNA-based molecular circuits, by competing with ATSE-

mediated generation of DNA input strands. As a generic mechanism that allows protein-

based control of DNA circuits, ATSE complements previously developed molecular 

approaches for DNA-based control of protein activity. The development of these and other 

molecular strategies to integrate the rich functional properties of antibodies and other 

proteins with the inherent programmability of DNA nanotechnology will provide access to 

truly autonomous biomolecular systems with sophisticated signal integration, processing 

and actuation properties. 

  



Antibody-controlled actuation of DNA-based molecular circuits 

59 

 Experimental sections 

Chemicals and reagents. All oligonucleotides were purchased HPLC purified from 

Integrated DNA Technologies. Sulfo-SMCC and anti-HA epitope tag antibody (clone: 2-

2.2.14) were purchased from ThermoFisher Scientific. Anti-HIV-1-p17 antibody (clone: 

32/1.24.89) was obtained from ZeptoMetrix. All other reagents and solvents were obtained 

from commercial sources and used without further purification. Antibodies were quantified 

by UV-VIS (NanoDrop 1000, Thermo Scientific) using the extinction coefficient at 280 nm of 

210,000 M-1 cm-1, aliquoted and stored at -30 °C. Oligonucleotides that are not used for 

conjugation were dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) to an 

approximate concentration of 100 μM as suggested by the manufacturer. Subsequently the 

concentration was determined by UV-VIS (NanoDrop 1000, Thermo Scientific), using the 

extinction coefficients at 260 nm calculated with the DNA UV spectrum predictor tool 

(Integrated DNA Technologies). Finally, the oligonucleotide stock solutions were diluted in 

TE buffer to a final concentration of 50 μM and stored at -30 °C. 

 

Synthesis and purification of peptide oligonucleotide conjugates. Peptide epitopes 

were synthesized using automated standard Fmoc peptide synthesis on Rink amide MBHA 

resin. Peptides were cleaved from the resin using a mixture of TFA/TIS/H2O/EDT 

(92.5:2.5:2.5:2.5 v/v) for 3 h at room temperature and precipitated in ether at -30 °C. 

Purification was performed using reversed phase HPLC-MS on a Shimadzu LC-8A HPLC 

system with a VYDAC protein & peptide C18 column. Purity and correct mass were 

confirmed by LCMS on an Applied Biosystems Single Quadrupole ESI API-150EX in 

positive mode (API-150EX, Applied Biosystems) HA-epitope: YPYDVPDYA-GGG-C, 

calculated mass: 1375.46 Da; observed mass: 1375.34 Da. HIV1-p17-epitope: 

ELDRWEKIRLRP-GGG-CG, calculated mass: 1941.25 Da; observed mass: 1941.75 Da. 

Oligonucleotides modified with a 3’-primary amine were dissolved in PBS (100 mM 

sodium phosphate, 150 mM NaCl, pH 7.2) and mixed with 20 equivalents of Sulfo-SMCC 

(Thermo Fisher Scientific, 2 mg no-weigh format, dissolved in DMSO prior to use) to a final 

concentration of 1 mM in 50% DMSO for 2 h at room temperature. The maleimide-

functionalized oligonucleotides were isolated using ethanol precipitation by the addition of 

10% (v/v) 5 M NaCl and 300% (v/v) ice cold ethanol and subsequently stored at -30 °C for 1 

h. The precipitated oligonucleotides were pelleted by centrifugation for 15 min. at 14,000 

rpm at 4 °C. After washing the pellet with ice cold 75 % ethanol the pellet was dried under 

vacuum. Prior to use, the maleimide-activated oligonucleotides were dissolved in phosphate 

buffer (100 mM sodium phosphate, pH 7.0) and mixed with 10 equivalents of peptide 

epitope (dissolved in phosphate buffer) to a final concentration of 1 mM for 2 h at room 

temperature. Finally, the obtained peptide-oligonucleotide conjugates (POCs) were purified 

by reversed-phase HPLC on a GraceAlpha C18 (250 x 4.6 mm) column using a gradient of 5 

– 50% acetonitrile in 100 mM triethylammonium acetate (TEAA, pH 7.0) and lyophilized 

three times to a white powder. The correct mass and purity of the POCs was determined 
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using mass spectrometry by flow injection analysis on a LCQ Fleet (Thermo Finnigan) ion-

trap mass spectrometer in negative mode (Table 3.2). To this end, 5 μL of POC solution, 

dissolved to 10 μM in 1:1 isopropanol/water + 1% triethylamine (pH 10) was directly 

injected. Finally, all oligonucleotides were dissolved to approximately 100 μM 

concentrations in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and quantified by UV-

VIS (NanoDrop 1000, Thermo Scientific) using the extinction coefficients at 260 nm 

calculated with the Integrated DNA Technologies DNA UV spectrum predictor tool.46 

Subsequently, the oligonucleotides were further diluted, yielding stock solutions of 50 μM 

and stored at -30 °C. 

 

Duplex preparation. Base-Output duplexes (B·O) were obtained by mixing the B and O 

in TE/Mg2+ (10 mM Tris-HCl, 1 mM EDTA, 12.5 mM MgCl2, pH 8.0) to a final concentration 

of 2.5 μM and allowed to hybridize for 1 h at room temperature. Reporter duplexes were 

obtained by mixing the individual oligonucleotide components together in equimolar 

amounts in TE/Mg2+ buffer to a final concentration of 5 μM and annealed in a thermocycler 

(BioRad) from 90 °C to 10 °C in 1 h and subsequently stored until use at 4 °C. AND and 

NAND gate reporter duplexes were further purified by native PAGE (10%). Gels were run 

in 1x TBE/Mg2+ buffer (89 mM Tris-HCl, 89 mM boric acid, 2 mM EDTA, 12.5 mM MgCl2 pH 

8.5) for 90 minutes at 125 V and stained with SYBR gold (Thermo Scientific). The band 

corresponding to the desired duplex was cut out, crushed and incubated in TE/Mg2+ buffer 

for 24 hours. Subsequently, the solution was extracted using Freeze ‘N Squeeze DNA gel 

extraction spin column (BioRad) filtration and subsequently concentrated by spin filtration. 
  

Table 3.1 | Oligonucleotide sequences used for toehold screening and molecular computing 

Name (domains)a Sequenceb Experiments 

Bx (1-2-3) 5’-TGGAGA CGTAGGGTATTGAATGTGCTGTAG-NH2-3’ Toehold 

screening Ix (3*-2*) 5’-CTACAGCACATTCAATACCCTACG-NH2-3’ 

Ox0 (2*-1*) 5’-CTACAGCACATTCAATACCCTACG TCTCCA-3’ 

Ox1 (2*-1*) 5’-TACAGCACATTCAATACCCTACG TCTCCA-3’ 

Ox2 (2*-1*) 5’-ACAGCACATTCAATACCCTACG TCTCCA-3’ 

Ox3 (2*-1*) 5’-CAGCACATTCAATACCCTACG TCTCCA-3’ 

Ox4 (2*-1*) 5’-AGCACATTCAATACCCTACG TCTCCA-3’ 

Ox5 (2*-1*) 5’-GCACATTCAATACCCTACG TCTCCA-3’ 

Ox6 (2*-1*) 5’-CACATTCAATACCCTACG TCTCCA-3’ 

Fx (2*) 5’-FAM-CATTCAATACCCTACG-3’ 

Qx (1-2) 5’-TGGAGA CGTAGGGTATTGAATG-IowaBlackFQ-3’ 
 

By (4-5-6) 5’-GCAATC GACCTGCGTAAGTCTCTTCACCTC-NH2-3’ Orthogonal 

sequences Iy (6*-5*) 5’-GAGGTGAAGAGACTTACGCAGGTC-NH2-3’ 

Oy3 (5*-4*) 5’-GTGAAGAGACTTACGCAGGTC GATTGC-3’ 

Fy (5*) 5’-TEX615-GAGACTTACGCAGGTC-3’ 

Qy (4-5) 5’-GCAATC GACCTGCGTAAGTCTC-IowaBlackRQ-3’ 
 

Ox-NOR (2*-1*) 5’-CAGCACATTCAATACCCTACG TCTCCA-IowaBlackFQ-3’ NOR-gate 

FNOR (1-2) 5’-FAM-TGGAGA CGTAGGGTATTGAATG-3’ 

HNOR (2*) 5’-CATTCAATACCCTACG-3’ 
 

FAND (5*) 5’-FAM-AAGAGACTTACGCAGGTC -3’ AND-gate 
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QAND (1-2-4-5) 
5’-TGGAGACG TAGGGTATTGAATGTGCTG GCAATC 

GACCTGCGTAAGTCTCTT-IowaBlackFQ-3’ 

Hx-(N)AND (4*-2*) 5’-GATTGC CAGCACATTCAATACCCTA-3’ 

Oy-NAND (5*-4*) 5’-GTGAAGAGACTTACGCAGGTC GATTGC-IowaBlackRQ-3’ NAND-gate 

FNAND (1-2-4-5) 
5’-TGGAGACG TAGGGTATTGAATGTGCTG-cy5-GCAATCGACC 

TGCGTAAGTCTCTT-3’ 

Hy-NAND (5*) 5’-AAGAGACTTACGCAGGTC-3’ 
 

BDz (1-2-3-4) 5’-GATGTA TCTTAGTT TTCGACCGGCTCG TAG-NH2-3’ DNAzyme 

actuation IDz (4*-3*-2*) 5’-CTA CGAGCCGGTCGAA AACTAAGA-NH2-3’ 

ODz (3*-2*-1*) 5’-CGAGCCGGTCGAA AACTAAGA TACATC-3’ 

Inh (1-2-3) 5’-GATGTA TCTTAGTT TTCGACCGGCTCG-3’ 

Dz (5*-3*-2*) c 5’-GAACTATCTC CGAGCCGGTCGAA AACTAAGA-3’ 

S (2-5) 5’-FAM-TCTTAGTT rAGGATAGTTCA-TAMRA-3’ 
 

BPPI (1-2-3) 5’-TGGAGA TAGACAGTTTCATCGGTGACA TAG-NH2-3’ Reporter 

enzyme 

actuation 

IPPI (3*-2*) 5’-CTATGTCACCGATGAAACTGTCTA-NH2-3’ 

OPPI (2*-1*) 5’-TGTCACCGATGAAACTGTCTATCTCCA-3’ 

TPPI (3-linker-1-2) 5’-TTCCTCTACCACCTACATCACCACAACACATTCAACA 

CGCAACCATGGAGA TAGACAGTTTCATCGGTGACA-3’ 

βLacE104D (2*) 5’-TGTCACCGATGAAACTGTCTA-NH2-3’ 

BLIP (3*) 5’-H2N-GTGATGTAGGTGGTAGAGGAA-3’ 

a Numbers represent individual oligonucleotide domains sequences . 
b Colors represent individual oligonucleotide domains sequences. 
c Underlined sequence denote the DNAzyme’s catalytic core. 

 

Table 3.2 | Composition of synthesized POCs with corresponding calculated and observed masses 

Name Oligonucleotide Peptide Calculated mass (Da) Observed mass (Da) 

Bx-HA Bx HA 11202.29 11202.26 

Ix-HA Ix HA 9030.96 9030.79 

Bx-HIV Bx HIV 11767.75 11766.13 

Ix-HIV Ix HIV 9596.42 9595.43 

By-HA By HA 10882.23 10882.84 

Iy-HA Iy HA 9271.99 9271.24 

Bdz-HA Bdz HA 11024.24 11024.06 

Idz-HA Idz HA 9184.99 9184.51 

BPPI-HA BPPI HA 11115.29 11115.04 

IPPI-HA IPPI HA 9116.96 9116.27 

 

Screening of optimal toehold length. For the screening of optimal toehold length BO 

duplexes were created by mixing 10 μL Bx-HA or Bx-HIV with 10 μL Oxn (n = 0 - 6), 140 μL 

TE and 40 μL TE/5xMg2+ (TE buffer + 62.5 mM MgCl2), yielding 2.5 μM ΒΟxn duplexes in 1x 

TE/Mg2+ and allowed to incubate for 1 h at room temperature. Subsequently, BOxn duplexes 

(5.5 nM), antibody (5 nM) and reporter duplex Rep (10 nM) were mixed in 1x TE/Mg2+ 

supplemented with 1 mg mL-1 BSA to a total volume of 190 μL and allowed to equilibrate for 
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1 h at 28 °C. For negative and positive controls the BOxn duplex was either omitted or 

replaced by 5.5 nM of free Ox6, respectively. Finally, Ix-HA or Ix-HIV was added to a final 

concentration of 5 nM and the fluorescence intensity was directly measured on a platereader 

equilibrated to 28 °C (Infinite F500, Tecan, ex/em = 485/520 nm) with 1 minute intervals for 5 

hours. The obtained fluorescence intensities were normalized to the positive and negative 

controls, resulting in 1 normalized fluorescence unit (n.u.) to correspond to the fluorescence 

intensity generated by 1 nM Ox6. Duplicate kinetic traces were averaged and non-linear least 

square analysis was performed using Equation 3.1 to determine kobs (Origin 9.1, OriginLab).  

 

 
� = �� + ����	
�� (3.1) 

Multiplexed antibody detection. BO duplexes were created in a similar way as 

described for the toehold screening by hybridizing Bx-HIV with Ox3 and By-HA with Oy3. 

Reporter duplexes were created as described above by thermally annealing Fx with Qx and 

Fy with Qy, respectively yielding Repx and Repy. Subsequently, BO duplexes (5.5 nM each), 

Ix-HIV (5 nM), Iy-HA (5 nM), Repx (1 nM) and Repy (1 nM) were mixed in 1 x TE/Mg2+ 

supplemented with 1 mg mL-1 BSA to a total volume of 180 μL. To this mixture 10 μL buffer 

or anti-HA antibody and 10 μL buffer or anti-HIV1-p17 antibody was added, yielding all 

possible combinations of antibody in the same final volume of 200 μL. Directly after the 

addition of antibodies, fluorescence intensities were measured on a platereader (Saffire-II, 

Tecan, ex/emFAM = 495/520 nm, ex/emTEX = 595/620 nm) equilibrated to 28 °C with 3 minute 

intervals for 3 hours. Triplicate measurements were averaged and subsequently the 

fluorescence intensities after 3 hours incubation was subtracted by the initial (t = 0 minutes) 

fluorescence intensity of the samples without antibodies and normalized to the samples 

showing the highest fluorescence intensity after 3 hours incubation. A fixed threshold value 

of 0.5 n.u. was used to determine true / false values. 

 

Logic operations. BO duplexes were created similar as described above by hybridizing 

the appropriate combination of oligonucleotides and POCs as indicated in Table 3.3. 

Subsequently, BO duplexes (5.5 nM each) were mixed with the appropriate invading 

strands (I, 5 nM each) and reporter duplex(es) (Rep, 1 nM each) in TE/Mg2+ supplemented 

with 1 mg mL-1 BSA to a total volume of 180 μL. To this mixture 10 μL of buffer or anti-HA 

antibody and 10 μL buffer or anti-HIV1-p17 antibody was added to a final concentration of 

10 nM, yielding all possible combinations of antibody in the same final volume of 200 μL. 

Directly after the addition of antibodies, fluorescence intensities were measured on a 

platereader (Infinite F500, Tecan, ex/em = 485/520 nm for OR, NOR and AND gate, ex/em = 

612/670 nm for NAND gate) equilibrated to 28 °C with 1 minute intervals for 3 hours. For 

OR and AND gates, the fluorescence intensities after 3 hours incubation was subtracted by 

the initial (t = 0 minutes) fluorescence intensity of the samples without antibodies and 

normalized to the samples showing the highest fluorescence intensity at 3 hours incubation. 

For NOR and NAND gates, the fluorescence intensity after 3 hours incubation was 
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subtracted by a positive control, where BO was substituted by free O, and normalized to the 

samples showing the highest observed fluorescence intensity after 3 hours incubation. A 

fixed threshold value of 0.5 n.u. was used for all experiments to define true / false values. 

Notably, since internal FAM fluorophores are prone to N-quenching by opposite and 

neighboring nucleotides, the NAND gate was constructed using Cy5 as a fluorophore 

instead of FAM. 
 

Table 3.3 | Oligonucleotides / POCs used for the construction of DNA-based molecular operations. 

 Multiplex OR NOR AND NAND 

BO 
Bx-HIV + Ox3 
By-HA + Oy3 

Bx-HIV + Ox3 
Bx-HA + Ox3 

Bx-HIV + Ox-NOR 
Bx-HA + Ox-NOR 

Bx-HIV + Ox3 
By-HA + Oy3 

Bx-HIV + Ox3 
By-HA + Oy-NAND 

I 
Ix-HIV 
Iy-HA 

Ix-HIV 
Ix-HA 

Ix-HIV 
Ix-HA 

Ix-HIV 
Iy-HA 

Ix-HIV 
Iy-HA 

Rep 
Fx + Qx 
Fy + Qy 

Fx + Qx FNOR + HNOR 
FAND + QAND + Hx-

(N)AND 
FNAND + Hy-NAND + Hx-

(N)AND 

 
Downstream actuation of DNAzyme activity. The BO duplex was created similar as 

described above by hybridizing BDz-HA with ODz. The DNAzyme-Inhibitor duplex (DzInh) 

was created by thermal annealing of Dz with Inh. Subsequently, BO duplex (5 nM) was 

mixed with the invading strand (IDz, 5 nM), DzInh duplex (5 nM) and substrate strand (S, 10 

nM) in TE/Mg2+ supplemented with 1 mg mL-1 BSA to a total volume of 190 μL. To this 

mixture either 10 μL of buffer or anti-HA antibody was added to a final concentration of 5 

nM. Directly after addition of the antibody, substrate turnover was monitored by measuring 

donor (FAM) and acceptor (TAMRA) emission on a platereader (exFAM/emFAM = 485/520 nm 

and exFAM/emTAMRA = 485/590 nm) equilibrated to 28 °C with 1 minute intervals for 3 hours.  

 

Downstream actuation of DNA-directed reporter enzyme. Protein-oligonucleotide 

conjugates were synthesized and purified as previously reported.42 In short, amine-modified 

oligonucleotides (β-LacE104D and BLIP) were reacted with Sulfo-SMCC to functionalize 

them with a thiol-reactive maleimide as described above. Subsequently, the oligonucleotides 

were conjugated site-specifically to an inserted cysteine in the proteins. Pure protein-

oligonucleotide conjugates were obtained by nickel-affinity chromatography followed by 

anion exchange chromatography. The enzyme-inhibitor complex was formed by mixing β-

LacE104D (2.5 μM), BLIP (5 μM) and template TPPI (3 μM) in TE/Mg2+ supplemented with 1 

mg mL-1 BSA and incubated for 1 hour at room temperature. Subsequently, the BO duplex (5 

nM) was mixed with the invading strand (IPPI, 5 nM) and enzyme-inhibitor complex (1 nM) 

in TE/Mg2+ supplemented with 1 mg mL-1 BSA to a total volume of 190 μL. To this mixture 

either 10 μL of buffer or anti-HA antibody was added to a final concentration of 5 nM and 

allowed to incubate for 3 hours at 28 °C. After 3 hours incubation, 10 μL substrate (CCF2-

FA, Invitrogen) was added to a final concentration of 2 μM and fluorescence intensity was 

directly monitored on a platereader (Saffire-II, Tecan, ex/em = 410/447 nm) equilibrated to 28 
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°C with 15 second intervals for 30 minutes. Hydrolysis rates were obtained by deriving the 

initial slope of fluorescence intensity as a function of time. 

 

Stopped-flow fluorescence spectroscopy to determine rate constants of epitope-

antibody association and reporter duplex displacement. The kinetics of binding of a 

fluorescently labeled peptide-epitope to the anti-HA antibody was measured using a 

stopped-flow setup with a dead time of 0.25 ms (BioLogic, MOS-500 spectrophotometer in 

anisotropy mode, equipped with a SFM-2000 mixing system and 495 nm cut-off filter). 

Fluorescence anisotropy was recorded over time after mixing equal volumes of the anti-HA 

antibody and the fluorescently labelled peptide-epitope in TE/Mg2+ supplemented with 1 mg 

mL-1 BSA, yielding a final antibody concentration of 2 nM and 2, 10 or 100 nM of the 

peptide-epitope. For each concentration of peptide-epitope multiple experiments (>6) were 

performed. Raw data of the experiments was converted to concentration by subtracting the 

fluorescence anisotropy value at time = 0 and assuming the reaction reached equilibrium 

within 125 seconds. Furthermore, steady-state concentrations were calculated by the known 

concentrations of antibody and peptide-epitope and the experimentally determined 

dissociation constant (Kd). An ODE model (Equation 3.2 - 3.4) was used to characterize the 

kinetics of the peptide-epitope binding to the antibody. An association rate constant (kf) of 

1.2x107 ± 4.3x102 M-1 s-1 was obtained by a global non-linear least squares optimization of the 

three kinetic curves to the ODE model. 

To characterize the kinetics of the reporter duplex, experiments were performed using 

the stopped-flow device in fluorescence mode. Fluorescence intensity was recorded over 

time after mixing equal volumes of reporter duplex F·Q and output strand O, yielding a 

final F·Q concentration of 10 nM and 2, 20 or 100 nM of output O. For each concentration, 

multiple experiments (>6) were performed. The raw data was subtracted by the fluorescence 

at time = 0. Thereafter, the fluorescence was converted to concentration of free F by 

assuming the reaction was equilibrated in 400 seconds. Finally, the mean of the multiple 

experiments was determined for further analysis. A mathematical model, based on the 

bimolecular reaction model of DNA strand displacement was used to characterize the 

kinetics of the reaction. To obtain the second-order rate constant (krep) non-linear least-square 

optimization of multiple kinetic traces to the ODE model depicted in Equation 3.5 - 3.8 was 

performed, yielding a krep of 1.4 x 106 ± 0.853 x 103 M-1 s-1.  
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Determining the rate constants of the background reaction (kbg) and the antibody-

templated intramolecular strand exchange reaction. A kinetic model was developed to 

characterize the kinetics of the background reaction (Equation 3.9 - 3.15). To obtain the 

forward rate constant of the background reaction (kbg) as function of toehold length non-

linear least squares optimization of the ODE model to the experimental data depicted in 

Figure 3.3D was performed with krep fixed to its experimentally determined value. 
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A mathematical model that describes the complete system was developed using ODEs. 

The set of ODEs describing the dynamics of the system was obtained by deriving an 

equation for each of the species in the system using mass-action kinetics. The differential 

equations of the theoretical model (Equation 3.16 - 3.29) were deduced from the reaction 

mechanisms shown in Figure 3.2 using the following assumptions: 

• In the mathematical model the binding and unbinding of the peptide-oligonucleotide 

conjugates to the anti-HA antibody are described by the association and dissociation 

rate constants kf and kb respectively, which are assumed to be the same as the kinetics 

of binding and unbinding of fluorescently labeled peptide-epitopes to the antibody. 
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Furthermore, a statistical factor is used when a peptide-oligonucleotide conjugate has 

two possibilities to bind or dissociate from the antibody. 

• The formation of the cyclic bivalent complex Ab·B·I is assumed to be irreversible on 

the time scale of the experiment as previous work has shown that the dissociation rate 

for this very stable bivalent interaction is very low, requiring overnight equilibration 

for competition experiments.34 

• The cyclization of the antibody with the two heterogeneous peptide-DNA conjugates 

is described using an intramolecular rate constant (kintra).  

• The toehold-mediated strand displacement of F from the reporter complex F·Q by 

DNA strand O is an irreversible reaction since the O·Q complex does not contain a 

toehold. 

• The background reaction as shown in Figure 3.2 is described using a bimolecular 

approximation and is assumed to be effectively irreversible as DNA strand O is 

sequestered by an excess of reporter complex F·Q.  

• Importantly, the background reaction can also take place in the presence of the 

antibody. If this reaction happens it is assumed cyclization takes place, irrespective 

whether the other antigen binding site is occupied or not. In the mathematical model 

these multistep reactions are coarse-grained into one step using a single rate constant 

kbg and assuming that cyclization is relatively fast and irreversible. Notably, this 

cyclization results from intramolecular binding of a second peptide epitope and is 

therefore relatively fast, while cyclization during the antibody-templated reaction 

results from strand displacement. 

• Furthermore, the product of the background reaction (B·I), is likely to bind to the 

antibody if there is a free antigen binding site available. If an epitope of (B·I) binds to 

an antigen binding site of the antibody it is assumed cyclisation, caused by binding of 

the second epitope, is faster than dissociation of the peptide-DNA conjugate (B·I). 

Furthermore, it is assumed this cyclisation is relatively fast and irreversible, 

irrespective whether the other antigen binding site is occupied or not. 

 

The only unknown kinetic parameter in the mathematical model is the rate constant of 

cyclization of the anti-HA antibody with peptide-DNA conjugates (kintra). An estimate of kintra 

for each toehold length was obtained by performing non-linear least square analysis of the 

kinetic model using the experimental data of the complete system in presence of anti-HA 

antibody shown in Figure 3.3E. For a toehold length of 5 and 6 nt, kintra could not be 

determined reliably since the ATSE reaction at these toehold lengths is dominated by the 

background reaction. 
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Table 3.4 | Rate constants for the background (kbg) and intramolecular cyclization (kintra) 

Toehold length kbg (M-1 s-1) kintra (s-1) 

0 7.7E2±4.4 8.8E3±2.4E2 

1 8.9E2±4.1 6.3E4±5.0E2 

2 9.9E2±5.3 2.9E5±2.0E3 

3 1.7E3±6.1 2.5E6±3.6E4 

4 9.5E3±2.4E1 5.1E7±1.3E7 

5 3.5E4±2.5E2 N.D.a 

6 2.8E5±3.6E3 N.D.a 

a Not determined. 
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Simulating the system with a range of oligonucleotide and antibody concentrations. 

The experimentally obtained kinetic parameters kb, kf, krep, kbg and kintra, were used to simulate 

the concentration of the individual reaction components as a function of time for the system 

with the optimal toehold length of 3 nucleotides. In the simulation shown in Figure 3.3F, all 

the components of the ATSE reaction except I were premixed and assumed to reach 

thermodynamic equilibrium before the start of the reaction. At t = 0, the ATSE reaction was 

initiated by the addition of 5 nM I.  
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Chapter 4 

 

pH-controlled reversible inhibition of antibody 

activity using DNA triple-helix containing bivalent 

peptide locks 

 

Abstract 

The ability to reversibly control the activity of antibodies in a pH dependent manner has 

important applications in molecular sciences, therapeutic antibody targeting and antibody 

mediated imaging. Here we report a generic, non-covalent approach that allows the activity 

of antibodies to be controlled by pH. In our approach we use bivalent peptide-DNA ligands 

with rationally implemented pH responsive DNA triple-helix domains, yielding three 

ligands that control the activity of an antibody by either increased or decreased pH. Two 

ligand were constructed that allow antibody activation at increasing pH, of which one 

requires an additional oligonucleotide trigger to activate the antibody. The third ligand, 

based on the mutually exclusive formation of a duplex and triple-helix, facilitates antibody 

activation upon a decrease in pH. By exploiting the sequence dependent pH response of the 

triple-helix domain, the apparent pKa of the low pH responsive bivalent ligand could be 

tuned between pH 5.9 and 7.3. Following in vitro characterization, pH-dependent targeting 

of mammalian tumor cells was demonstrated, either solely depending on pH, or in a dual 

specific format that requires expression of specific cell surface markers in combination with 

low pH. Finally, pH-dependent antibody activation was implemented in single-cell 

encapsulating microfluidic droplets, facilitating autonomous tumor cell labeling based on 

their increased lactate production.  

 

This work was performed in collaboration with A. Idili and F. Ricci (triplex sequence design) and S. 

K. Zhu (droplet microfluidics).  
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 Introduction 

Monoclonal antibodies have found widespread use in fields ranging from molecular 

diagnostics, molecular imaging, targeted drug delivery and immunotherapy.1–5 Despite their 

excellent affinity and specificity towards their target antigens, antibody-based recognition 

and targeting still suffers from background binding to target receptors present on healthy 

cells, leading to false-positives in diagnostic applications or side-effects in therapy.6 A 

powerful strategy to increase the specificity of antibody based targeting is to block the 

activity of the antibody, after which it can be conditionally activated by the presence of 

specific biomarkers. This “prodrug” principle has been successfully applied in a variety of 

designs. Williams and coworkers reported the construction of a fusion protein of an anti-

EGFR single chain variable fragment (scFv) with an attenuated EGFR subdomain via a 

protease susceptible peptide linker, promoting intramolecular binding and consequently 

inactivation of the scFv. Cleavage of the peptide linker by tumor-associated proteases 

resulted in the release of the EGFR subdomain and activation of the antibody.7 Erster et al. 

conditionally blocked a full length vascular cell adhesion molecule 1 (VCAM-1) antibody by 

site-specifically conjugating an antigen binding site-masking peptide via a protease 

susceptible linker.8 Similarly, Desnoyer et al. recombinantly expressed a full length anti-

EGFR antibody that was masked by a peptide tethered via a protease cleavable linker.9 They 

showed that the masked antibody was largely inert in the systemic circulation of mice, but 

was reactivated by tumor specific proteases within tumor tissue. While these examples show 

the potential of the ‘prodrug’ approach to increase the specificity of therapeutic antibodies, 

these approaches all rely on covalent modifications of the antibody and require extensive 

optimization for different target antibodies. Moreover, the use of peptide-based linkers 

restricts these strategies to protease-based biomarkers.  

A common feature shared by all cancer cells is that even at saturating oxygen 

concentrations their energy metabolism is mainly limited to glycolysis, a phenomenon also 

known as the Warburg effect.10–13 As glycolysis results in the production of lactate, the 

Warburg effect leads to significant acidification of the extracellular environment of the 

tumor (pH 6.2 - 6.9 for tumor tissue compared to pH 7.3 - 7.4 for healthy tissue).13 This 

difference in acidity of the extracellular environment between malignant and healthy tissue 

has been the basis for the development of a wide variety of pH-dependent imaging 
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strategies, diagnostic assays and drug carriers.14–16 E.g. using an organic, pH-sensitive probe, 

Del Ben et al. recently reported the detection of single circulating tumor cells in microfluidic 

droplets.17 Additionally, turn-on fluorescent probe have been conjugated to tumor specific 

antibodies, resulting in dual specific imaging of tumor tissue.18 An attractive alternative 

strategy, in particular for immunotherapy, would be to develop pH-sensitive antibodies 

with increased antigen affinity at low pH. pH-dependency in antibody-based targeting can 

be introduced by creating pH-dependent antibody-ligand interfaces via directed evolution 

of the antigen-binding sites.19,20 Typically, pH-dependency is obtained via the introduction of 

histidines to modulate the surface charge of the antigen binding sites. Similarly, ligands that 

bind to the Fc domain of antibodies have been designed to have a pH-dependent affinity for 

the antibody.21 This strategy was shown to be particularly useful for affinity purification 

under mild conditions. While these strategies allow for directed evolution of antibodies or 

ligands with pH-dependent binding properties, the process is time consuming and cannot 

be directly translated to other antibody-epitope interfaces. Moreover, in almost all examples 

the antibody-antigen binding was decreased at low pH, instead of increased.  

To avoid the need to re-engineer the antibody of interest by covalently tethering a 

blocking ligand or by changing its antigen binding domain, we recently introduced a 

noncovalent strategy to robustly control the activity of monoclonal antibodies that exploits 

their conserved Y-shaped bivalent structure. This approach is based on bivalent peptide-

DNA ligands that effectively bridge the two antigen binding sites of an antibody, forming a 

tightly-fitting antibody lock that prevents the antibody from binding to its cellular target 

(Figure 4.1). Activation of the antibody was achieved by introducing protease cleavable 

peptide linkers between the dsDNA linker and the peptide epitopes. Cleaving the linker 

resulted in the formation of two monovalent peptide ligands that were shown to bind 500 

fold weaker to the antibody, resulting in spontaneous dissociation of the peptides from the 

antibody.22 More recently, the bivalent peptide-DNA ligand was redesigned to contain a 

toehold domain that allows the disruption of the dsDNA linker by a specific oligonucleotide 

sequence via toehold-mediated strand displacement.23 

In this work we used the DNA triple-helix as a pH-responsive domain to develop pH-

sensitive bivalent peptide-DNA ligands that allow control of antibody activity at either low 

or high pH. By introducing pH-sensitivity in the DNA linker, rather than the antibody- 
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ligand interface, these ligands are generally applicable and readily applied to any antibody. 

Two linker architectures are developed that allow activation of antibody activity by an 

increase in pH, either alone or induced by an additional oligonucleotide trigger. In addition, 

a novel switch architecture is developed that allows DNA triple-helix formation to disrupt 

the bivalent ligand, inducing antibody activation at low pH. The latter approach is 

particularly attractive for targeting tumor cells based on their altered metabolic activity, 

which is employed here in pH-dependent targeting of single tumor cells based on their 

metabolic activity using a microfluidic droplet device.  

 

 

Figure 4.1 | General concept of bivalent peptide-DNA ligands to control antibody activity. The 

bivalent peptide-DNA ligand is composed of a 20 base pair dsDNA duplex of which both oligonucleotides 

are conjugated to a peptide epitope. The bivalent ligand is able to block the antigen binding sites of the 

antibody via the formation of a cyclic 1:1 complex. Upon disruption of the bivalent character of the ligand, 

either due to cleavage by matrix metalloproteinases, or via toehold-mediated strand displacement, the 

monovalent peptide-DNA conjugates dissociate from the antibody, allowing the antibody to bind to its 

designated cellular target. 

 

 

 Design of pH-responsive bivalent peptide-DNA ligands  

In this work we used the extensively studied DNA triple-helix as pH-responsive 

domain.24,25 DNA triple-helix formation is governed by both TAT and CGC triplets which 

are composed of standard, anti-parallel Watson-Crick interactions and additional parallel 

Hoogsteen interactions (Figure 4.2A-C). As the Hoogsteen interactions in TAT and CGC 

triplets rely on protonation of the N3 of respectively thymine (pKa ≈ 10) and cytosine (pKa ≈ 

6.5), DNA triple-helices are strongly pH dependent.26 Additionally, due to their difference in 
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pKa TAT triplets form at a higher pH than CGC triplets, which allows one to tune the pH 

response of a DNA triple-helix over more than 5 units of pH by changing the TAT content.27 

Because of these favorable properties, DNA triple-helixes have already been used to 

introduce pH control in toehold-mediated strand displacement reactions, the hybridization 

chain reaction, DNA tile assembly and plasmonic nanoassemblies.28–31  

The first ligand design that is explored in this work, termed pHAbs-1, employs pH-

dependent toehold-mediated strand displacement to control the integrity of the bivalent 

peptide-DNA lock.23 The bivalent ligand harbors an 8 nucleotide long toehold-domain on 

one of the oligonucleotides that is be able to form a 50% TAT triple-helix with the dsDNA 

region of the bivalent ligand, resulting in sequestering of the toehold at low pH and 

activation of the toehold at high pH.28 Activation of the toehold at high pH allows a trigger 

oligonucleotide to invade the ligand and activate the antibody (Figure 4.2D). The length of 

the toehold was chosen for two reasons. First, a toehold of 8 nucleotides ensures fast strand 

displacement. Second, the antibody itself stabilizes the duplex that governs the formation of 

the bivalent. Therefore sufficient thermodynamic driving force (i.e. base pairing) is required 

to disrupt the bivalent interaction.  

In the second design, termed pHAbs-2, the entire linker is formed by a DNA triple-helix 

formed by Hoogsteen interactions between a hairpin forming oligonucleotide-peptide 

conjugate (HPO) and a triplex forming oligonucleotide-peptide conjugate (TFO). At low pH 

the bivalent ligand is assembled through the formation of an intermolecular, 20 nucleotides 

long triple-helix containing 50% TAT triplets, while at high pH the triple-helix unfolds to 

transform the bivalent ligand to two monovalent interactions and consequently activate the 

antibody (Figure 4.3E). 

The third ligand design, termed pHAbs-3, was designed to form a stable lock at neutral pH 

and dissociate at low pH. Since this requires that the formation of a triple-helix disrupts the 

bivalent character of the ligand, a more complex design is required. The pHAbs-3 design is 

based on the mutually exclusive formation of a duplex domain that governs the assembly of 

the bivalent ligand and an intramolecular triple-helix domain that invades this duplex 

(Figure 4.2F). One peptide-epitope is conjugated to a base strand, which forms a DNA-

duplex with the scaffold strand that harbors a 12-nucleotide overhang on its 5’ end. To this 

overhang the 5’ terminus of a triplex-forming DNA-peptide conjugate (TFO) hybridizes to 
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assemble the bivalent ligand. At low pH the TFO forms an intramolecular triple-helix that 

invades 6 base pairs of the 12 base pair duplex between the scaffold and TFO strands. Based 

on previous observations, the resulting 6 base pairs are expected to be insufficient to retain 

the bivalent character of the ligand, inducing its dissociation into two monovalent peptide 

ligands.23 

 

 

Figure 4.2 | pH-responsive bivalent peptide-DNA ligand designs. (A) Schematic representation of an 

intermolecular triple-helix formed by parallel Hoogsteen interactions between a pH-insensitive duplex 

(blue) and a triplex forming oligonucleotide (red). (B) Structure of a TAT triplet formed by two pH-

insensitive Watson-Crick interactions between an adenine and thymine (dash, nucleobases in blue) and 

two pH-sensitive parallel Hoogsteen interactions between the adenine and an additional thymine (dot, 

nucleobase in red). (C) Structure of a CGC triplet formed by three Watson-Crick interactions between a 

guanine and cytosine (dash, nucleobases in blue) and two parallel Hoogsteen interactions between the 

guanine and an additional cytosine (dot, nucleobase in red). (D) Design of a bivalent ligand (pHAbs-1) 

that allows toehold-mediated strand displacement induced activation of the antibody upon an increase in 

pH. (E) Design of a bivalent ligand (pHAbs-2) based on an intermolecular triple-helix that allows antibody 

activation upon an increase in pH. (F) Design of a bivalent ligand (pHAbs-3) based on the mutually 

exclusive formation of a duplex domain that governs the assembly of the bivalent ligand and an 

intramolecular triple-helix domain that invades this duplex. 
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 Antibody activation triggered by pH-increase 

To provide proof-of-principle for the pH-responsive bivalent ligand designs, we used a 

monoclonal antibody that targets the HA-tag peptide, derived from the human influenza 

virus hemagglutinin protein (Kd = 0.78 nM).32 This antibody was used in previous studies on 

bivalent peptide-DNA locks, but was also chosen because the interaction between the anti-

HA antibody and the peptide epitope itself is not pH sensitive (data not shown). To this end, 

oligonucleotides modified with a primary amine at either their 5’- or 3’-end were conjugated 

to cysteine-functionalized HA-peptide epitopes via the heterobifunctional Sulfo-SMCC 

crosslinker and subsequently purified by reversed phase HPLC.  To monitor the efficiency of 

the bivalent ligand to block and subsequently activate the anti-HA antibody upon a change 

in pH, competition assays were performed with a fluorescently labeled HA-peptide. When 

the antibody is blocked by the bivalent ligand, the competing peptide cannot bind to the 

antibody, resulting in low fluorescence polarization. Upon activation of the antibody, the 

competing peptide will be able to bind and the fluorescence polarization should increase. 

First, 100 nM anti-HA antibody was incubated with 2 equivalents of the fully assembled 

pHAbs-1 ligand and subsequently diluted to a final concentration ranging from 10 pM to 10 

nM in PBS at pH 5.0 or pH 7.3 containing 2 nM of the competing peptide in the absence and 

presence of 100 nM trigger. Additionally, a monovalent control with only a single peptide-

DNA conjugate was included to serve as reference for a fully activated antibody. Figure 4.3C 

and D show that in the presence of pHAbs-1 the competing peptide does not bind to the 

antibody irrespective of the pH, as the fluorescence polarization of the competing peptide 

does not increase at increasing antibody concentrations. In the presence of an excess of 

trigger oligonucleotide, no binding of the competing peptide is observed at pH 5.0, but the 

antibody becomes fully activated at pH 7.3, showing a similar binding curve as the 

monovalent control. These results show that pHAbs-1 effectively blocks antibody activity at 

low pH and allows restoration of antibody activity at neutral pH in combination with the 

presence of a sequence specific trigger oligonucleotide. Similar experiments were done to 

analyze the performance of the trigger-independent pHAbs-2 ligand. Figure 4.3E and F 

show that at pH 5.0 the fully assembled ligand efficiently prevents the competing peptide 

from binding to the antibody. At pH 7.3, the binding of the antibody to the competing 

peptide is completely restored, confirming that the triplex ligand is unfolded and the 
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activity of the antibody is fully restored. To analyze the pH dependence of antibody 

activation by both ligands in more detail, we monitored the time-dependence of antibody 

activation between pH 5.0 and pH 7.3. 50 nM anti-HA antibody blocked by the pH-ligands 

was diluted ten-fold in a range of pH values containing 2 nM competing peptide. Directly 

after adding the blocked antibody, the fraction of activated antibody was monitored in time 

(Figure 4.3G-J). When the antibody is incubated with pHAbs-1 in the presence of 100 nM 

trigger oligonucleotide, a clear increase in fraction of activated antibody is observed at 

higher pH values, reaching full equilibrium within 15 minutes. A small increase in fraction 

 

 

Figure 4.3 | Antibody activation triggered by pH increase. (A) Schematic representation of antibody 

activity controlled by pHAbs-1, allowing toehold-mediated strand displacement (TMSD) induced 

activation governed by a pH increase. (B) Schematic representation of pHAbs-2 constructed from an 

intermolecular triple-helix that allows high pH triggered antibody activation (C, D) Fluorescence 

polarization of a competing, fluorescently labeled peptide as a function of anti-HA antibody concentration 

incubated with a monovalent control, pHAbs-1 and pHAbs-1 with 100 nM trigger at pH 5.0 and pH 7.3. (E, 

F) Fluorescence polarization of the competing peptide as a function of anti-HA antibody concentration 

incubated with a monovalent control or pHAbs-2 at pH 5.0 and pH 7.3. (G) Fraction of activated antibody 

in time when blocked by pHAbs-1 at various pH. (H) Steady state fraction of activated antibody as 

function of pH when blocked by pHAbs-1. (I) Fraction of activated antibody in time when blocked by 

pHAbs-2 at various pH. (J) Steady state fraction of activated antibody as function of pH when blocked by 

pHAbs-2. Error bars represent SEM of duplicate measurements. The fraction of activated antibody was 

obtained by normalizing to a control omitting antibody (0) and antibody without ligand (1).  
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of activated antibody is also observed at low pH and/or in the absence of trigger. This effect 

is due to competition between the bivalent ligand and the fluorescent peptide, resulting in a 

minor portion of competing peptide to bind to the antibody. Figure 4.3H shows the steady 

state fraction of activated antibody after 90 minutes incubation, revealing efficient inhibition 

of the antibody at pH < 6.5, while allowing activation of the antibody at pH > 6.5 only when 

the trigger oligonucleotide is present. Moreover, the transition from blocked to activated 

antibody occurs within 0.5 pH units, suggesting a high degree of cooperativity. Similarly, 

when the antibody is incubated with pHAbs-2 a rapid activation of the antibody is observed 

between pH 6.5 and 7.0. These pH responses are in accordance with the apparent pKa of a 

50% TAT triple-helix previously studied in isolation.27 

Having confirmed efficient antibody blocking by pHAbs-1 and pHAbs-2 at acidic pH 

and restoration of antibody activity at neutral pH, we next explored whether these systems 

can be used for pH-controlled antibody targeting to cell-surface markers. As a model target, 

yeast cells were cultured that display the HA peptide-epitope genetically fused to a yellow 

fluorescent protein (Citrine) on their surface (Figure 4.4A). Figure 4.4B and C show flow 

cytometry analysis of yeast cells incubated at respectively pH 5.0 and pH 7.5 with 2 nM 

fluorescently-labeled anti-HA antibody. In the presence of pHAbs-1, low cell labeling is 

observed irrespective of the pH. Upon addition of the trigger oligonucleotide, a similarly 

low cell labeling is observed at pH 5.0, while the cells exhibit a 5 fold higher labeling 

efficiency at pH 7.5. The labeling efficiency at pH 7.5 is identical to the labeling efficiency 

with a monovalent control, confirming that the toehold domain in pHAbs-1 is robustly 

sequestered in the triple-helix conformation at low pH, but is fully activated at high pH. 

Figure 4.4D and E show similar cell targeting experiments with a pHAbs-2 blocked 

antibody. When the antibody is incubated with a bivalent control that does not harbor a 

triplex domain, low cell targeting is observed at either pH. Similarly, incubating the 

antibody with pHAbs-2 at pH 5.0 results in minimal cell targeting, confirming occlusion of 

the antibody by binding of the bivalent ligand. Again, upon an increase in pH the triplex 

ligand unfolds and dissociates from the antibody, allowing the antibody to bind to the yeast 

cells with similar efficiency as the monovalent control. Taken together, these results confirm 

the feasibility of rationally implementing triple-helix domains in the bivalent peptide-DNA 

ligands to introduce pH dependent control over antibody-based cell targeting. 
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Figure 4.4 | pH dependent targeting of the anti-HA antibody to yeast cells. (A) Schematic 

representation of a yeast cell displaying the HA peptide-epitope as a fusion protein with Aga2 and the 

yellow fluorescent protein Citrine. Governed by an increase in pH the high pH responsive bivalent ligands 

activate the fluorescently labeled anti-HA antibody, resulting in targeting of the antibody to the HA 

peptide displaying yeast cells. Flow-cytometry analysis of yeast cells targeted by the anti-HA antibody 

blocked by pHAbs-1 in absence and presence of 100 nM trigger at (B) pH 5.0 and (C) pH 7.5. Flow-

cytometry analysis of yeast cells targeted by the anti-HA antibody blocked by a bivalent control which is 

not pH responsive or pHAbs-2 at (D) pH 5.0 and (E) pH 7.5. In both experiments an appropriate 

monovalent control is included to accurately represent fully activated antibody. Histograms were 

constructed from the alexa647 fluorescence intensity of 3,000 Citrine-positive yeast cells. 

 

 Antibody activation triggered by pH decrease 

Activation of antibodies by an increase in pH could prove useful for specific in vitro 

applications such as antibody purification and immunoprecipitation. However, when 

targeting tumor cells, antibody activity would preferably be blocked at neutral pH and 

activated by low pH. Ligand pHAbs-3 was designed to allow antibody activation below 

below pH 6.0 – 6.5. Its design is based on the mutually exclusive formation of a 12 base pair 

duplex between the scaffold strand (S) and triplex forming oligonucleotide (TFO), and the 

formation of a 15 nucleotide intramolecular triple-helix in the TFO peptide that forms at low 

pH (Figure 4.5A). Since pH-induced switching between inhibition and activation of the 
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antibody relies on a subtle balance between the stability of the S:TFO duplex and triple-

helix, the competition assay with fluorescently labeled HA peptide-epitope was used to 

screen for the optimal design. Figure 4.5B shows that the initial design of the pH-responsive 

 

 

Figure 4.5 | Activation of monoclonal antibodies by a pH decrease. (A) Schematic representation of 

antibody activation upon a decrease in pH. The bivalent peptide-DNA ligand is based on a mutually 

exclusive DNA duplex and triple-helix. One peptide epitope is conjugated to base strand (B) that 

hybridizes to the scaffold strand (S), which harbors a 12 nucleotide overhang. The second peptide epitope 

is conjugated to an oligonucleotide that forms an intramolecular triplex (TFO) at low pH. At high pH no 

triple-helix is formed, allowing the overhang of S to hybridize to the 5’ region of TFO, governing the 

assembly of the bivalent peptide-DNA ligand and blocking of the antibody. Upon a decrease in pH, TFO 

forms an intramolecular triple-helix and invades the duplex that governs the formation of the bivalent 

ligand by 6 base pairs, resulting in the disruption of the bivalent ligand, followed by activation of the 

antibody. The asterisk indicate the positions of the introduced mismatches. (B-E) Fluorescence 

polarization competition assay to evaluate the efficiency of blocking and subsequent activation of the 

antibody by the bivalent pH ligand at pH 8.0 (top) and pH 5.0 (bottom). pH ligands are constructed that 

harbor a 12 nucleotide toehold on the scaffold strand that is either (B) fully complementary to the 12 5’-

bases of TFO, (C) contains 1 mismatch, (D) contains 2 mismatches or (E) contains 4 mismatches. 

Titrations are performed with a monovalent control where the anti-HA antibody is incubated with TFO 

only and with the fully assembled pH responsive ligand harboring a 20% TAT triple-helix. Errorbars 

represent SEM of duplicate measurements.  
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ligand efficiently blocked the antibody at pH 8.0. Upon decreasing the pH to 5.5, only a 

moderate increase in polarization is observed, suggesting that in this initial design the 

antibody is only partially activated. To optimize antibody activation at low pH, we 

systematically attenuated the stability of the duplex by introducing mismatches in the 

scaffold strand (the numbered asterisks in Figure 4.5A). All mutations were expected to 

reduce the stability of the 12 base pair duplex that governs the assembly of the bivalent 

ligand, while the stability of the triple-helix domain should be unaltered. Mismatch 1 and 2 

were expected to also affect the stability of the residual 6 base pair interaction between S and 

TFO when the triple-helix is formed at low pH. Figure 4.7 C-E show the characterization of 

bivalent peptide-DNA ligands that harbor one, two or four mismatches, respectively. 

Ligands with one or two mismatches perform optimally, showing efficient inhibition of the 

antibody at pH 8.0, while now ensuring antibody activation at pH 5.5. Introduction of four 

mismatches destabilized the DNA duplex too much, resulting in inefficient blocking of the 

antibody at pH 8.0. In subsequent experiments the ligand with the 1 base pair mismatch was 

used. 

Previous work has shown that the pKa of triple-helix formation depends on the relative 

TAT content of the triple-helix. To explore whether we can tune the pH at which the 

antibody is activated by the pHAbs-3 ligand, we synthesized two additional ligands with 

triple helices having a relative TAT content of 40% and 60%. Notably, all the bivalent ligands 

harbor the single mismatch that was optimized for the 20% TAT ligand. Next, a competition 

assay was performed over a range of pH values. To this end, the anti-HA antibody was 

incubated with either of the three ligands and diluted to a final concentration of 5 nM in PBS 

(between pH 5.5 and 8.0) containing 2 nM of the competing peptide. After 90 minutes the 

fluorescence polarization of the competing peptide was measured and normalized to a 

control omitting the antibody (0, representing fully blocked antibody) and a control without 

bivalent ligand (1, representing fully activated antibody). Figure 4.6 shows that all ligands 

efficiently block the anti-HA antibody at pH 8.0. Moreover, as the pH decreases from 8.0 to 

7.5 the 60% TAT triple-helix is formed and disassembles the bivalent ligand to allow the 

activation of the antibody. Similarly, as the pH decreases further to 6.5, the 40% TAT ligand 

dissociates from the antibody followed by the activation of the antibody blocked by the 20% 

TAT ligand at pH 6.0. The more efficient antibody activation observed at pH 5.5 with 
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increasing TAT content is probably due to the attenuated stability of the S:TFO duplex with 

high AT content. These results confirm the robust design of the pH controlled ligand and 

show that the pH response of the ligand can be accurately tuned over at least 1.5 pH units. 

 

 

Figure 4.6 | Sequence encoded modulation of the pH response of the pHAbs-3 ligand. The pH at 

which the triple-helix forms is dependent on the relative TAT content. Hence, the pH-response of pHAbs-3 

is encoded in its nucleotide sequence. The pH response of pHAbs-3 harboring a triplex with a relative TAT 

content of 20%, 40% and 60% is determined by measuring the fraction of activated antibody at pH values 

between 5.5 and 7.5 after 90 minutes incubation. Experiments were performed with 2 nM FITC-labeled 

competing peptide-epitope and 5 nM anti-HA antibody blocked by 2 equivalents of pHAbs-3. The fraction 

of activated antibody was obtained by normalizing to a control omitting antibody (0) and antibody 

without ligand (1). Fitting of the Hill equation to the experimental data yielded an apparent pKa of 5.9, 6.3 

and 7.3 for the 20%, 40% and 60% TAT ligands respectively. Hill coefficients are respectively 91.6, 46.6 

and 55.5. 

 

 pH-dependent targeting of human carcinoma cells 

Immunotargeting employs antibodies that bind to cell surface markers that are specific for 

the targeted cell type. Having established a robust strategy to activate a monoclonal 

antibody by a decrease in pH, we investigated whether this system can be used to 

specifically target mammalian cancer cells based on the acidity of the cellular environment. 

To directly target the anti-HA antibody to human carcinoma cells induced by a pH decrease, 

we first explored a strategy that employs direct labeling of mammalian cells with HA 

peptides. As a proof-of-principle, A431 epidermoid carcinoma cells were covalently labeled 

with HA peptide epitopes via a Sulfo-SMCC crosslinker. First, the SMCC crosslinker was 

reacted randomly with primary amines present on the cell surface via its NHS-ester moiety. 

After washing away unreacted crosslinker, an HA peptide modified with a C-terminal 

cysteine residue was added, allowing it to react with the maleimide moiety of the 
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crosslinker, yielding mammalian cells covalently functionalized with HA peptides (Figure 

4.7A). Subsequently, the A431 cells were incubated in PBS at pH 7.5 or pH 5.5 containing 2 

nM of the alexa647-labeled anti-HA antibody and analyzed with flow-cytometry. Cells that 

were incubated with free anti-HA antibody showed efficient cell labeling at both pHs, which 

confirms that binding of the anti-HA antibody is insensitive to pH. Next, the antibody was 

incubated with the pHAbs-3 ligand (20% TAT) and added to the HA-peptide labeled cells. 

At pH 7.5 the cells showed inefficient labeling, similar to a pH-insensitive bivalent control, 

which is consistent with efficient blocking of the antibody. A clear increase in cell labeling 

was observed at pH 5.5, however, which is similar to a monovalent control where the 

antibody was incubated with only the TFO conjugate. These results show that pHAbs-3 

allows efficient, pH-induced control of antibody-mediated cell labeling. 

 

 

Covalently labeling cells with the HA-peptide provides a generally applicable strategy 

to control antibody binding that does not depend on the expression of specific cell surface 

 

Figure 4.7 | pH dependent targeting of human carcinoma cells. (A) Schematic representation of low 

pH triggered targeting of mammalian cells. First, A431 cells are covalently functionalized with HA peptide 

epitopes via a Sulfo-SMCC crosslinker. Subsequently, the cells are resuspended in buffers of pH 7.5 or pH 

5.5 containing 2 nM of the alexa647 labeled anti-HA antibody blocked by the 20% TAT pH-responsive 

bivalent ligand. At acidic conditions the antibody will be activated and bind to the cell, resulting in an 

increase in fluorescence intensity of the cell. (B) Flow-cytometry analysis showing alexa647 fluorescence 

intensities for A431 cells incubated for 30 minutes at pH 5.5 and pH 7.5 with 2 nM anti-HA antibody in 

absence of ligand (Free antibody), in the presence of the 20% TAT pH-responsive ligand, in the presence 

of a pH-insensitive bivalent ligand (bivalent control) or in the presence of the TFO conjugate only 

(monovalent control). Histograms were constructed from the alexa647 fluorescence intensity of 10,000 

individual A431 cells. 
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markers but solely on the basis of pH. We also explored a second approach that relies on 

HA-peptide labeling of cells mediated by a primary antibody. This approach represents dual 

specific targeting, as it requires the expression of a specific cell surface marker in 

combination with a pH decrease of the extracellular environment. To this end, an anti-EGFR 

antibody (Cetuximab) was covalently decorated with HA peptides. After incubating EGFR 

overexpressing A431 cells for 20 minutes with Cetuximab-HA, the cells were washed and 

resuspended in PBS at pH 7.5 or pH 5.5 containing 2 nM of the alexa647 functionalized anti-

HA antibody (Figure 4.8A). Figure 4.8B shows that when incubated with free anti-HA 

antibody, the A431 cells show high fluorescence intensity, confirming successful pre-

labeling mediated by the primary antibody. Targeting the anti-HA antibody to cells that 

were not pre-labelled with cetuximab-HA, on the other hand, resulted in low fluorescence 

intensity (data not shown). When the cells were incubated with the anti-HA antibody

 

 

Figure 4.8 | Dual specific targeting of human carcinoma cells. (A) Schematic representation of a dual 

specific, two stage strategy to target the EGFR of human epidermoid carcinoma cells (A431) upon low pH 

of the extracellular environment. First, the EGFR overexpressing A431 cells are incubated with 2 nM 

Cetuximab-HA to specifically label EGFR overexpressing cells with the HA peptide epitope. Subsequently, 

the cells are resuspended in buffers of pH 7.5 or pH 5.5 containing 2 nM of the anti-HA antibody blocked 

with the 20% TAT pH-responsive bivalent ligand. At low pH the antibody will be activated and bind to the 

cell, resulting in an increase in fluorescence intensity of the cell. (B) Flow-cytometry analysis showing 

alexa647 fluorescence intensities for A431 cells incubated for 30 minutes at pH 5.5 and pH 7.5 with 2 nM 

anti-HA antibody in absence of ligand (Free antibody), in the presence of the 20% TAT pH-responsive 

ligand, in the presence of a pH-insensitive bivalent ligand (bivalent control) or in the presence of the TFO 

cunjugate only (monovalent control). Histograms were constructed from the alexa647 fluorescence 

intensity of 10,000 individual A431 cells. 
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blocked by the pHAbs-3 (20% TAT) ligand, low cell labeling was observed at pH 7.5, while 

at pH 5.5 the cells were efficiently labeled. Together, these results show that the developed 

bivalent ligand efficiently blocks the activity of an antibody at high pH, while robustly 

activating the antibody at low pH. This should allow conditional labeling of tumor cells 

based on the acidity of the extracellular environment, which can be combined with targeting 

in principle any overexpressed cell surface marker. 

 

 Targeting tumor cells based on single-cell metabolic activity 

Having established the feasibility of using pHAbs-3 to trigger antibody labeling of 

mammalian cells by a decrease in pH, we set out to employ this system for the detection and 

isolation of circulating tumor cells (CTCs), an extensively studied, but still partly unmet 

technological challenge.33–39 CTCs are of particular interest in cancer diagnostics and research 

as it is hypothesized that these cells are responsible for the progression of cancer via 

metastasis.40 Once tumor cells disseminate from the primary tumor they enter the 

bloodstream after which they can invade distant organs to initiate the growth of a secondary 

tumor.39 Although these CTCs are low abundant in the peripheral blood (100 - 101 cells mL-1) 

compared to red blood cells (109 cells mL-1) and white blood cells (106 cells mL-1), CTC counts 

before and during treatment have proven to be an accurate early response marker with a 

strong independent prognostic value at all time-points during treatment.41–44 Furthermore, 

CTCs have generally been considered as surrogates for metastatic cells and the 

characterization of CTCs may in this respect function as a ‘‘liquid biopsy” to aid in the 

tailoring of treatments.35 However, analytical techniques to quantify CTCs in liquid biopsies 

are challenged by the low abundance of CTCs. Currently, the only FDA approved and 

clinically used analytical technique (CellSearch) for the detection of CTCs in liquid biopsies 

makes use of an epithelial cell surface maker (epithelial cell adhesion molecule, EpCAM) 

that is not expressed on white blood cells to capture CTCs.45 However, recent evidence 

suggests that CTCs require an epithelial-to-mesenchymal transition in order to invade a 

distant organ.46 As a consequence, these potentially most invasive CTCs lose their epithelial 

cell surface markers and are therefore not detected by conventional analytical techniques.  

A common feature of tumor cells, including CTCs, is that their energy metabolism is 

limited to anaerobic glycolysis resulting in the production of lactate that acidifies their 
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extracellular environment. However, due to the low abundance of CTCs, their lactate 

production will dissipate in the overwhelming background of white blood cells, making it 

impossible to use as a diagnostic marker. Del Ben et al. recently showed that by confining 

individual cells in picoliter sized water-in-oil droplets using a microfluidic droplet device, 

the produced lactate accumulates inside the constrained volume of the droplet, resulting in a 

significant decrease in pH, which was subsequently detected by a pH sensitive dye present 

in the droplets.17 Consequently, circulating tumor cells could be identified in the blood of 

metastatic patients solely based on their metabolic activity, while not depending on the 

heterogeneous presence of specific cell surface markers. However, the use of a pH sensitive 

dye that stains the lumen of the droplet poses a number of limitations. First, cell 

encapsulation follows a Poisson distribution, meaning that in order to predominantly 

encapsulate single cells the majority of droplets are empty. Consequently, in order to detect 

the CTC all the droplets, including the empty ones, need to be analyzed. Secondly, it is 

technologically challenging to isolate the CTC(+) droplets and retrieve the CTCs for further 

analysis.  

To overcome these limitations we here implement the pHAbs-3 ligand to specifically 

activate antibodies in acidified droplets to discriminate tumor cells by their metabolic 

activity. An important advantage of this approach is that the cells themselves are labeled, 

making it no longer necessary to interrogate all the droplets. Instead the droplets can be de-

emulsified in bulk to retrieve all encapsulated cells, after which the cells can be analyzed 

and sorted in high throughput using standard flow cytometry equipment. Figure 4.9A 

shows the proposed experimental setup where first all the circulating cells are pre-labeled 

with HA peptides, after which the cells are mixed with the anti-HA antibody blocked by the 

pHAbs-3 ligand and encapsulated in microfluidic droplets. Figure 4.9B and C show the 

design of the microfluidic chip to encapsulate cells in droplets. The device contains three 

separate inlets to inject the oil with surfactant, the pH-responsive antibody and pre-labeled 

cells. On the chip the cells are first mixed with the pH-responsive antibody, after which 

droplets are formed at the oil-water interface, resulting in the formation of stable, 

monodisperse water-in-oil droplets containing the pre-labeled cells and pH-responsive 

antibody. To ensure that only one cell is encapsulated per droplet, the majority of droplets 

do not contain a cell (Figure 4.9D). 
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Figure 4.9 | Circulating tumor cell detection using single-cell metabolic discrimination. (A) 

Schematic representation of the proposed workflow to identify CTCs based on their metabolic activity. 

First, all blood cells are pre-labeled with HA peptide epitopes after which they are mixed on chip with the 

anti-HA antibody blocked by pHAbs-3 and individually encapsulated in droplets. As the tumor cells are 

confined in a small volume, their characteristic lactate production governs the acidification of the droplet. 

This will activate the antibody, allowing it to bind to the cell. Subsequent de-emulsification of the droplets 

enables the high-throughput single-cell analysis using flow-cytometry. (B) Design of the microfluidic 

droplet generator containing inlets for the oil with surfactant, the pH-responsive antibody and the pre-

labeled cells. (C) Brightfield optical microscopy image of the region of the microfluidic chip where cells 

and pH-responsive antibody are mixed and subsequently fractionated in droplets at the water-oil 

interface. (D) Brightfield optical microscopy image of water in oil droplets with individually encapsulated 

cells. The red arrows indicate droplets that contain an encapsulated cell. 

 

As a first proof-of-concept that co-encapsulation of tumor cells with the pHAbs-3 ligand 

results in activation and subsequent binding of the antibody to the tumor cells, lactate 

producing A431 human carcinoma cells were used. A431 cells were pre-labeled with the 

primary cetuximab-HA antibody to facilitate fast cell labeling with HA peptide epitopes. 

Next, the cells were resuspended in a buffer with low buffer capacity to allow the cells to 

easily acidify the droplets (2 mM sodium phosphate pH 6.8, 100 mM NaCl, 2 g L-1 glucose, 

0.1 mg mL-1 dsDNA from salmon testes). Glucose was added to avoid starvation of the cells, 

while the dsDNA was required to scavenge nucleases excreted by the cells that could 

degrade the bivalent ligand. Cells were then injected in the microfluidic droplet generator 

and mixed on chip with the anti-HA antibody blocked by the pHAbs-3 (40% TAT) ligand, 

which was shown to be fully activated below pH 6.0. The generated droplets were collected 

in a tube that was pre-chilled on ice to slow down cell metabolism. After all droplets were 

collected, half of the droplets were incubated for 30 minutes at room temperature while the 

other half was kept on ice. Finally, the droplets were de-emulsified to retrieve all the cells 
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after which they were analyzed by flow cytometry. Figure 4.10A shows the histograms 

displaying alexa647 fluorescence intensity (anti-HA labeling) of the analyzed cells. A clear 

increase in cell labeling is observed when the droplets are incubated for 30 minutes at room 

temperature compared to droplets that were stored on ice. These results show that at room 

temperature the cells can acidify the lumen of the droplets, resulting in activation and 

subsequent binding of the anti-HA antibody to the encapsulated cell. To ensure that the 

activation of the antibody is not due to degradation of the bivalent ligand or temperature-

dependent endocytosis, the same set of experiments was performed in a buffer with high 

buffer capacity (50 mM sodium phosphate). In this case no increase in anti-HA labeling was 

observed for cells that were incubated in the droplets for 30 minutes at room temperature 

(Figure 4.10B). This confirms that the cells are indeed able to acidify the droplet and activate 

the antibody at room temperature when suspended in a buffer with low buffer capacity.  

 

 

Figure 4.10 | Flow-cytometry analysis of A431 cells after single-cell encapsulation. To evaluate the 

ability of tumor cells to acidify the droplets and thereby activate the anti-HA antibody, A431 human 

epidermoid carcinoma cells were encapsulated in droplets with either low or high buffer capacity and 

incubated at room temperature for 0 or 30 minutes before de-emulsification and flow-cytometry analysis. 

(A) Histograms showing the degree of anti-HA labeling after incubating the cells in droplets with low 

buffer capacity for 0 or 30 minutes at room temperature. (B) (D) Histograms showing the degree of anti-

HA labeling after incubating the cells in droplets with high buffer capacity for 0 or 30 minutes at room 

temperature. Histograms were constructed from 10,000 individual cells per experiment. 

 

Next, to avoid the potentially detrimental effect of covalent modification of cell surface 

proteins on cell viability, a milder and more efficient labeling procedure was developed. To 

this end, the HA peptide was functionalized at the N-terminus with a palmitoyl group (HA-

palm) to facilitate membrane anchoring (Figure 4.11A).47 A PPPDDGGG peptide linker was 

introduced between the HA peptide and palmitoyl group to direct the peptide away from 

the cell membrane and introduce negative charge to avoid flipping of the peptide to the 
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inner leaflet of the membrane. Incubating A431 cells for 40 minutes with 100 μM HA-palm 

at 37 °C resulted in efficient pre-labeling of the cells with the HA peptide epitope, as 

subsequent addition of 1 nM alexa647-labeled anti-HA antibody revealed a 20-fold increase 

in anti-HA labeling compared to untreated cells.  

 

 

Figure 4.11 | Cell labeling via palmitoyl-HA peptide. (A) All cells are non-specifically labeled with the 

HA peptide epitope by incubating for 40 minutes with a palmitoyl functionalized HA peptide. A 

PPPDDGGG linker was incorporated to ensure sufficient spacing between the palmitoyl and epitope 

sequence, and avoid flipping of the peptide to the inner membrane leaflet. (B) Flow cytometry analysis of 

10,000 A431 cells incubated with and without 100 μM palmitoyl functionalized HA peptide after which 1 

nM alexa647-labeled anti-HA is added.  

 

 

 Conclusion and outlook 

In this work we introduced pH-responsive bivalent peptide-DNA ligands as a robust 

and modular strategy to non-covalently control the activity of monoclonal antibodies based 

on changes in pH. The general design of the antibody-blocking ligands exploits a bivalent 

interaction between the antigen binding sites of the antibody and two identical peptide-

epitopes that are linked via a DNA-based spacer. By integrating pH-responsive triple-helix 

structures in the bivalent ligand, that govern the switching from bivalent to monovalent 

interaction, three types of pH-sensitive molecular locks were introduced. Two ligands 

govern antibody activation induced by a pH increase, either alone or in combination with a 

specific trigger oligonucleotide. The third ligand allowed antibody activation upon a 

decrease in pH. As the apparent pKa of a triple-helix depends on its relative TAT content, the 

pH response of this ligand could be encoded in the sequence of the triple-helix, allowing the 

pH at which the antibody is activated to be tuned between 5.5 and 7.5. Activating a 

monoclonal antibody upon a decrease in pH is particularly useful in cancer associated 

diagnostics and therapeutics. In order to facilitate targeting of the anti-HA antibody to 
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mammalian cells two strategies were introduced to pre-label mammalian cells with HA 

peptide epitopes. First, a palmitoylated HA-peptide was synthesized to introduce HA-

peptides at the cell exterior via a mild and simple incubation step. A second strategy is to 

conjugate HA peptides to a receptor-specific antibody, which can then be used for dual 

specific targeting.  

Motivated by the robust targeting of mammalian cells upon acidification of the 

extracellular environment, we subsequently also showed the feasibility of using the system 

for high throughput evaluation of tumor cell metabolism. Expanding on the approach 

developed by Del Ben and coworkers, we employed our pH-activatable anti-HA antibody to 

detect the acidification of tumor cells in water-in-oil microfluidic droplets. Next, the 

performance of the system needs to be further evaluated by diluting tumor cells in a 

background of white blood cells to yield a more representative abundance of CTCs. If 

successful, pH-dependent antibody targeting could be combined with a panel of other 

antibody labels that target specific cell surface markers, introducing metabolic activity as an 

orthogonal label for CTC detection. To validate this method for CTC detection, the results 

should be compared to established methods for CTC detection, such as the FDA approved 

CellSearch method. Since the latter relies on targeting of the epithelial cell adhesion 

molecule (EpCAM), selection based on acidification may be able to detect a broader set of 

CTCs, including those that have undergone epithelial-to-mesenchymal transition and are 

most likely responsible for initiation of metastasis.46  

The pH responsive bivalent ligands here all targeted the anti-HA antibody. However, in 

contrast to approaches that directly target the antibody-antigen interaction, our approach 

should be straightforward to translate to any antibody, provided epitope or mimotope 

peptides of sufficient affinity are available. In addition to applications in CTC detection, 

several other applications of these ligands can be envisioned. First, the ability to bind and 

release antibodies by subtle changes in pH introduces alternative biotechnological strategies 

to purify antibodies under mild conditions.48 Second, the ability to activate therapeutic 

antibodies at low pH provides opportunities to increase the specificity of immunotherapy. 

Such in vivo applications come with additional challenges, as the stability of oligonucleotides 

in human serum is limited. Nonetheless, a number of chemical modifications of nucleic acids 

have been shown to significantly increase their circulation time. In order to implement these 
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chemical modifications in the pH-responsive bivalent ligands, their influence on the 

thermodynamics of triple-helix formation will need to be elucidated. 

 

 Experimental sections 

Chemicals and reagents. All oligonucleotides were purchased HPLC purified from 

Integrated DNA Technologies. Sulfo-SMCC and anti-HA epitope tag antibody (clone: 2-

2.2.14) and Alexa647-labeled anti-HA epitope tag antibody (clone: 2-2.2.14) were purchased 

from ThermoFisher Scientific. Oligonucleotides were dissolved in TE buffer (10 mM Tris-

HCl, 1 mM EDTA, pH 8.0) to an approximate concentration of 100 μM as suggested by the 

manufacturer. Subsequently the concentration was determined by UV-VIS (NanoDrop 1000, 

Thermo Scientific), using the extinction coefficients at 260 nm calculated with the DNA UV 

spectrum predictor tool (Integrated DNA Technologies). Finally, the oligonucleotide stock 

solutions were diluted in TE buffer to a final concentration of 50 μM and stored at -30 °C. 

The synthesis, purification and characterization of the peptide-DNA conjugates was 

performed as described in Chapter 3.  

 

Table 4.1 | Oligonucleotide sequences. 

Name Sequencea,b Experiments 

Ctrl-A 5’-TGGAGA CGTAGGGTATTGAATGTGCTGTAG-NH2-3’ Bivalent 

control Ctrl-A’ 5’-CTACAGCACATTCAATACCCTACG-NH2-3’ 
 

 

pHAbs-1-A 5’-H2N-AGGAGAGAAGCATGAAAGAC-3’ pHAbs-1 

pHAbs-1-A’ 5’-H2N-GTCTTTCATGCTTCTCTCCT GTTTG TCCTCTCTTC-3’ 

Displacer (ODN) 5’-GGACAAACAGGAGAGAAGCATGAAAGAC-3’ 
 

HFO  5’-GGAGAAAGGAAGAGAGGAAG TTT CTTCCTCTCTTCCTTTCTCC-NH2-3’ pHAbs-2 

TFO  5’-CCTCTTTCCTTCTCTCCTTC-NH2-3’ 
 

base 5’-H2N-ACCTCCTCCCTCCTCAACGT-3’  

TFO 20% 5’-H2N -CTCATGCCTCCCCTCCCCTCC GTTTC CCTCCCCTCCCCTCC TTT 

GGAGGGGAGGGGAGG-3’ 

20% TAT 

pHAbs-3 

Scaffold 20% Full 5’-GGGAGGCATGAGACGTTGAGGAGGGAGGAGGT -3’ 

Scaffold 20% 1M 5’-GGGAGGCATGATACGTTGAGGAGGGAGGAGGT -3’ 

Scaffold 20% 2M 5’-GGGAGGCATTATACGTTGAGGAGGGAGGAGGT -3’ 

Scaffold 20% 4M 5’-AGGAAGCATTATACGTTGAGGAGGGAGGAGGT -3’ 
 

TFO 40% 5’-H2N -CTCATGCCTCCTCTCTTCTCC GTTTC CCTCTTCTCTCCTCC TTT 

GGAGGAGAGAAGAGG-3’ 

40% TAT 

pHAbs-3 

Scaffold 40% 5’-AGGAGGCATGATACGTTGAGGAGGGAGGAGGT-3’  
 

TFO 60% 5’-H2N -CTCATGTCTTCTCTCTTCTCT GTTTC TCTCTTCTCTCTTCT TTT 

AGAAGAGAGAAGAGA-3’ 

60% TAT 

pHAbs-3 

Scaffold 60% 5’-AGAAGACATGATACGTTGAGGAGGGAGGAGGT-3’ 

a Colors represent individual oligonucleotide domains. 
b Underlined sequence denote the triplex forming portion of the oligonucleotide. 
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Synthesis and purification of peptide oligonucleotide conjugates. Oligonucleotides 

modified with a primary amine modification were dissolved in PBS (100 mM NaPi, 150 mM 

NaCl, pH 7.2) and mixed with 20 equivalents of Sulfo-SMCC (Thermo Fisher Scientific, 2 mg 

no-weigh format, dissolved in DMSO prior to use) to a final concentration of 1 mM in 50% 

DMSO for 2 h at room temperature. The maleimide-functionalized oligonucleotides were 

isolated using ethanol precipitation by the addition of 10% (v/v) 5 M NaCl and 300% (v/v) 

ice cold ethanol and subsequently stored at -30 °C for 1 h. The precipitated oligonucleotides 

were pelleted by centrifugation for 15 min. at 14,000 rpm at 4 °C. After washing the pellet 

with ice cold 75 % ethanol the pellet was dried under vacuum. Prior to use, the maleimide-

activated oligonucleotides were dissolved in phosphate buffer (100 mM sodium phosphate, 

pH 7.0) and mixed with 10 equivalents of peptide epitope (dissolved in Phosphate buffer) to 

a final concentration of 1 mM for 2 h at room temperature. Finally, the obtained POCs were 

purified by reversed-phase HPLC on a GraceAlpha C18 (250 x 4.6 mm) column using a 

gradient of 5 – 50% acetonitrile in 100 mM triethylammonium acetate (TEAA, pH 7.0) and 

lyophilized three times to a white powder. The correct mass and purity of the POCs was 

determined using mass spectrometry by flow injection analysis on a LCQ Fleet (Thermo 

Finnigan) ion-trap mass spectrometer in negative mode (Table 4.2). To this end, 5 μL of POC 

solution, dissolved to 10 μM in 1:1 isopropanol/water + 1% triethylamine (pH 10) was 

directly injected. Finally, all oligonucleotides were dissolved to approximately 100 μM 

concentrations in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and quantified by UV-

VIS (NanoDrop 1000, Thermo Scientific) using the extinction coefficients at 260 nm 

calculated with the Integrated DNA Technologies DNA UV spectrum predictor tool.49 

Subsequently, the oligonucleotides were further diluted, yielding stock solutions of 50 μM 

and stored at -30 °C. 

 

 

Table 4.2 | Composition of synthesized POCs with corresponding calculated and observed masses 

Name Calculated mass (Da) Observed mass (Da) 

Ctrl-A-HA 11202.29 11202.26 

Ctrl-A’-HA 9030.96 9030.79 

pHAbs-1A-HA 8031.0 8032.0 

pHAbs-1A’-HA 12287.7 12287.5 

HFO-HA 15014.4 15015.0 

TFO-HA 7677.7 7678.3 

Base-HA 19640.4 19639.2 

TFO20%-HA 7682.7 7682.0 

TFO40%-HA 19682.4 19683.8 

TFO60%-HA 19724.5 19721.2 
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 Synthesis of HA-palm peptide. The HA peptide (PPPDDGGGYPYDVPDYA) was 

synthesized using automated standard Fmoc peptide synthesis on Rink amide MBHA resin. 

After synthesis the resin was washed 5 times with 10 mL DMF. Coupling of the palmitic acid 

was performed by adding a 4:2:2 mixture of palmitic acid:HBTU:DIPEA to the resin with the 

HA peptide for 30 minutes under continuous shaking. After washing 5 times with 10 mL 

DMF the same coupling procedure was repeated. Next, the resin was washed 5 times with 

10 mL DMF and 5 times with DCM. Subsequently the HA-palm peptide was cleaved from 

the resin by adding 5 mL of a 95:2.5:2.5 mixture of TFA:H2O:TIS for 3 hours under 

continuous shaking. Finally, the HA-palm peptide was purified by reversed phase HPLC-

MS.  

 

 Labeling of Cetuximab with Cy3 and HA-peptide.  For the labeling of Cetuximab 

(C225, Erbitux) with NHS-Cy3 the antibody was buffer exchanged to 100 mM sodium 

phosphate pH 7.0 using a PD-10 desalting column (GE Healthcare). Subsequently, 250 μL 

Cetuximab (30 μM) was mixed with 1500 μL 100 mM sodium phosphate pH 7.0 and 150 μL 

NHS-Cy3 (850 μM stock in DMSO) and incubated for 2 hours at room temperature, 850 rpm. 

Finally, Cetuximab-Cy3 was purified from excess NHS-Cy3 by gel filtration using a PD-10 

desalting column, resulting in an average labeling of 4.1 Cy3 labels per antibody. 

 To label Cetuximab with the HA peptide-epitope the antibody was buffer exchanged to 

100 mM sodium phosphate pH 7.0 as described above. Subsequently, 32 μL Sulfo-SMCC 

(freshly dissolved in DMSO to 115 μM) was added to 2500 μL Cetuximab (30 μM), resulting 

in a 50-fold molar excess of crosslinker. This mixture was incubated for 2 hours at room 

temperature, 850 rpm after which the unreacted crosslinker was removed by gel filtration 

using a PD-10 desalting column equilibrated with PBS pH 7.2. Next, 2500 μL of the 

maleimide-activated antibody (~20 μM) was mixed with 320 μL of the HA peptide-epitope 

(9 mM in PBS) and incubated for 2 hours at room temperature, 850 rpm. Finally, the 

Cetixumab-HA conjugate was purified from unreacted HA peptide-epitope by gel filtration 

using a PD-10 desalting column. Successful HA labeling of the antibody was confirmed by 

reducing SDS-PAGE analysis. 

 

Determining the efficacy and pH-dependence of the base-responsive bivalent 

ligands. Titrations to determine the efficacy of the base-triggered ligand shown in Figure 

4.3B,C were performed by mixing 100 nM of anti-HA antibody with either 400 nM of the 

monovalent control or 200 nM of all ligand components in PBS+ (50 mM sodium phosphate, 

500 mM NaCl at pH 5.0, supplemented with 1 mg mL-1 BSA) for 1 hour at room 

temperature. Subsequently, a dilution series of (blocked) antibody was obtained by serial 

two-fold dilutions in PBS+ at pH 5.0. Finally, 5 μL of the antibody solution was added in a 

384 well-plate to 45 μL PBS+ containing 2.22 nM FITC-labeled HA peptide-epitope50 at either 

pH 5.0 or pH 8.0 (yielding final pH of 5.0 and 7.3), resulting in a final antibody concentration 

ranging from 10 pM to 10 nM and a constant concentration of 2 nM fluorescently labeled HA 

peptide-epitope. After incubating the mixtures for 1 hour at room temperature the 
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fluorescence polarization of all the wells was measured using a platereader (Tecan, Saffire-II, 

ex/em = 470/520 nm).  

To determine the pH-dependency of the base-responsive ligand the antibody blocked by 

the bivalent ligand was diluted in PBS+ at pH 5.0 to a stock concentration of 50 nM. In a 384 

well-plate, 5 μL of the blocked antibody, antibody without ligand or PBS+ at pH 5.0 was 

added to 45 μL of PBS+ (containing 2.22 nM FITC-labeled peptide-epitope) of a range in pH 

values. Directly after the fluorescence polarization of all the wells was measured every 

minute for 90 minutes. To derive the fraction of activated antibody at each pH value the 

measured fluorescence polarization of the antibody with the bivalent ligand was normalized 

to the control with free antibody (1) and a control that only contained the competing 

peptide, mimicking 100% blocking of the antigen binding sites (0). For the dual-specific, base 

and TMSD responsive bivalent ligand, the same experiments were performed. However, 100 

nM displacer oligonucleotide or PBS+ at pH 8.0 was added to the samples. 

 

Determining the efficacy and pH-dependence of the pHAbs-3 bivalent ligands to 

block antigen-binding sites. To determine the efficacy and pH-dependence of the acid-

responsive bivalent ligands the same experiments as described above were performed. 

However, the assembly of the antibody-ligand complexes was performed at pH 8.0 to allow 

the formation of the bivalent ligand, after which it was diluted in PBS+ of various pH values. 

 

Yeast surface display. The gene encoding for the HA-Citrine construct was cloned into 

the pCT-CON2 vector as described previously.23 Subsequently, the plasmid was transformed 

into EBY100 yeast cells using the LiAc/PEG/ssDNA method and plated on SDCAA agar (15 

g L-1 Bacto agar, 6.7 g L-1 Difco yeast nitrogen base without amino acids, 5 g L-1 Bacto 

casamino acids, 20 g L-1 D-(+)-glucose. After overnight incubation at 30 °C a single colony 

was cultured in SDCAA medium and frozen in 5% glycerol/10% DMSO. From the glycerol 

stock, 5 mL SCDAA medium (20 g L-1 dextrose, 6.7 g L-1 Difco yeast nitrogen base, 5 g L-1 

Bacto casamino acids, 5.4 g L-1 Na2HPO4) was inoculated and grown overnight at 30 °C, 220 

rpm. The next morning a fraction of the yeast cells was transferred to 5 mL fresh SDCAA 

medium to a final OD600 of 0.1 and allowed to grow to OD600 = 0.4. Next, the cells were spun 

down for 5 minutes at 2,500xg and resuspended in 5 mL SGCAA (20 g L-1 glucose, 6.7 g L-1 

Difco yeast nitrogen base, 5 g L-1 Bacto casamino acids, 5.4 g L-1 Na2HPO4) and incubated for 

48 hours at 20 °C, 220 rpm to induce protein expression. 

 Directly before yeast binding experiments the cells were washed with PBS+ (by pelleting 

and resuspending) and again spun down for 5 minutes at 2,500xg and resuspended in PBS+ 

at the desired pH to OD600 = 1 (~107 cells per mL), yielding the yeast stock suspension. For 

yeast binding experiments the anti-HA antibody (alexa647 conjugate) was pre-incubated 

with the ligands and the proper controls (PBS+ for free antibody control, a single peptide-

DNA conjugate for monovalent control and a pH-insensitive bivalent ligand for bivalent 

control) resulting in a stock concentration of 100 nM antibody with 400 nM total peptide-

DNA conjugate. Next, 232.5 μL PBS+ (pH 5.0 and pH 8.0) was mixed with 12.5 μL yeast cell 
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stock solution and 5 μL of the (blocked) anti-HA antibody solution. After incubating for 1 

hour at room temperature the samples were directly analyzed by flow-cytometry on a FACS 

Aria III equipped with a 70 μm nozzle. Citrine positive cells were selected by exciting the 

Citrine with a 488 nm laser and detected via a 530/30 bandpass filter. Of the Citrine positive 

cells the alexa647 fluorescence intensity was measured by excitation at 633 nm and detected 

via a 660/30 bandpass filter. Single cells were selected by standard doublet discrimination 

using forward- and side-scatter height versus width plots (Figure 4.12).  

 

 

Figure 4.12 | Exemplary gating for doublet discrimination and selection of Citrine(+) yeast cells. 

Flow-cytometry scatter plots showing the gating strategy to select single cells. After selecting single cells, 

only Citrine expressing yeast cells are selected. 

 

pH-controlled mammalian cell targeting; Cetuximab mediated HA cell labeling. Skin 

epidermoid carcinoma cells (A431) were cultured in RPMI-1640 medium supplemented with 

10% Fetal Bovine Serum (FBS, Gibco) and 1% Penicillin / Streptomycin (P/S, Gibco) at 37 °C 

with 5% CO2. Cells were harvested at 80% confluency by trypsin treatment for 5 minutes. 

Subsequently, the trypsin was inactivated by adding a 10-fold excess of culture medium 

after which the cells were pelleted by centrifugation for 5 minutes at 100xg and washed once 

with PBS+ at pH 7.5 and diluted to a stock suspension of OD600 = 3. Finally, 150 μL of this cell 

suspension was mixed with 3 mL of Cetuximab-Cy3/Cetuximab-HA (2 nM of both) and 

incubated for 20 minutes at room temperature on a rotating wheel after which the cells were 

washed with PBS+ and resuspended in 150 μL PBS+ at pH 7.5. The (blocked) anti-HA 

antibody solutions at a stock concentration of 100 nM were prepared as described above. 

Next, 232.5 μL PBS+ at pH 7.5 or 5.0 was mixed with 5 μL of the (blocked) anti-HA antibody 

and 12.5 μL of the A431 cell stock suspension, yielding a final concentration of 2 nM anti-HA 

antibody and ~106 cells per mL. After incubating for 30 minutes at room temperature on a 

rotating wheel the cells were pelleted by centrifugation for 10 minutes at 100xg and prior to 

flow-cytometry analysis resuspended in PBS+ at pH 7.5. Doublet discrimination was 

performed as shown in Figure 4.13. 
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Figure 4.13 | Exemplary gating for doublet discrimination. Flow-cytometry scatter plots showing the 

gating strategy to select single cells. 

 

pH-controlled mammalian cell targeting; covalent HA cell labeling. To covalently 

label the A431 cells with the HA peptide, cells were cultured and harvested as described 

above. The cells were subsequently resuspended in PBS (without BSA) to an OD600 of 0.4 

(~2.5x106 cells per mL). Next, 2000 μL of the cell suspension was mixed with 1980 μL PBS pH 

7.5 and 20 μL Sulfo-SMCC (1 mg dissolved in 20 μL DMSO). After incubating for 45 minutes 

at room temperature on a rotating wheel, the excess of Sulfo-SMCC was removed by 

washing the cells three times by pelleting and resuspending. Next, the cells were 

resuspended in 1 mL PBS pH 7.5 and mixed with 1 mL of freshly dissolved HA peptide (1 

mg mL-1 in PBS pH 7.5). After incubating for 45 minutes at room temperature on a rotating 

wheel the cells were washed three times by pelleting and resuspending in PBS+ at pH 7.5. 

Finally, the cells were resuspended to OD600 = 3. Binding studies of the (blocked) anti-HA 

antibody were performed identical as described above for the Cetuximab-HA labeled cells. 

 

Fabrication of microfluidic droplet generator. The polydimethylsiloxane (PDMS) 

microfluidic chips were fabricated by pouring a 10:1 mixture of PDMS:crosslinker (Dow 

Corning) on a SU-8 master and after degassing baked for 3 hours at 65 °C. The PDMS layer 

was carefully peeled from the master and 1 mm holes were punched at the inlets and outlet 

using a biopsy punch. Next, the PDMS slab and glass cover slip were cleaned by plasma 

treatment after which the PDMS and cover slip were bonded and baked at 100 °C for 20 

minutes. Finally, the microfluidic chips were silanized by injecting a 5% (tridecafluoro-

1,1,2,2-tetrahydrooctyl)-1-trichlorosilane solution in HFE 7500 (3M) and incubated at 65 °C 

for 30 minutes followed by injection of HFE 7500 and curing overnight at 65 °C. 

 

Encapsulation of single cells in water-in-oil microdroplets.  A431 cells were harvested 

and pre-labeled with Cetuximab-Cy3/Cetuximab-HA as described above and resuspended 

to a stock concentration of 106 cells per mL in Droplet-Buffer (2 mM Sodium Phosphate, 100 

mM NaCl at pH 6.8 supplemented with 1 mg mL-1 BSA, 2 mg mL-1 glucose and 0.1 mg mL-1 

dsDNA from salmon testes, Sigma Aldrich). The (blocked) anti-HA antibody was prepared 

as described above in Droplet-Buffer and diluted to a concentration of 4 nM. The cells and 

anti-HA antibody were injected in separate channels in the microfluidic chip with a flow 
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rate of 300 μL h-1. A solution of 3% Picosurf in HFE 7500 was injected in the organic-phase 

channel with a flow rate of 1800 μL h-1 to produce cell-encapsulating droplets. The produced 

droplets were collected in a tube pre-chilled on ice. After collecting droplets for 15 minutes 

the droplets were incubated for 30 minutes either on ice or in a water bath at room 

temperature. Subsequently, excess fluorinated oil was removed and 200 μL PBS+ with high 

buffer capacity (50 mM sodium phosphate, 500 mM NaCl, 1 mg mL-1 BSA at pH 7.5) was 

added to the emulsion. To de-emulsify the water-in-oil droplets, 100 μL of 10% (v/v) 

perfluorooctanol in HFE 7500 was added. After incubating for 2 minutes at room 

temperature the water-phase was extracted and transferred to fresh tubes. Finally, the cells 

were pelleted by centrifugation for 10 minutes at 100xg. The pelleted cells were resuspended 

in PBS+ at pH 7.5 and analyzed by flow-cytometry. 

 

 

 Acknowledgements 

Andrea Idili and Francesco Ricci are gratefully acknowledged for designing the 

sequences of the pH-responsive bivalent ligands. Kwankwan Zhu greatly contributed to 

producing the microfluidic devices and the experiments involving encapsulation of the cells 

in microdroplets. Jurjen Tel is acknowledged for kindly providing the materials regarding 

droplet production and de-emulsification and for fruitful discussions regarding droplet 

microfluidics and flow cytometry experiments. Nikita Subedi and Nidhi Sinha are 

acknowledged for their help setting up the microfluidic setup. 

 

 

 References 

1.  Weiner, L. M.; Dhodapkar, M. V.; Ferrone, S. The Lancet 2009, 373, 1033–1040. 

2.  Borrebaeck, C. A. K. Immunol. Today 2000, 21, 379–382. 

3.  Mestel, R. Cancer: Imaging with antibodies. Nature 2017. 

4.  Warram, J. M.; Boer, E. de; Sorace, A. G.; Chung, T. K.; Kim, H.; Pleijhuis, R. G.; Dam, G. M. van; 

Rosenthal, E. L. Cancer Metastasis Rev. 2014, 33, 809–822. 

5.  Brennan, D. J.; O’Connor, D. P.; Rexhepaj, E.; Ponten, F.; Gallagher, W. M. Nat. Rev. Cancer 2010, 

10, 605. 

6.  Busam, K. j.; Capodieci, P.; Motzer, R.; Kiehn, T.; Phelan, D.; Halpern, A. c. Br. J. Dermatol. 2001, 

144, 1169–1176. 

7.  Donaldson, J. M.; Kari, C.; Fragoso, R. C.; Rodeck, U.; Williams, J. C. Cancer Biol. Ther. 2009, 8, 

2147–2152. 

8.  Erster, O.; Thomas, J. M.; Hamzah, J.; Jabaiah, A. M.; Getz, J. A.; Schoep, T. D.; Hall, S. S.; 

Ruoslahti, E.; Daugherty, P. S. J. Controlled Release 2012, 161, 804–812. 

9.  Desnoyers, L. R.; Vasiljeva, O.; Richardson, J. H.; Yang, A.; Menendez, E. E. M.; Liang, T. W.; 

Wong, C.; Bessette, P. H.; Kamath, K.; Moore, S. J.; Sagert, J. G.; Hostetter, D. R.; Han, F.; Gee, J.; 

Flandez, J.; Markham, K.; Nguyen, M.; Krimm, M.; Wong, K. R.; Liu, S.; Daugherty, P. S.; West, J. 

W.; Lowman, H. B. Sci. Transl. Med. 2013, 5, 207ra144. 



 pH-controlled reversible inhibition of antibody activity 

99 

10.  Webb, B. A.; Chimenti, M.; Jacobson, M. P.; Barber, D. L. Nat. Rev. Cancer 2011, 11, 671. 

11.  Warburg, O.; Wind, F.; Negelein, E. J. Gen. Physiol. 1927, 8, 519–530. 

12.  Heiden, M. G. V.; Cantley, L. C.; Thompson, C. B. Science 2009, 324, 1029–1033. 

13.  Haji-Michael, P. G.; Ladrière, L.; Sener, A.; Vincent, J.-L.; Malaisse, W. J. Metabolism 1999, 48, 779–

785. 

14.  Gillies, R. J.; Raghunand, N.; Garcia-Martin, M. L.; Gatenby, R. A. IEEE Eng. Med. Biol. Mag. Q. 

Mag. Eng. Med. Biol. Soc. 2004, 23, 57–64. 

15.  Tian, Y.; Zhang, Y.; Teng, Z.; Tian, W.; Luo, S.; Kong, X.; Su, X.; Tang, Y.; Wang, S.; Lu, G. ACS 

Appl. Mater. Interfaces 2017, 9, 2114–2122. 

16.  Lee, E. S.; Na, K.; Bae, Y. H. J. Controlled Release 2003, 91, 103–113. 

17.  Del Ben, F.; Turetta, M.; Celetti, G.; Piruska, A.; Bulfoni, M.; Cesselli, D.; Huck, W. T. S.; Scoles, 

G. Angew. Chem. Int. Ed. 2016, 55, 8581–8584. 

18.  Urano, Y.; Asanuma, D.; Hama, Y.; Koyama, Y.; Barrett, T.; Kamiya, M.; Nagano, T.; Watanabe, 

T.; Hasegawa, A.; Choyke, P. L.; Kobayashi, H. Nat. Med. 2009, 15, 104–109. 

19.  Schröter, C.; Günther, R.; Rhiel, L.; Becker, S.; Toleikis, L.; Doerner, A.; Becker, J.; Schönemann, 

A.; Nasu, D.; Neuteboom, B.; Kolmar, H.; Hock, B. mAbs 2015, 7, 138–151. 

20.  Schröter, C.; Krah, S.; Beck, J.; Könning, D.; Grzeschik, J.; Valldorf, B.; Zielonka, S.; Kolmar, H. In 

Protein Engineering; Methods in Molecular Biology; Humana Press, New York, NY, 2018; pp. 

311–331. 

21.  Strauch, E.-M.; Fleishman, S. J.; Baker, D. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 675–680. 

22.  Janssen, B. M. G.; Lempens, E. H. M.; Olijve, L. L. C.; Voets, I. K.; Dongen, J. L. J. van; Greef, T. F. 

A. de; Merkx, M. Chem. Sci. 2013, 4, 1442–1450. 

23.  Janssen, B. M. G.; van Rosmalen, M.; van Beek, L.; Merkx, M. Angew. Chem. Int. Ed. 2015, 54, 

2530–2533. 

24.  Brucale, M.; Zuccheri, G.; Samorì, B. Org. Biomol. Chem. 2005, 3, 575–577. 

25.  Völker, J.; Botes, D. P.; Lindsey, G. G.; Klump, H. H. J. Mol. Biol. 1993, 230, 1278–1290. 

26.  Leitner, D.; Schröder, W.; Weisz, K. Biochemistry 2000, 39, 5886–5892. 

27.  Idili, A.; Vallée-Bélisle, A.; Ricci, F. J. Am. Chem. Soc. 2014, 136, 5836–5839. 

28.  Amodio, A.; Zhao, B.; Porchetta, A.; Idili, A.; Castronovo, M.; Fan, C.; Ricci, F. J. Am. Chem. Soc. 

2014, 136, 16469–16472. 

29.  Idili, A.; Porchetta, A.; Amodio, A.; Vallée-Bélisle, A.; Ricci, F. Nano Lett. 2015, 15, 5539-5544. 

30.  Amodio, A.; Adedeji, A. F.; Castronovo, M.; Franco, E.; Ricci, F. J. Am. Chem. Soc. 2016, 138, 

12735–12738. 

31.  Kuzyk, A.; Urban, M. J.; Idili, A.; Ricci, F.; Liu, N. Sci. Adv. 2017, 3, e1602803. 

32.  Engelen, W.; Meijer, L. H. H.; Somers, B.; Greef, T. F. A. de; Merkx, M. Nat. Commun. 2017, 8, 

14473. 

33.  Poudineh, M.; Sargent, E. H.; Pantel, K.; Kelley, S. O. Nat. Biomed. Eng. 2018, 2, 72–84. 

34.  Plaks, V.; Koopman, C. D.; Werb, Z. Science 2013, 341, 1186–1188. 

35.  Cristofanilli, M.; Budd, G. T.; Ellis, M. J.; Stopeck, A.; Matera, J.; Miller, M. C.; Reuben, J. M.; 

Doyle, G. V.; Allard, W. J.; Terstappen, L. W. M. M.; Hayes, D. F. N. Engl. J. Med. 2004, 351, 781–

791. 

36.  Alix-Panabières, C.; Pantel, K. Lab. Chip 2013, 14, 57–62. 

37.  Krebs, M. G.; Metcalf, R. L.; Carter, L.; Brady, G.; Blackhall, F. H.; Dive, C. Nat. Rev. Clin. Oncol. 

2014, 11, 129–144. 

38.  Alix-Panabières, C.; Pantel, K. Nat. Rev. Cancer 2014, 14, 623–631. 

39.  Mohme, M.; Riethdorf, S.; Pantel, K. Nat. Rev. Clin. Oncol. 2017, 14, 155–167. 

40.  Chaffer, C. L.; Weinberg, R. A. Science 2011, 331, 1559–1564. 

41.  Hayes, D. F.; Cristofanilli, M.; Budd, G. T.; Ellis, M. J.; Stopeck, A.; Miller, M. C.; Matera, J.; 

Allard, W. J.; Doyle, G. V.; Terstappen, L. W. W. M. Clin. Cancer Res. 2006, 12, 4218–4224. 

42.  Danila, D. C.; Heller, G.; Gignac, G. A.; Gonzalez-Espinoza, R.; Anand, A.; Tanaka, E.; Lilja, H.; 

Schwartz, L.; Larson, S.; Fleisher, M.; Scher, H. I. Clin. Cancer Res. 2007, 13, 7053–7058. 



Chapter 4 

100 

43.  Bono, J. S. de; Scher, H. I.; Montgomery, R. B.; Parker, C.; Miller, M. C.; Tissing, H.; Doyle, G. V.; 

Terstappen, L. W. W. M.; Pienta, K. J.; Raghavan, D. Clin. Cancer Res. 2008, 14, 6302–6309. 

44.  Cristofanilli, M.; Budd, G. T.; Ellis, M. J.; Stopeck, A.; Matera, J.; Miller, M. C.; Reuben, J. M.; 

Doyle, G. V.; Allard, W. J.; Terstappen, L. W. M. M.; Hayes, D. F. N. Engl. J. Med. 2004, 351, 781–

791. 

45.  kagan, M.; Howard, D.; Bendele, T.; Mayes, J.; Silvia, J.; Repollet, M.; Doyle, J.; Allard, J.; Tu, N.; 

Bui, T.; Russell, T.; Rao, C.; Hermann, M.; Rutner, H.; Terstappen, L. J. Clin. Ligand Assay 2002, 

25, 104–110. 

46.  Mani, S. A.; Guo, W.; Liao, M.-J.; Eaton, E. N.; Ayyanan, A.; Zhou, A. Y.; Brooks, M.; Reinhard, 

F.; Zhang, C. C.; Shipitsin, M.; Campbell, L. L.; Polyak, K.; Brisken, C.; Yang, J.; Weinberg, R. A. 

Cell 2008, 133, 704–715. 

47.  Radford, R. J.; Chyan, W.; Lippard, S. J. Chem. Sci. 2013, 4, 3080–3084. 

48.  Low, D.; O’Leary, R.; Pujar, N. S. J. Chromatogr. B 2007, 848, 48–63. 

49.  Tataurov, A. V.; You, Y.; Owczarzy, R. Biophys. Chem. 2008, 133, 66–70. 

50.  Banala, S.; Aper, S. J. A.; Schalk, W.; Merkx, M. ACS Chem. Biol. 2013, 8, 2127–2132. 

 

 



Chapter 5 

 

Controlling protein activity by dynamic recruitment 

on a supramolecular polymer platform 

 

 

Abstract 

Nature uses dynamic molecular platforms for the recruitment of weakly associating 

proteins into higher order assemblies to achieve spatiotemporal control of signal 

transduction. Nanostructures that emulate this dynamic behavior require features such as 

plasticity, specificity and reversibility. Here we introduce a synthetic protein recruitment 

platform that combines the dynamics of supramolecular polymers with the programmability 

offered by DNA-mediated protein recruitment. Assembly of benzene-1,3,5-tricarboxamide 

(BTA) derivatives functionalized with a 10-nucleotide receptor-strand into µm-long 

supramolecular BTA polymers is remarkably robust, even with high contents of DNA-

functionalized BTA monomers and associated proteins. Specific recruitment of DNA-

conjugated proteins on the supramolecular polymer results in a 1000-fold increase in protein 

complex formation, while at the same time enabling their rapid exchange along the BTA-

polymer. Our results establish supramolecular BTA polymers as a generic protein 

recruitment platform and demonstrate how assembly of protein complexes along the 

supramolecular polymer allows efficient and dynamic control of protein activity. 

 

This work was performed in collaboration with S. P. W. Wijnands (STORM, TIRF and kinetic 

experiments) and R. M. Lafleur (Cryo-TEM). 

 

This work has been published as: 

S.P.W. Wijnands*, W. Engelen*, R.M. Lafleur, E.W. Meijer, M. Merkx, Nat. Commun., 2018, 9, 65. 

* These authors equally contributed 
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5.1 Introduction 

Adaptive nanostructures based on supramolecular self-assembly are crucial constituents 

of life. Natural supramolecular protein polymers such as actin filaments and microtubules 

provide structural integrity and mobility to the cell, whereas cellular membranes allow for 

compartmentalization of cellular processes.1 Moreover, signaling pathways that govern 

processes such as cytoskeletal remodeling, proliferation, gene expression and metabolic 

regulation all involve the transient formation of higher order protein complexes. These 

signal transduction cascades use specific scaffold proteins, membrane surfaces or micro-

phase-separated states as dynamic recruitment platforms to engage weakly associating 

proteins into higher order assemblies.2–4 By modulating the effective local concentration of 

proteins rather than their absolute concentration, supramolecular protein recruitment 

provides an efficient mechanism to gain spatiotemporal control over protein activity in the 

highly crowded environment of the cytoplasm.5,6 Moreover, the intrinsic plasticity of 

supramolecular organization allows reversible remodeling and adaptation to the 

requirements of a specific signaling pathway.7–9 

The unique properties of natural supramolecular protein assemblies has inspired 

scientists to create (semi-)synthetic systems that capture characteristic features of their 

natural counterparts, including (supramolecular) polymers, vesicles and DNA-origami 

structures.10–13 For example, synthetic vesicles have been used to encapsulate or reversibly 

recruit proteins and their substrates to increase their local concentrations, providing control 

over reaction specificity and kinetics.11 One-dimensional templates consisting of covalent 

copolymers of styrene sulfonate and methyl methacrylate with poly(ethylene glycol) side 

chains have been used as heparin mimics by decorating them with basic fibroblast growth 

factors, hereby significantly increasing the stability of the growth factor while applying 

therapeutically relevant forms of stress.14 More recently, Stupp and coworkers reported the 

development of sulfated glycopeptide nanostructures as highly active, adaptive scaffolds for 

the binding of various growth factor proteins, efficiently promoting bone regeneration in the 

spine.15 Another noticeable example is the work of Brunsveld and coworkers, who explored 

the use of supramolecular polymers consisting of amphiphilic discotics to control the 

assembly of fluorescent proteins, using FRET to study the dynamic exchange of protein 

functionalized monomers between different polymer chains.16,17 Synthetic platforms based 
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on DNA-origami enable excellent control over the spatial orientation and stoichiometry of 

recruited proteins, allowing the assembly of protein cascades with increased pathway 

specificity and turnover rates.13,18–20 While the attachment of protein-DNA conjugates on 

DNA-origami scaffolds is in principle reversible through DNA strand exchange, the origami 

scaffold itself is highly static, hampering the dynamic rearrangement of recruited proteins to 

e.g. accommodate mismatches in receptor distances and assembly defects.21,22 Systems that 

combine the programmability of DNA hybridization with the self-assembly properties of 

synthetic polymers have received increased attention, but primarily with the aim of 

developing materials with tunable properties.23,24 Thus far it has remained challenging to 

develop synthetic protein recruitment systems that combine the reversibility and 

orthogonality offered by DNA-based nanotechnology with the dynamics found in natural 

systems.25–27 

Here we introduce a protein recruitment platform that combines the dynamics of 

supramolecular polymers with the programmability and orthogonality of DNA 

hybridization. Our platform is based on the well-characterized supramolecular 

polymerization of water-soluble benzene-1,3,5-tricarboxamide derivatives (BTA).28 Using a 

combination of threefold hydrogen bonding and hydrophobic interactions these BTA 

monomers form micrometer-long one-dimensional polymers in water that allow the 

incorporation and homogenous exchange of various (functional) BTA monomers.29–31 

Supramolecular assembly allows straightforward tuning of the density of functional BTA 

monomers within these BTA polymers and previous work has also shown that the 

distribution of functional monomers can be externally controlled, e.g. via interaction with 

multivalent templates.32 To allow specific recruitment of multiple proteins on the BTA-

polymer scaffold, we synthesized a BTA monomer functionalized with a 10 nucleotide 

single strand DNA handle (BTA-DNA), which serves as a receptor in the supramolecular 

polymer. By employing the programmable and reversible nature of oligonucleotide 

hybridization, protein-DNA conjugates can be recruited on the BTA polymer with high 

specificity and temporal control. Our results establish supramolecular BTA polymers as a 

remarkably robust platform for DNA-mediated recruitment of proteins and demonstrate 

how the assembly of protein complexes along the supramolecular polymer allows efficient 

and dynamic control of protein activity. 
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5.2 DNA-directed recruitment of proteins on BTA polymers 

Figure 5.1A shows the principle of DNA-directed protein recruitment on BTA polymers. 

BTA monomers were functionalized with a 10 nucleotide handle-strand (BTA-DNA) by 

conjugation of an alkyne-functionalized oligonucleotide (5’-GTAACGACTCalkyne-3’) to a 

mono-azide BTA via a copper catalyzed cycloaddition reaction (Figure 5.1B). To study 

specific recruitment of proteins to the BTA polymers, we used the enzyme TEM1-β-

lactamase and its inhibitor protein (BLIP), a well-characterized enzyme-inhibitor pair whose 

 

Figure 5.1 | Recruitment of β-lactamase and BLIP on a supramolecular BTA polymer via DNA 

hybridization. (A) Schematic representation of the selective recruitment of proteins to BTA polymers. (i) 

BTA monomers functionalized with a 10 nucleotide handle-strand (BTA-DNA) are co-assembled in a 

desired ratio with inert BTA monomers (BTA-3OH) to yield supramolecular polymers decorated with 

DNA receptors. (ii) To allow sequence specific oligonucleotide directed recruitment of the enzyme (β-

lactamase) and its inhibitor protein (BLIP), each protein is functionalized with a unique 21 nucleotide 

handle-strand. (iii) Addition of a specific recruiter oligonucleotide which is complementary to the handle-

strand on the BTA polymer and the enzyme (Enzyme recruiter (RE)), results in selective recruitment of 

the enzyme to the supramolecular polymer. (iv) Addition of the inhibitor recruiter-strand (RI) results in 

the recruitment of the inhibitor to the supramolecular platform. (v) The dynamic nature of the platform 

allows the rearrangement of the proteins along the polymer to allow enzyme-inhibitor complex 

formation, resulting in decreased enzyme activity. (B) The chemical structures of BTA-3OH and BTA-DNA. 
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affinity is readily tunable by the introduction of various point mutations.33 β-lactamase and 

BLIP were both conjugated to a unique 21 nucleotide DNA handle using thiol-maleimide 

chemistry.34 To recruit the proteins on the supramolecular BTA polymer, two recruiter-

strands were designed to be complementary to both the sequence of the DNA handle on the 

BTA-DNA and to those on the enzyme (RE) or the inhibitor (RI). Hybridization of the 

protein- and BTA handle-strands to the recruiter-strand should result in the selective 

recruitment of the respective protein on the supramolecular polymer via formation of a 

nicked dsDNA duplex. This system thus allows reversible control over supramolecular 

protein assembly at 3 different levels: 1) the ratio of BTA-DNA and inert BTA (BTA-3OH), 

which controls the density of BTA-DNA within the BTA polymer, (2) the concentration of 

recruiter-strands, and (3) the concentration of the DNA-protein conjugates. 

 

5.3 Structural characterization using Cryo-TEM and STORM 

The functionalization of BTA monomers with oligonucleotides and proteins significantly 

changes their physiochemical properties, which may affect their supramolecular assembly 

and exchange behavior. Cryogenic transmission electron microscopy (Cryo-TEM) was 

therefore used to study the effects of DNA-conjugation and subsequent protein recruitment 

on the structural properties of the BTA polymers. Figure 5.2A shows that even in the 

presence of 25% BTA-DNA, micrometer-long fibrous structures were formed that closely 

resemble the fibers formed by 100% BTA-3OH.28 Moreover, similar fibers were also observed 

upon addition of the two recruiter-strands and DNA functionalized β-lactamase and BLIP 

(Figure 5.2B-C). These results confirm that the directional assembly of BTAs is maintained 

upon incorporation of BTA-DNA monomers, both in the absence and presence of recruited 

proteins. When only the recruiter-strands were added to the BTA polymers, also tubular 

structures were observed. It is unclear why these structures were formed in addition to the 

one-dimensional fibers, but we have observed similar structures when studying charged 

BTAs. While Cryo-TEM clearly shows that supramolecular polymers are formed in the 

presence of both the recruiter-strands and proteins, these experiments do not provide direct 

evidence for successful recruitment of the proteins on the supramolecular scaffold. 

Stochastic optical reconstruction microscopy (STORM) has proven to be a powerful 

technique to study both the structure and dynamics of a variety of supramolecular 
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polymers, including BTAs.29,35,36 Here, STORM was used to study the recruitment of the 

proteins to the BTA polymers. Cy3-labeled BTA monomers (BTA-Cy3) were incorporated in 

the DNA-decorated supramolecular polymers to visualize the BTA backbone, while β-

lactamase and BLIP were labeled with the dyes Atto488 and Cy5, respectively. The labeled 

proteins and respective recruiter-strands were mixed with the BTA polymers and annealed 

on glass slides by physical adsorption. Multi-color STORM was performed by consecutive 

excitation of the three dyes and analysis in separate channels. In agreement with the Cryo-

TEM data, micrometer-long fibrous structures were observed in all three channels (Figure 

5.2D). These results confirm the successful co-assembly of BTA-DNA and BTA-3OH and 

subsequent DNA-hybridization driven recruitment of both proteins to the polymers, 

demonstrating the ability of the supramolecular BTA polymers to assemble large, water-

soluble structures while conserving their fibrous morphology. 

 

Figure 5.2 | Structural characterization of DNA-decorated BTA polymers and recruitment of 

proteins.  Cryo-TEM images of DNA-decorated BTA polymers in PBS (50 mM sodium phosphate, 500 mM 

NaCl, pH 7.0) with (A) 150 μM BTA-3OH and 50 μM BTA-DNA (25% BTA-DNA), (B) 195 μM BTA-3OH and 

5 μM BTA-DNA (2.5% BTA-DNA), 2 μM RE and RI and (C) 195 μM BTA-3OH and 5 μM BTA-DNA (2.5% 

BTA-DNA), 2 μM RE and RI, 10 nM β-lactamase and 100 nM BLIP. The scale bars represent 200 nm. (D) 

Stochastic optical reconstruction microscopy imaging of BTA polymers in TE/Mg2+ (10 mM Tris-HCl, 1 

mM EDTA, 12.5 mM MgCl2, pH 8.0) with 1.4 μM BTA-3OH, 0.5 μM BTA-DNA and 0.1 μM BTA-Cy3 (70% 

BTA-3OH, 25% BTA-DNA and 5% BTA-Cy3), 100 nM RE and RI, 100 nM Atto488-labeled β-lactamase and 

7.5 nM Cy5-labeled BLIP. The individual dyes were imaged sequentially and reconstructed in separate 

channels. The scale bars represent 2 µm. 
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5.4 BTA-templated enzyme-inhibitor complex formation 

Having established the successful recruitment of both the enzyme and the inhibitor 

protein on the BTA polymers, we next explored whether the recruitment on the 

supramolecular platform promotes their interaction. To this end, the E104D mutant of β-

lactamase was used which binds to wild-type BLIP with an inhibition constant (Ki) of 1.5 

µM.37 This affinity was chosen such that no enzyme-inhibitor complexes are formed when 

both proteins are present in solution at low nanomolar concentrations. The extent of BTA-

templated complex formation, and thus enzyme inhibition, was quantified by monitoring 

the hydrolysis of a β-lactam-containing fluorescent substrate (CCF2-FA). First, the enzymatic 

activity of 1 nM β-lactamase recruited on the BTA-platform (25% BTA-DNA and 20 nM RE) 

in the absence of inhibitor protein was determined (Figure 5.3A-B). Subsequently, 

substantial inhibition of enzymatic activity was observed upon addition of 10 nM BLIP and 

20 nM of recruiter-strand RI, consistent with efficient formation of the enzyme-inhibitor 

complex as a result of the recruitment of both proteins on the supramolecular polymer. 

Importantly, no inhibition of enzyme activity was observed when either one or both of the 

recruiter-strands, or the BTA polymers were omitted. Additionally, no inhibition of enzyme 

activity was observed when only the 10 nucleotide handle strand was added, either in 

 

Figure 5.3 | Characterization of BTA-templated enzyme-inhibitor complex formation. (A) Substrate 

conversion as a function of time by the recruited enzyme in the absence of BLIP (-inhibitor), the fully 

assembled system (+) and controls lacking one or both of the recruiter-strands (-RI, -RE and -RI & -RE, 

respectively) or the BTA polymers (-BTA). Turnover of a fluorescent substrate (CCF2-FA, 2 μM) was 

monitored by measuring the fluorescence intensity at 447 nm. Experiments were performed using 25% 

BTA-DNA (0.5 μM BTA-DNA, 1.5 μM BTA-3OH), 20 nM RE and RI, 1 nM β-lactamase and 10 nM BLIP. (B) 

Normalized enzyme activities by the recruited enzyme obtained by deriving the slope of the initial 

increase in fluorescence of the kinetic traces shown in (A). Enzyme activities were normalized to a control 

omitting the inhibitor protein. Error bars represent SEM of duplicate measurements. 
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absence or presence of BTA polymers consisting of 100% BTA-3OH (data not shown). These 

results proof that the formation of the enzyme-inhibitor complex critically depends on the 

presence of both the BTA polymers containing BTA-DNA as well as the specific recruitment 

of each of the two proteins on the supramolecular platform.  

To quantify the increase in effective concentration resulting from recruitment of the 

proteins on the BTA polymer, the enzyme activity was evaluated as a function of inhibitor 

concentration. To this end, 1 nM β-lactamase was recruited on the BTA polymer together 

with increasing concentrations of BLIP (0.5 to 100 nM). Figure 5.4A shows that upon 

increasing inhibitor concentrations, the enzyme activity rapidly decreases reaching a 

maximal enzyme inhibition of ~75% at saturating inhibitor concentrations. Fitting the 

enzyme activity as function of inhibitor concentration yielded an apparent inhibition 

constant (Ki,app) of 2.3 ± 0.2 nM, which is 3 orders of magnitude lower than the Ki observed 

for the enzyme-inhibitor pair in solution.33 The residual enzyme activity observed at 

saturating BLIP concentrations is due to the fact that under these experimental conditions 

hybridization between the enzyme recruiter-strand and BTA-DNA is not complete, leaving 

25% of the enzyme free in solution.  

 

Figure 5.4 | Increase in effective protein concentration upon recruitment. (A) Normalized enzyme 

activity as a function of inhibitor concentration (black dots). The enzymatic activities were fitted to 

Equation 5.1, which was derived using the Michaelis-Menten model for competitive inhibition, yielding an 

apparent inhibition constant (Ki,app) of 2.3 ± 0.2 nM (red line). Experiments were performed using 25% 

BTA-DNA (0.5 μM BTA-DNA, 1.5 μM BTA-3OH), 20 nM RE and 200 nM RI, 1 nM β-lactamase and 0 - 100 

nM BLIP. (B) Normalized enzyme activities as a function of BTA-DNA receptor density. Polymers with 

receptor densities between 100% and 0.25% BTA-DNA were obtained by assembling a fixed 

concentration of BTA-DNA (0.5 μM) with varying concentrations of BTA-3OH (0 – 199.5 μM). 

Experiments were performed using 20 nM RE and RI, 1 nM β-lactamase and 10 nM BLIP. Error bars 

represent s.d. calculated from triplicate measurements.  
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To assess whether the increase in apparent affinity can be understood by a higher local 

concentration of the proteins upon recruitment on the supramolecular polymer, we 

calculated the effective concentration of the inhibitor protein using a model that describes 

the BTA polymer as a cylinder with a radius (R) of 15 nm and a distance between BTA 

monomers (h) of 0.35 nm (Equation 5.2 – 5.4). Assuming that the proteins can reside 

anywhere within the volume of this cylinder, the model predicts an effective inhibitor 

concentration of 26 µM, when using a bulk concentration of 10 nM BLIP and 2 µM BTA 

(containing 25% BTA-DNA). This 2600-fold increase in effective concentration corresponds 

to the increase of the apparent affinity observed in Figure 5.4A.  

The model predicts that the effective inhibitor concentration is determined by the ratio 

of the concentration of inhibitor protein and the total concentration of BTA monomers. To 

test this prediction, BTA polymers were assembled by mixing a constant BTA-DNA 

concentration of 0.5 µM with BTA-3OH concentrations ranging between 0 to 199.5 µM, 

yielding BTA polymers containing 0.25% to 100% BTA-DNA. Figure 5.4B shows that the 

enzyme activity is clearly dependent on the amount of BTA-3OH present in the polymers. 

While inhibition remains constant between 25% and 1% BTA-DNA, enzymatic activity 

increases when the amount of BTA-DNA decreases below 0.75%. At this percentage the 

model shows that the inhibitor protein is diluted to an effective concentration of 0.8 µM, a 

concentration that is below the inhibition constant of the enzyme-inhibitor pair (Figure 5.5). 

Using the effective inhibitor concentration as predicted by the model and an inhibition 

constant of 1.5 µM, the fraction of uncomplexed enzyme can be calculated as a function of 

BTA-DNA density (i.e., as a function of total BTA concentration when the BTA-DNA 

concentration is fixed). Overall, the effective concentrations calculated using the model 

correspond very well with the observed amount of enzyme inhibition. Remarkably, the 

enzyme activity also increases at BTA-DNA densities above 25%. This effect is not due to 

destabilization of the BTA fibers at high densities of BTA-DNA, as total internal reflection 

fluorescence microscopy (TIRF) showed the presence of similar fibrous structures over a 

wide range of BTA-DNA densities, even at 100% BTA-DNA. We therefore attribute the 

inefficient formation of enzyme-inhibitor complexes to steric hindrance caused by the high 

density of DNA handles on the BTA polymers above 25% BTA-DNA. 
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Dynamics of enzyme-inhibitor complex assembly 

The results presented above show that the increase in apparent affinity can be 

quantitatively understood by the higher effective concentration of the enzyme and inhibitor 

proteins when recruited on the BTA polymer. While this provides a satisfying 

thermodynamic explanation, the model assumes that a protein can freely ‘diffuse’ within the 

cylindrical confinement of the BTA fiber. With the experimental conditions used in Figure 

5.3 one can calculate that the average distance between two proteins would be 

approximately 85 nm when the recruited proteins distribute homogenously along the BTA 

polymers. Since this distance is too large to allow efficient complex formation, it is clear that 

the dynamic character of the system should allow redistribution of the recruited proteins 

along the BTA polymer. To gain more insight into the molecular origin of this redistribution 

we studied the kinetics of complex formation in three different experiments. In the first 

experiment we started with enzyme-inhibitor complexes assembled on BTA-polymers 

containing 5% BTA-DNA and subsequently added an excess of BTA polymers containing 

100% BTA-3OH, decreasing the overall BTA-DNA content to 0.25%. According to the results 

shown in Figure 5.4B, this dilution of inhibitor protein over a larger volume of BTA 

polymers should result in a disruption of the enzyme-inhibitor complex and an increase in 

 

Figure 5.5 | Modeling the fraction of uncomplexed enzyme as a function of BTA-DNA density. 

Modeled fraction of uncomplexed enzyme as a function of effective inhibitor concentrations (red line). 

The effective inhibitor concentration is calculated as a function of BTA-DNA density using the model in 

Equation 5.2- 5.4 with a fixed BTA-DNA concentration of 0.5 μM and a variable BTA-3OH concentration of 

0 - 199.5 μM. The fraction of uncomplexed enzyme was derived via mass balance equations for the free 

enzyme, free inhibitor and enzyme-inhibitor complex. The modeled fraction of uncomplexed enzyme 

corresponds very well with the measured normalized enzyme activity (black dots) as measured in Figure 

5.4B 
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enzymatic activity (Figure 5.6A). This experiment thus probes the redistribution of BTA-

DNA between BTA polymers and should inform about the kinetics of BTA monomer 

exchange. Figure 5.6B shows the measured enzyme activity as a function of time after 

addition of the inert BTA polymers, revealing a gradual increase in activity over the course 

of 5 hours. The kinetics observed here closely resemble those previously determined for the 

exchange of (functional) BTAs, suggesting that DNA-functionalization does not significantly 

affect BTA exchange dynamics.30–32 

 

Figure 5.6 | Dilution of BTA-DNA density results in disruption of enzyme-inhibitor complexes. (A) 

Schematic representation of the dynamic dilution of proteins over the BTA polymer via the addition of 

inert BTA-3OH monomers. (B) Enzyme activity as a function of time after the addition of pre-assembled 

polymers containing 100% BTA-3OH to polymers composed of 5% BTA-DNA (0.5 μM BTA-DNA, 9.5 μM 

BTA-3OH), 20 nM RE and RI, 1 nM β-lactamase and 10 nM BLIP, yielding a final BTA-DNA fraction of 

0.25% (0.5 μM BTA-DNA, 199.5 μM BTA-3OH). The dashed line represents the fitting of a single 

exponential with fixed values at t = 0 of the activity in the 5% BTA-DNA reference sample and at t = ∞ of 

the activity in the reference sample omitting BLIP yielding t1/2 = ~3 h. The green diamonds represent the 

activity of a sample without inhibitor. The red diamonds represent the activity of the system containing 

5% BTA-DNA, which was not diluted by addition of 100% BTA-3OH. Error bars represent the s.d. 

calculated from triplicate measurements. 

In the second kinetic experiment we monitored the rate of enzyme-inhibitor complex 

formation upon recruitment of the proteins on the supramolecular polymers (Figure 5.7A). 

In this experiment enzyme activity was monitored over time after adding pre-assembled 

DNA-decorated BTA polymers to a mixture of β-lactamase, BLIP, RE and RI. Figure 5.7B 

shows that protein recruitment and subsequent formation of the enzyme-inhibitor complex 

is remarkably fast, reaching equilibrium within minutes. As the observed kinetics are faster 

than the time-scale of BTA monomer exchange, we conclude that this rapid protein complex 

formation is not controlled by the exchange of BTA-DNA monomers. Instead we 

hypothesize that the efficient reorganization of proteins along the BTA-polymer is enhanced 

by rapid association and dissociation of the recruiter-strands with/from the BTA-DNA 
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handle-strands. A dissociation rate of 0.2 s-1 has been reported for DNA duplexes consisting 

of 10 base pairs which is thus consistent with such a mechanism.30 

 

 

Figure 5.7 | Enzyme-inhibitor complex formation upon recruitment on the BTA-polymer. (A) 

Schematic representation of the formation of enzyme-inhibitor complexes induced by recruitment of both 

proteins on the supramolecular polymer (B) Kinetics of enzyme-inhibitor complex formation upon 

recruitment to the DNA-decorated polymers. Enzyme activity was measured at different time-point after 

adding the BTA polymers to a mixture of β-lactamase, BLIP, RE and RI. Experiments were performed using 

25% BTA-DNA (0.5 μM BTA-DNA, 1.5 μM BTA-3OH), 20 nM RE and RI, 1 nM β-lactamase and 10 nM BLIP. 

Error bars represent the s.d. calculated from triplicate measurements. 

 

To probe the kinetics of protein exchange between BTA fibers, a third experiment was 

performed where we prepared separate BTA polymers that were functionalized with either 

the enzyme or the inhibitor protein (Figure 5.8A). Rapid equilibration of proteins was 

observed between the BTA polymers as the decrease in enzyme activity was complete 

within 5 minutes after mixing of the two BTA assemblies. Again, the fast enzyme-inhibitor 

complex formation cannot be explained by exchange of BTA monomers between fibers, but 

is likely mediated by rapid, reversible hybridization of the recruiter-strands to the handle-

strands on the supramolecular polymers. Additionally, in this case we can also not exclude 

the possibility of multivalent interactions between multiple enzymes on one fiber with 

multiple inhibitors on another fiber.  
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Figure 5.8 | Kinetics of enzyme-inhibitor complex formation upon mixing preassembled BTA-

polymers. (A)  Schematic representation of the formation of enzyme-inhibitor complexes induced by 

mixing polymers that are preassembled to contain either the enzyme and RE or the inhibitor protein and 

RI. (B) Enzyme activity as a function of time after mixing pre-assembled polymers containing either 

enzyme and RE or inhibitor and RI. Experiments were performed using final concentrations of 25% BTA-

DNA (0.5 μM BTA-DNA, 1.5 μM BTA-3OH), 20 nM RE and RI, 1 nM β-lactamase and 10 nM BLIP. Enzyme 

activities were normalized to a control omitting the inhibitor protein (green diamonds). Error bars 

represent the s.d. calculated from triplicate measurements. 

 

5.5 Reversible protein recruitment via DNA exchange reactions 

Toehold mediated strand displacement plays a central role in dynamic DNA 

nanosystems such as DNA-based actuators and molecular computers.38–40 Since protein 

assembly on the BTA scaffold is based on DNA hybridization, we explored whether 

toehold-mediated strand displacement could be used to reversibly recruit proteins on the 

BTA polymers. To this end, the enzyme recruiter-strand was redesigned to include a 10 

nucleotide overhang (RET). Addition of RET to BTA polymers pre-incubated with RI, BLIP and 

β-lactamase induced the expected decrease in enzyme activity by promoting the formation 

of an enzyme-inhibitor complex. Next, a two-fold excess of a displacer-strand (D) was added 

which was designed to be fully complementary to RET. Addition of the displacer-strand 

resulted in the complete restoration of enzyme activity, consistent with dissociation of β-

lactamase from the BTA-polymer (Figure 5.9). Figure 5.9B shows that sequential addition of 

increasing concentrations of RET and D resulted in cycling between high and low enzyme 

activity, proving that the reversible recruitment of β-lactamase can be performed multiple 

times. The attenuation of reversibility observed after several cycles is likely caused by the 

high concentrations of recruiter and displacer-strands that may result in alternative 

association or folding of the toehold on RET, making it unavailable for strand displacement.41  
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Figure 5.9 | Reversible control of enzyme recruitment via DNA strand exchange. (A) The enzyme is 

recruited to polymers pre-assembled with inhibitor protein by the addition of recruiter-strand RET. A 10 

nucleotide overhang (toehold) appended to the recruiter-strand (RET) allows its displacement by a fully 

complementary displacer-strand (D) via toehold-mediated strand displacement. (B) Normalized enzyme 

activity upon the sequential addition of recruiter and displacer oligonucleotides. Each iteration, a 2-fold 

molar excess of either recruiter- or displacer-strand is added with respect to the previous stage. Enzyme 

activities were normalized to a control without inhibitor protein. Experiments were performed using 

25% BTA-DNA (0.5 μM BTA-DNA, 1.5 μM BTA-3OH), 20 nM RI, 1 nM β-lactamase and 10 nM BLIP, 0 – 340 

nM RE and 0 - 168 nM D. Error bars represent s.d. of triplicate measurements. 

 

5.6 Conclusions 

In this work orthogonal and reversible recruitment of proteins on a synthetic 

supramolecular polymer was demonstrated. Our finding that supramolecular interactions 

between the relatively small BTAs are sufficient to coordinate the assembly of protein 

complexes via DNA hybridization is quite remarkable. The robust nature of this 

supramolecular platform is reflected by the observation that the characteristic µm-sized 

supramolecular polymer chains are maintained even with extremely high contents of DNA 

functionalized BTAs. DNA-mediated assembly of proteins on the BTA-scaffold resulted in a 

large increase in local protein concentration, effectively enhancing complex formation 

between the reporter enzyme β-lactamase and its inhibitor protein BLIP by 3 orders of 

magnitude. BTA-templated protein complex formation was also found to be surprisingly 

fast, reaching equilibrium within minutes. Since exchange of BTA monomers between 

polymer chains was found to require multiple hours, protein complex formation on the 

BTA-scaffold probably results from rapid association and dissociation of DNA duplexes 

along the polymer, possibly accelerated by the high local density of DNA handles. The 10 

nucleotide DNA-receptor strand used in this study thus provides sufficient thermodynamic 

driving force to ensure efficient recruitment of low nanomolar concentrations of proteins on 
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the BTA-polymer, while at the same time allowing rapid exchange of DNA-conjugated 

proteins along the BTA-scaffold. A more thorough understanding of the importance of 

supramolecular polymer dynamics and the kinetics of DNA hybridization may be obtained 

by tuning the length of the DNA receptor strand, and/or by changing the exchange kinetics 

of the BTA monomer.  

 While we restricted ourselves in this study to the co-assembly of two proteins to 

allow straightforward read-out of protein activity, the number of different proteins that can 

be recruited is limited only by the physical size of the BTA polymer chain, allowing the 

assembly and characterization of much more complex signaling cascades. A unique feature 

of the BTA-DNA platform is the dynamic nature of the complexes, enabling the efficient 

formation of transient complexes without prior knowledge over the exact structure and 

stoichiometry of such complex signal transduction cascades. Moreover, the supramolecular 

nature of the BTA platform allows one to efficiently tune the density of DNA-handles on the 

BTA polymer, which in turn allows precise control of the effective local concentration and 

optimization of the system for different protein complexes. The introduction of DNA-

mediated protein recruitment should also allow the integration of supramolecular protein 

assembly with various forms of dynamic DNA nanotechnology such as DNA-based 

molecular circuits that allow logic operations, amplification, thresholding, and feedback 

control. In addition to these fundamental applications, dynamic recruitment of proteins on 

BTA polymers could also be used for the development of responsive biomaterials and 

dynamic multivalent ligands, employing molecular recognition based on the presence of 

multiple target receptors.42 Finally, we believe that BTA-DNA scaffolds may be applied to 

control intracellular signaling pathways, as efficient RNA transfection with BTA polymers 

has already been demonstrated in mammalian cell lines.43 Once inside the cell, their 

integration with intracellular pathways could involve the interaction of proteins, aptamers, 

and small molecules pre-assembled on the BTA-DNA scaffold with mRNA, regulatory 

RNAs and proteins endogenous to the cell. 
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5.7 Experimental sections 

Chemicals and reagents. Unless stated otherwise, reagents and solvents were purchased 

from commercial sources and used as received. The alkyne functionalized oligonucleotide 

(5'-GTAACGACTCalkyne-3') was obtained from Base Click GmbH. Other oligonucleotides 

were obtained HPLC-purified from Integrated DNA Technologies. Oligonucleotides were 

dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) to an approximate 

concentration of 100 µM as suggested by the manufacturer. Subsequently the concentration 

was determined by UV-VIS (NanoDrop 1000, Thermo Scientific), using the extinction 

coefficients at 260 nm calculated with the DNA UV spectrum predictor tool (Integrated 

DNA Technologies). Finally, the oligonucleotide stock solutions were diluted in TE buffer to 

a final concentration of 50 µM and stored at -30 °C. 

 

Synthesis of BTA monomers. The synthesis of BTA-3OH has been reported by 

Leenders and coworkers.28 The synthesis of BTA-N3 and BTA-Cy3 has been reported by 

Albertazzi and coworkers.29 BTA-(3'-CTCAGCAATG-5') (BTA-DNA) was synthesized by 

charging a two-neck flask (10 mL) with a CuSO4 (0.006 mmol, 0.9 mg) solution in H2O (0.2 

mL), followed by BimPy2 ligand (0.005 mmol, 1.7 mg) dissolved in DMF (0.5 mL). To the 

resultant green mixture, a solution of sodium ascorbate (0.05 mmol, 10 mg) in H2O (0.3 mL) 

was added, followed by a spoon tip of solid sodium ascorbate, turning the color of the 

solution yellow. BTA-N3 (0.04 mmol, 50.5 mg) was dissolved in DMF (2 mL) and mixed with 

a solution of 5’-GTAACGACTC-Alkyne-3’ (0.025 mmol, 83 mg) in water (2 mL) producing a 

fine dispersion. This dispersion was carefully added to the yellow reaction mixture resulting 

in a total reaction volume of 6 mL after rinsing with additional H2O (0.5 mL) and DMF (0.5 

mL). The reaction mixture was stirred at room temperature, and over time, gradually 

became clear. After 5.5 hours, EDTA solution in water was added (1.8 mL, 0.04 mmol) 

resulting in a color change from bright yellow to deep yellow. Subsequently, BTA-DNA was 

purified from remaining BTA-N3 by dialysis (MWCO = 1 kD, Spectra/Por 7, Spectrumlabs) 

against water, after which the material was dried by lyophilization, yielding BTA-DNA as a 

fluffy white material. BTA-DNA was analyzed using mass spectrometry by flow injection 

analysis on a LCQ Fleet (Thermo Finnigan) ion-trap mass spectrometer in negative mode. To 

this end, BTA-DNA was dissolved at 10 µM in 1:1 isopropanol/water + 1% triethylamine 

(pH 10) of which 5 µL was directly injected. The mass-to-charge spectrum was deconvoluted 

using MagTran software. Starting material BTA-N3: calculated mass = 1313.81 g mol-1. BTA-

DNA: calculated mass = 4429.99 g mol-1, observed mass = 4430.5 g mol-1. Interestingly, a 

minor fraction of BTA-N3 remains present after purification and is observed in the 

deconvoluted mass-to-charge spectrum in complex with BTA-DNA: calculated mass = 

5743.79 g mol-1, observed mass = 5742.1 g mol-1. This impurity is not expected to have a 

significant effect on subsequent experiments since the BTA-DNA monomer will be further 

mixed with inert BTA-3OH monomers.  
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Expression, DNA-conjugation and labeling of β-lactamase and BLIP. The mutagenesis 

and expression of β-Lactamase and BLIP and conjugation to oligonucleotides have been 

reported by Janssen and coworkers.34 For the labeling of the β-Lactamase- and BLIP-DNA 

conjugates for STORM imaging, the proteins were buffer exchanged to PBS (100 mM sodium 

phosphate, 150 mM NaCl, pH 7.2) using Zeba spin desalting columns (7k MWCO, 0.5 mL, 

Thermo Fisher). The resulting protein concentrations were determined by measuring the 

absorbance at 260 nm (NanoDrop 1000, Thermo Scientific) and using the extinction 

coefficient of the handle oligonucleotides conjugated to the proteins (β-Lactamase = 

203,910 M-1 cm-1, BLIP = 225,400 M-1 cm-1). To the solutions of β-Lactamase-DNA and BLIP-

DNA, 20 molar equivalents of respectively Atto488-NHS (Atto-TEC) and Cy5-NHS 

(Lumiprobe) from stock solutions in DMSO were added (final DMSO content = 2%) and the 

reactions were shaken at 850 rpm for 1 hour at room temperature. Finally, the labeled 

proteins were purified from unreacted fluorophores by gel filtration using Zeba spin 

desalting columns. The average labeling efficiency of the proteins was determined by 

measuring the absorbance at 260 nm for the proteins and at 500 and 646 nm for Atto488 and 

Cy5 respectively, given the extinction coefficients of the protein-DNA conjugates and the 

fluorophores (β-Lactamase = 203,900 M-1 cm-1, BLIP = 225,400 M-1 cm-1, Atto488 = 

90,000 M-1 cm-1, Cy5 = 250,000 M-1 cm-1). This yielded average labeling efficiencies of 4.2 

labels per β-Lactamase and 1.02 label per BLIP. 

 

Assembly of BTA polymers. From a stock solution of BTA-3OH in methanol, an 

appropriate volume was added into a glass vial and dried under vacuum. An appropriate 

amount of MilliQ water and stock solution of BTA-DNA (500 µM) in MilliQ water was 

added after which the mixture was stirred at 80 °C for 15 min. The mixtures were then 

vortexed for 15 seconds and left to equilibrate at room temperature overnight. For the 

incorporation of BTA-Cy3 into the polymers, appropriate volumes of BTA-3OH and BTA-

Cy3 from stock solutions in methanol were mixed and dried after which the protocol 

described above was continued. 

 

 Cryogenic transmission electron microscopy. Samples were vitrified using a computer 

controlled vitrification robot (FEI Vitrobot Mark III, FEI Company). Quantifoil grids (R 2/2, 

Quantifoil Micro Tools GmbH) were surface plasma treated with a Cressington 208 carbon 

coater. Vitrified films were transferred into the vacuum of a Tecnai Sphera microscope with 

a Gatan 626 cryoholder. The microscope is equipped with a LaB6 filament that was operated 

at 200 kV, and a bottom mounted 1024x1024 Gatan charged-coupled device (CCD) camera. 

Co-assemblies of BTA-3OH and BTA-DNA were prepared as stated above at a total BTA 

concentration of 1 mM with 25% BTA-DNA. After overnight equilibration, these were 

diluted to 200 µM in PBS for Cryo-TEM analysis. The effect of the addition of the recruiter 

strands and subsequently the recruitment of the proteins on the morphology of the BTA 

polymers was studied by assembling polymers containing 2.5% BTA-DNA. After overnight 

equilibration these were diluted to 200 µM in PBS with 2 µM RE and RI and additionally 
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with 100 nM BLIP and 10 nM β-Lactamase for the latter. Vitrified films containing the BTA 

polymers were prepared in the ‘Vitrobot’ that was operated at 22°C, and at a relative 

humidity of 100%. In the preparation chamber of the ‘Vitrobot’, a 3 µL sample was applied 

on a Quantifoil grid which was surface plasma treated for 40 seconds at 5 mA just prior to 

use. Excess sample was removed by blotting using two filter papers for 3 seconds at –3 mm, 

and the thin film thus formed was plunged (acceleration about 3 g) into liquid ethane just 

above its freezing point. Vitrified films were transferred to the cryoholder and observed in 

the Tecnai Sphera microscope, at temperatures below -170 °C. Micrographs were recorded at 

low dose conditions, and at a magnification of 25,000 with typical defocus settings of 5 µm 

(Figure 5.2A,B) and 10 µm (Figure 5.2C). 

 

STORM and TIRF microscopy. STORM and TIRF images were acquired with a Nikon 

N-STORM system. Atto488 and Cy5 were excited using a 488 and 647 nm laser, respectively. 

Cy3 and Nile Red were excited using a 561 nm laser. Fluorescence was collected by means of 

a Nikon 100x, 1.4NA oil immersion objective and passed through a quad-band pass dichroic 

filter (97335 Nikon). Images were recorded with an EMCCD camera (ixon3, Andor, pixel size 

0.17 µm). The movies were subsequently analyzed with the STORM module of the NIS 

element Nikon software. For STORM imaging, BTA polymers were prepared as stated above 

at a total BTA concentration of 50 µM with 5% BTA-Cy3, 25% BTA-DNA and 70% BTA-

3OH. After equilibration overnight, the samples were diluted to 2 µM total BTA in TE/Mg2+ 

buffer (10 mM Tris-HCl, 1 mM EDTA, 12.5 mM MgCl2, pH 8.0) and mixed with 100 nM RE, 

100 nM RI, 100 nM β-Lactamase-Atto488 and 7.5 nM BLIP-Cy5. The sample was flown in a 

chamber between a glass microscope coverslip (Menzel-Gläser, No. 1, 21x26 mm) and a glass 

slide which were separated by double-sided tape. After annealing for several minutes, the 

chamber was washed twice with TE/Mg2+ buffer and twice with imaging buffer containing 

50 mM Tris-HCl pH 7.0, an oxygen scavenging system (0.5 mg mL-1 glucose oxidase, 40 µg 

mL-1 catalase), 10% (w/v) glucose and 10 mM 2-aminoethanethiol. For TIRF imaging, BTA 

polymers were prepared as stated above and after equilibration for at least one day, 5% 

(relative to the total BTA concentration) Nile Red was added from a stock solution in 

methanol. After equilibration overnight, the samples were diluted in PBS to 10 µM and 

flown in a chamber between a glass microscope coverslip and a glass as stated above. 

 

Enzyme activity assays. For enzyme activity assays, samples were prepared in 384 well 

plates (Optiplate-384 Black, Perkin Elmer, cat. no.: 6007270) using a final sample volume of 

50 µL in PBS supplemented with 1 mg mL-1 bovine serum albumin (BSA). After the step-

wise addition of each component, the samples were mixed by repetitive pipetting. In the 

final step, 5 µL substrate (CCF2-FA, Thermo Fisher, cat. no.: K1034) was added to a final 

concentration of 2 µM, the samples were mixed and the plates were spun down at 100 g for 

one minute at room temperature. This resulted in a total “dead time” of ~2 minutes. The 

plates were then transferred to a Tecan Safire 2 Microplate Reader equilibrated to 25°C. 
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Fluorescence intensities were measured every 15 seconds using an excitation and emission 

wavelength of 410 nm and 447 nm, respectively. 

 

Fitting of the apparent inhibitory constant. The apparent inhibitory constant Ki,app 

between β-lactamase and BLIP upon recruitment on the BTA polymers was obtained by 

fitting Equation 5.1 to the normalized enzyme activities as a function of inhibitor 

concentration shown in Figure 5.4A, yielding a Ki,app of 2.32 ± 0.18 nM. 
 

 
� = �� + �� 	

��,
��

[] + ��,
��
 (5.1) 

In Equation 5.1, V is the measured normalized enzyme activity, Vb the residual enzyme 

activity at saturating inhibitor concentrations, V0 the normalized enzyme activity in absence 

of inhibitor minus the residual enzyme activity at saturating inhibitor concentrations (hence 

equals 1-Vb), [I] the inhibitor concentration and Ki,app the fitted apparent inhibition constant.  

 

 Residual enzyme activity at saturating inhibitor concentrations. Figure 5.4A shows 

that even at saturating inhibitor concentrations a substantial amount of residual enzyme 

activity is observed. As the DNA-handle on the BTA monomer is relatively short, it is likely 

that the binding of the recruiter strands to these handles is not quantitative, hence not all 

enzyme is recruited to the polymer platform. To determine the efficiency of binding of the 

recruiter strand to the polymer, the fraction of unbound recruiter strand was calculated as a 

function of total recruiter strand concentration. To this end, the dissociation constant 

(Kd,duplex) of the duplex formed between the handle on the BTA-DNA and the recruiter strand 

was calculated based on the Gibbs free energy determined with NUPACK.39,44 Because the 3’ 

cytosine was modified for conjugation to the BTA, we assumed that this nucleotide would 

not be available for DNA hybridization. Therefore, this cytosine was excluded from 

calculating the duplex stability, yielding ΔG0 = -11.98 kcal mol-1 and Kd,duplex = 111 nM. The 

fraction of unbound recruiter strands was derived via mass balance equations for the free 

recruiter strands, free BTA-DNA handles and recruiter-BTA complex. Using the calculated 

dissociation constant for the recruiter-BTA duplex (Kd,duplex), a recruiter concentration of 220 

nM (20 nM RE and 200 nM RI) and a BTA-DNA concentration of 500 nM, it can be calculated 

that 24.8% of the recruiter strands, and thus 24.8% of the enzyme is not recruited to the 

polymer platform. This number corresponds well with the amount of residual enzyme 

activity observed in the presence of saturating amounts of BLIP. 

 

Estimation of the effective protein concentration on the BTA polymers. To obtain an 

estimate of the effective concentration of the inhibitor protein after recruitment to the BTA 

polymers, the accessible volume of the polymer is represented by a cylinder with a radius of 

15 nm. This radius is based on the diameter of the proteins (ø = 2 nm), the radius of the BTA 

polymers (r = 3 nm) and the length of the double helix formed by the DNA-handles and 
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recruiter strands (10 nm). An intermolecular spacing of 0.35 nm for adjacent BTA monomers 

is based on previously performed simulations.45 

 With the experimental conditions as used in Figure 5.3A and B, with 10 nM BLIP, 500 

nM BTA-DNA and 1500 nM BTA-3OH and taking the 25% unbound BLIP into account, on 

average 7.5 inhibitor proteins are recruited to 2000 BTAs. Given the intermolecular spacing 

of 0.35 nm for adjacent BTA monomers the volume of a cylinder with a radius of 15 nm and 

height of 2000 BTA monomers can be calculated with Equation 5.2. 

 

Converting the amount of BLIP molecules to moles with Equation 5.3 and dividing this over 

the volume of the cylinder containing the BLIP molecules in Equation 5.4 yields an effective 

concentration of 26 µM, which is 2600-fold higher than the actual inhibitor concentration of 

10 nm: 

 

 Estimation of inter-protein distances on the supramolecular polymer. Taking the 

experimental conditions as used in Figure 5.3A and, with 1.5 µM BTA-3OH, 500 nM BTA-

DNA, 1 nM β-lactamase, 10 nM BLIP, and 20 nM RE and RI, the average distance between a 

single recruited enzyme and the nearest inhibitor protein can be calculated as follows: 

Assuming that one enzyme and 10 inhibitors are homogeneously recruited on 2000 BTAs 

(1 nM β-lactamase, 10 nM BLIP and 2 µM total BTA), the proteins are distributed over 2000 · 

0.35 nm = 700 nm. Taking into account that 25% of both proteins is not recruited on the 

polymer, this translates to 0.75 enzymes and 7.5 inhibitors per 700 nm. Resulting in an 

average spacing of ~85 nm between the proteins. 

 

Table 5.1 | Oligonucleotide sequences 

 

 

��� · ℎ = π · (15 · 10��)� · 0.7 · 10��	m  

= 4.95	· 10���	m 	= 	4.95 · 10�#�	L 
(5.2) 

 7.5

%&
= 1.275 · 10�� 	moles (5.3) 

 1.275 · 10�� 

4.95 · 10�#�
= 2.6 · 10�-	M	 = 	26	μM (5.4) 

Name Sequencea 

Handle 5’- GTAACGACTC -3’ 

BTA-DNA handle 5’- GTAACGACTC-Alkyne -3’ 

β-Lactamase handle 5’- TGTCACCGATGAAACTGTCTA-NH2 -3’ 

BLIP handle 5’- H2N-GTGATGTAGGTGGTAGAGGAA -3’ 

Enzyme Recruiter strand (RE) 5’- GAGTCGTTACTAGACAGTTTCATCGGTGACA -3’ 

Inhibitor Recruiter strand (RI) 5’- GAGTCGTTACTTCCTCTACCACCTACATCAC -3’  

Enzyme Recruiter strand + 

Toehold (RET) 

5’- GAGTCGTTACTAGACAGTTTCATCGGTGACATGCATCCAGA -3’ 

Enzyme Displacer strand (D) 5’- TCTGGATGCATGTCACCGATGAAACTGTCTAGTAACGACTC -3’ 
a Colors represent individual oligonucleotide domains. 
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Chapter 6 

Accelerating DNA-based computing on a 

supramolecular polymer 

 

 

Abstract 

Dynamic DNA-based circuits represent versatile systems to perform complex 

computing operations at the molecular level. However, the majority of DNA circuits rely on 

freely diffusing reactants, which slows down the rate of the operations. Here we introduce 

supramolecular polymers composed of benzene-1,3,5-tricarboxamide (BTA) derivatives 

functionalized with a 10-nucleotide handle strand as a dynamic scaffold for DNA-based 

molecular circuits. By selectively recruiting DNA circuit components to the supramolecular 

BTA polymer the kinetics of strand exchange reactions are accelerated up to 2 orders of 

magnitude. Additionally, the supramolecular polymer stabilizes the final reaction product 

via bivalent interactions with the polymer, further promoting the efficiency of strand 

exchange reactions. The ability of supramolecular BTA polymers to increase the efficiency of 

DNA-based computing is demonstrated for three well-known and practically important 

DNA-computing operations: multi-input AND gates, Catalytic Hairpin Assembly and 

Hybridization Chain Reactions. This work thus establishes supramolecular BTA polymers as 

an efficient platform for DNA-based molecular operations, paving the way for the 

construction of autonomous bionanomolecular systems that confine and combine molecular 

sensing, computation and actuation. 

 

This work was performed in collaboration with S. P. W. Wijnands (STORM and TIRF imaging). 

 

This work has been published as: 

W. Engelen, S. P. W. Wijnands, M. Merkx, J. Am. Chem. Soc., 2018 
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6.1 Introduction 

In the past decade the detailed understanding of the kinetics and thermodynamics of 

oligonucleotide hybridization has led to the widespread implementation of DNA as a 

molecular construction material and information carrier.1 Especially the ability to design 

mechanistically identical, but orthogonal modules solely based on the complementarity of 

oligonucleotide sequences allows the construction of 1) autonomous systems that emulate 

life-like feature such as oscillations2 and traveling waves3, 2) molecular robots4,5, walkers6–8 

and machines9,10, and 3) networks inspired by traditional silicon-based circuits that perform 

binary operations and calculations at the molecular level.11–16 Thus far, the vast majority of 

DNA-circuits and networks are based on the interaction between freely diffusing 

oligonucleotide reactants. In order to avoid background and non-intended side reactions 

DNA-based molecular circuits typically employ low nanomolar concentrations of individual 

reactants. As the reaction rates and thus the computing time are proportional to the absolute 

concentration of the reactants, these circuits operate slowly and can take many hours to days 

to complete calculations, hampering their translation into practical applications.  

To de-couple reaction rates from the absolute reactant concentration, nature uses 

molecular templates such as the cytoskeleton, cellular membranes and hub-proteins to 

recruit network components, thereby increasing their effective concentration without 

increasing the total amount of molecules.17–19 This principle of colocalizing reactants to 

enhance their association kinetics has also been employed in oligonucleotide-based systems 

using DNA-walkers immobilized on microparticles8,20 and DNA origami scaffolded 

oligonucleotide circuits and logic operations.21–25 Particularly DNA origami provides the 

unique advantage of immobilizing oligonucleotide reactants at a predefined position on the 

scaffold with high precision, introducing spatial constrains in addition to chemical 

specificity as a means of orthogonality. However, immobilizing oligonucleotide reactants on 

a DNA origami scaffold requires careful positioning of the circuit components to facilitate 

efficient interaction between reactants. Additionally, circuits immobilized on static scaffolds 

are sensitive to assembly defects as non- or mis-incorporated reactants will terminate the 

propagation of the signal along the scaffold.23,26,27 Since the probability of assembly defects 

increases with the circuit’s complexity, the scalability of immobilized circuits therefore 

remains challenging. Other efforts to increase the kinetics of DNA strand displacement 
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include the use of RecA as a protein-based catalyst and the use of cationic copolymers, 

which are believed to enhance kinetics by stabilizing toehold complex formation.28–30 

The potential of supramolecular polymers as dynamic, adaptable and modular 

platforms for molecular signal processing have been widely recognized.31–33 Here we 

introduce one-dimensional supramolecular polymers of benzene 1,3,5-tricarboxamide (BTA) 

derivatives as a generic, modular and easy to implement, self-assembling platform to recruit 

and colocalize DNA-circuit reactants. We recently reported that BTA derivatives 

functionalized with 10 nucleotide long receptor strands (BTA-DNA) form remarkably stable, 

µm-long supramolecular polymers that allow efficient recruitment of DNA-functionalized 

proteins, promoting protein-protein complex formation 1000-fold by increasing their 

effective local concentration.34 The supramolecular nature allows this polymer platform to 

dynamically adapt and remodel its nanoscopic composition, which avoids the need for 

tailor-made scaffold designs. These properties motivated us to explore the BTA-DNA 

platform as a scaffold for DNA-based molecular circuits. We first establish the contribution 

of the supramolecular polymer scaffold to the kinetics and thermodynamics of two 

fundamental processes in DNA-computing, toehold-mediated strand displacement and 

strand exchange reactions. Next, the ability of supramolecular BTA-DNA scaffolds to 

accelerate three well-known and practically important DNA-computing operations is 

explored: a sequential 2, 3 and 4 input AND-gate, catalytic hairpin assembly (CHA) and the 

hybridization chain reaction (HCR). The BTA-templated HCR is also monitored using super 

resolution fluorescence microscopy, allowing direct visualization of the BTA-templated 

HCR reaction product. 

6.2 The supramolecular polymer design 

Figure 6.1A shows the structures of the benzene-1,3,5-tricarboxamide derivatives used 

in this study. The formation of micrometer long, one-dimensional assemblies is governed by 

threefold hydrogen bonding and hydrophobic interactions of the BTA core. The three 

amphiphilic dodecyl-PEG4 side-arms shield the hydrogen bonds from water while 

facilitating water solubility of the assembled polymer.35 The dynamic properties of the BTA 

polymers have been extensively studied by ensemble FRET measurements, super-resolution 

microscopy and hydrogen-deuterium exchange experiments, revealing dynamic exchange of 
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BTA monomers at the hour timescale.36,37 To recruit DNA-circuit reactants to the 

supramolecular polymer, a monomer functionalized with a 10 nucleotide long handle-

oligonucleotide (BTA-DNA, 5’-GTAACGACTCalkyne-3’) on one of its three arms was 

synthesized via a copper catalyzed cycloaddition reaction. Stable supramolecular polymers 

decorated with a range of handle-strand densities can be readily obtained by pre-mixing 

different ratios of DNA-functionalized and inert BTA monomers (Figure 6.1B).34 Our 

previous work also showed that the 10 nucleotide handle provides sufficient recruitment of 

complementary sequences at low nM concentrations, while also allowing rapid migration of 

the complementary anti-handles via reversible association and dissociation. 

6.3 BTA-templated strand displacement reactions 

Toehold-mediated strand displacement and strand exchange reactions are fundamental 

reactions in DNA-based molecular computing (Figure 6.1C). In these reactions an input 

DNA strand binds with toehold m to a single-stranded overhang on a double stranded 

substrate complex X and subsequently invades the duplex via branch migration to displace 

the output oligonucleotide. When the input fully invades the double stranded substrate (i.e., 

toehold n = 0, hereinafter termed Strand Displacement) the reaction is effectively irreversible 

and reaches quantitative conversion. When complex X contains base pairs that are not 

invaded by the input (i.e., toehold n > 0, hereinafter termed Strand Exchange), these base 

pairs have to spontaneously dissociate to release the output from the base strand, resulting 

in the activation of toehold n on complex Y. Consequently, the reversed reaction can take 

place where the output rebinds with toehold n to complex Y and displaces the input from 

the base strand. As a result, complex X and complex Y coexist in an equilibrium which is 

dependent on the relative binding affinities of the two toeholds.  

In order to recruit the DNA strand exchange reactions to the supramolecular polymer 

the base strand of complex X was elongated at its 5’-end with a T5 linker and a 10 nucleotide 

anti-handle sequence (x) complementary to the handle oligonucleotide (x’) on the BTA-DNA 

monomer. Similarly, the input strand was also functionalized with a 5’ anti-handle sequence 

(Figure 6.1D). To monitor the strand exchange reactions in real-time the output strand was 

modified with a 5’ fluorophore while the base strand of complex X was modified with a 

quencher. Hence, when displaced from the base strand the output generates a stoichiometric 
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increase in fluorescence intensity. Figure 6.1E and F show fluorescence kinetics experiments 

of diffusive (i.e. non-templated) and BTA-templated strand displacement reactions with 20 

nM complex X and 5, 10 and 20 nM input and m = 4, 3 or 2 nucleotides, respectively. When 

the strand displacement reaction relies on freely diffusing reactants the displacement

Figure 6.1 | Principle of accelerating DNA circuits by a supramolecular polymer template. (A) 

Chemical structure of the inert and DNA-handle functionalized BTA monomers. (B) Supramolecular 

polymers decorated with DNA-handles are obtained by mixing desired ratios of inert BTA and BTA-DNA. 

(C) Mechanism of a strand exchange reaction using freely diffusing oligonucleotide reactants. (D) 

Principle of a BTA polymer templated strand exchange reaction. As the oligonucleotide reactants are 

elongated with an anti-handle sequence they are recruited to the supramolecular polymer. This results in 

an increase in effective concentration and consequently increases the association kinetics of toehold 

binding. Additionally, as the final product is multivalently anchored to the supramolecular polymer, the 

product is stabilized, resulting in increased operation yields. (E) Kinetic characterization and fits of 

diffusive strand displacement (i.e. input fully invades complex X, n = 0) with toeholds of 4, 3 and 2 

nucleotides, yielding k(4,0),D = 1.54 x 10-5 nM-1 s-1, k(3,0),D = 5.36 x 10-7 nM-1 s-1, k(2,0),D = 1.88 x 10-7 nM-1 s-1 

(F) The same strand displacement reactions templated on the BTA polymer. (G) Kinetic characterization 

of diffusive strand exchange reactions with toeholds of identical lengths of 4, 3 and 2 nucleotides, yielding 

k(4,0),T = 2.20 x 10-4 nM-1 s-1, k(3,0),T = 6.26 x 10-5 nM-1 s-1, k(2,0),T = 2.58 x 10-5 nM-1 s-1  (H) The same strand 

exchange reactions templated on the BTA polymer. Modifications of the base and output with a quencher 

and fluorophore, respectively allows the monitoring of the reaction by fluorescence. Experiments were 

performed with 500 nM BTA-DNA, 4,5 μM inert BTA, 20 nM complex X and 5, 10 and 20 nM input in 

TAE/Mg2+ supplemented with 1 mg mL-1 BSA at 25 °C. 
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kinetics display a strong dependency on the length of toehold m. In accordance with earlier 

work, diffusive strand displacement was found to be very slow for 2 and 3 nucleotide 

toeholds at low nM concentrations.38 However, the same reaction was strongly accelerated in 

the presence of the BTA polymer template. Fitting of the experimentally obtained kinetic 

data using Visual DSD (Dynamic Strand Displacement) yielded a rate enhanced by two 

orders of magnitude for the 2 and 3 nucleotide toehold, while the rate enhancement with a 

toehold of 4 nucleotides was ~14 fold.39 The 100-fold increase in rate constant is consistent 

with the increased effective concentration of the DNA strands on the BTA polymer, which 

can be estimated to be in the low µM range.34 The smaller, 14-fold enhancement observed for 

the 4 nucleotide toehold suggests that in this case the rate of the templated displacement 

reaction may have become limited by the initial binding of the components to the 

supramolecular scaffold and/or the dynamics of strand reorganization along the 

supramolecular polymer. 

Subsequently, fluorescence kinetics experiments were performed with strand exchange 

reactions that harbor toeholds of identical lengths (i.e., (m,n) = (4,4), (3,3) and (2,2), 

Figure 6.1G-H). Similar to strand displacement reactions, strand exchange is slow when 

relying on diffusive reactants at low nanomolar concentrations, but strongly accelerated 

when templated on the supramolecular BTA polymer. At least for (m,n) = (4,4) the strand 

exchange reaction reaches equilibrium both in the absence and presence of template, 

allowing assessment of the thermodynamic stabilization offered by the BTA polymer. Even 

though the length and GC content of toehold m and n are similar, the equilibrium of the 

diffusive strand exchange reaction is biased towards the initial state, showing formation of 

only 2 nM output upon reaction of 10 nM input with 20 nM complex X. This bias is probably 

due to a stabilizing effect of the fluorophore-quencher pair on toehold n.40 In contrast, when 

templated the same reaction yields 8 nM output strand, showing that the supramolecular 

BTA polymer stabilizes the formed product due to multivalent interactions with the 

polymer template. 

6.4 Multi-input AND gates 

Because of their sequential nature multi-input AND gates based on cascaded strand 

exchange reactions are notoriously slow, making AND gates beyond 2-inputs very 
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inefficient. To challenge the effectiveness of supramolecular templating we implemented our 

BTA polymer scaffold to promote two-, three- and four-input AND gates (Figure 6.2). Here, 

input A (IA) binds to a toehold (a’) on the gate and displaces a blocking strand (S-b), hereby 

activating the downstream toehold (b’) on the gate. Subsequently, input B (IB) is able to bind 

to this toehold and displace the second blocking strand from the gate. For a two-input AND 

gate this second blocking strand is modified with a quencher to quench a fluorophore 

present on the base strand of the gate. For a three- and four-input AND gate this process is 

extended with one or two additional strand exchange reactions (Figure 6.2C-D). Hence, only 

when all input oligonucleotides are present the cascade is completed and the quencher is 

displaced from the fluorophore. In order to template the multi-input AND gates on the 

supramolecular BTA polymer the input strands were elongated on their 5’ ends with the 10 

nucleotide anti-handle sequence (x) complementary to the handle oligonucleotide (x’) on the 

supramolecular polymer. Consequently, the first strand exchange reaction results in 

anchoring of the gate to the supramolecular polymer platform. Figures 6.2E-G show the 

activation of the two, three- and four-input AND gate in time in the presence of varying 

amounts of supramolecular polymer containing 10% BTA-DNA. In absence of the polymer 

platform only the two-input AND gate shows a slow increase in fluorescence output, 

whereas the three- and four-input AND gates show no detectable fluorescence increase at all 

over the 2 hour incubation time. In contrast, all the AND gates are efficiently executed when 

templated on the BTA polymer. Following a short lag phase of 5-10 min, fluorescence 

rapidly increased for both the 3- and 4-input AND gates. This remarkable efficiency can be 

explained by the 100-fold rate increase for each DNA exchange reaction and the additional 

thermodynamic stabilization of the reaction product by multivalent interactions with the 

BTA polymer. The similar kinetic profiles suggest that the first strand exchange reaction, 

which is not templated by the BTA polymer but results in anchoring of the gate to the 

supramolecular polymer, has a large effect on the overall kinetics of these AND gates.  

For a templated reaction, the kinetics and yield of the reaction are expected to depend 

on the amount of supramolecular scaffold. This is indeed what is observed, as there is a 

strong correlation for all three AND-gates between the amount of output generated and the 

amount of polymer template, for BTA concentrations up to 5 µM. Whereas increasing the 

BTA concentration beyond 10 µM does not further increase the reaction yield, the kinetics of 
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Figure 6.2 | BTA polymer templated multi-input AND gates. (A) Mechanism of a templated two-input 

AND gate, based on sequential strand displacement reactions. All input strands (IA and IB) are elongated 

with a 10 nucleotide anti-handle that is complementary to the handle strands on the BTA polymer, 

facilitating their recruitment to the supramolecular platform. (B-D) Schematic representation and DNA-

based implementation of a two-, three- and four-input AND gate, respectively. (E-G) Kinetic 

characterization of a two-, three- and four-input AND gate at varying BTA concentrations containing 10% 

BTA-DNA, respectively. (H) Response of the four-input AND-gate to different combinations of input 

oligonucleotides. Errorbars represent SEM of duplicate measurements. Experiments were performed 

with 10 nM Gate and 5 nM of each input in TAE/Mg2+ supplemented with 1 mg mL 1 BSA at 25 °C. 

the reaction are affected. This effect is most clearly apparent for the 3-and 4-input AND 

gates, where increasing the BTA concentration increases the lag phase. As the downstream 

strand exchange reactions require the alignment of the downstream inputs via their 

migration along the polymer backbone, the strands have to migrate over a longer distance to 

allow toehold association which slows down the downstream strand exchange reactions. 

Consequently, the overall optimum in BTA polymer concentration can be qualitatively 

explained by a trade-off between a sufficiently large polymer surface to accommodate all 

AND-gate products, and the inversely correlated effective concentration of the input strands 

anchored to the supramolecular polymer. A similar optimum in polymer concentration was 

previously observed when studying the BTA polymer templated assembly of an enzyme-

inhibitor pair.34 

While increasing the effective concentration of input oligonucleotides dramatically 

increases the efficiency of these multiple input AND gates, this enhanced local concentration 

could also result in background activation of the AND gates. We therefore tested the 

robustness of the BTA-templated 4-input AND gate by systematically omitting one of the 
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input oligonucleotides. Even though the branch migration domains of all inputs are 

identical, no or only minimal background activation was observed when a single input is 

omitted (Figure 6.2H). Taken together, these results show that the efficiency of multiple 

input AND gates can be enhanced over many orders of magnitude by simply templating 

them on the supramolecular BTA polymers, without a need for sequence optimization to 

suppress background activation. 

6.5 Catalytic Hairpin Assembly 

First reported by Yin et al., Catalytic Hairpin Assembly (CHA) is an enzyme-free, 

isothermal amplification strategy based on the catalytic formation of a duplex from two 

metastable hairpin structures, initiated by a single-stranded catalyst oligonucleotide.41,42 As 

CHA is based on the interaction between freely diffusing substrate hairpins we envisioned 

that colocalizing the reactants on our supramolecular polymer platform could significantly 

increase the rate of CHA by promoting the kinetics of consecutive strand exchange reactions. 

In CHA the catalyst binds to toehold a on the initial hairpin (H1), resulting in opening of the 

hairpin via branch migration and activation of toeholds b’ and c’ on H1. Toehold c’ on the 

opened H1 allows the second hairpin (H2) to bind, followed by invasion of the H1:catalyst 

duplex by H2, resulting in the formation of an inherently unstable ternary complex. When 

the catalyst dissociates from the ternary complex, the catalyst can bind to a new H1 and 

initiate another catalytic cycle. The progress of the CHA reaction can be monitored using a 

reporter duplex that is activated by binding to toehold b’ on the H1:H2 duplex product. In 

order to template the CHA reaction on the supramolecular BTA polymer, all oligonucleotide 

reactants were elongated with the anti-handle sequence at their 5’ ends (Figure 6.3A). First, 

the performance of the CHA with 20 nM H1, 100 nM H2 and 20 nM Rep was evaluated at 

different concentrations of catalyst in the presence of 5 µM BTA polymer, containing 10% 

BTA-DNA. Figure 6.3B shows that recruiting the metastable hairpins on the supramolecular 

polymer does not introduce spurious side-reactions as no background increase in 

fluorescence is observed in absence of catalyst. Next, the addition of catalytic concentrations 

of catalyst results in a rapid increase in fluorescence intensity which is correlated to the 

catalyst concentration. Importantly, even with a catalyst concentration as low as 0.5 nM, half 
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Figure 6.3 | BTA polymer templated Catalytic Hairpin Assembly. (A) Mechanism of a BTA templated 

CHA, based on the catalytic formation of a duplex from two metastable hairpins (H1 and H2). Opening of 

H1 by the catalyst results in activation of toeholds b’ and c’, consequently allowing H2 to bind and invade 

the H1:catalyst duplex. The catalyst is spontaneously released from the inherently unstable ternary 

H1:catalyst:H2 complex to complete the catalytic cycle. The CHA is monitored in real time by measuring 

the fluorescence intensity of a reporter duplex that is displaced by the opened H1. To template the CHA 

on the BTA polymer, all oligonucleotide reactants are elongated with a handle sequence at their 5’ ends. 

(B) Kinetic characterization of the CHA templated on the BTA polymer (5 μM, 10% BTA-DNA) initiated by 

different concentrations of catalyst. (C) Kinetic characterization of the CHA templated on various BTA 

concentrations containing 10% BTA-DNA directly after adding 1 nM catalyst. Experiments were 

performed with 20 nM H1, 100 nM H2 and 20 nM Rep in TNaK buffer supplemented with 1 mg mL -1 BSA 

at 25 °C. 

of the substrate H1 is activated within 2 hours, yielding a turnover of ~10 h-1 under these 

experimental conditions. This result shows that the catalyst can still dissociate from the 

intermediate ternary complex, even though this complex is stabilized by the supramolecular 

polymer.  

Next, the dependence of the CHA reaction on the amount of BTA polymer was 

evaluated by monitoring the reaction using 1 nM catalyst and maintaining 10% BTA-DNA 

(Figure 6.3C). In the absence of supramolecular polymer, CHA is inefficient as only a 

gradual increase in fluorescence in time is observed. After an initial lag phase CHA is up to 

an order of magnitude faster when templated by the BTA polymer. At low BTA 

concentrations the templated CHA is clearly correlated to the amount of BTA polymer. In 

contrast to recruitment of the multi-input AND gates, the speed of the CHA does not 

decrease at high BTA concentrations, suggesting that the dissociation of the catalyst from the 

ternary complex is rate limiting, rather than the association kinetics between H1 and H2. 
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Interestingly, a minor increase in CHA activation is also observed for a control reaction that 

contains 5 µM inert BTA polymer and 500 nM non-conjugated handle. This is most likely 

caused by weak, alternative conformations of the c’ domain of the catalyst when the anti-

handle is not hybridized to the complementary handle oligonucleotide, hampering the CHA 

in absence of the handle oligonucleotide (data not shown). While the presence of this 

alternative conformation was not intended, this could provide an interesting allosteric 

strategy to further reduce background activation of the CHA. 

6.6 Hybridization Chain Reaction 

The Hybridization Chain Reaction (HCR), first introduced by Pierce and coworkers, is a 

widely established amplification strategy used in molecular diagnostics and imaging of 

nucleic acids.43–46 HCR is based on the alternated assembly of two metastable hairpins, 

triggered by a single stranded input. First, an input oligonucleotide (input) binds to toehold 

a’ on the first hairpin (H1) and subsequently opens the stem of the hairpin, hereby activating 

toehold b’. Next, the second hairpin (H2) binds to b’ and is opened via branch migration to 

activate toehold a. Consequently, a new H1 can bind, resulting in the linear growth of an 

assembly of alternating hairpins. As the formed oligomer is immobilized to the input, which 

is typically the analyte, HCR has proven to be particularly useful for signal amplification in 

imaging of single nucleic acid molecules.47,48 However, readout is time consuming, especially 

when the HCR hairpins are kept at low nM concentration.  

In order to template the HCR on the supramolecular BTA polymer scaffold the sequence 

of H1 as reported by Pierce and coworkers was elongated with the 10 nucleotide anti-handle 

sequence.43 Consequently, the opening of H1 by the growing assembly is templated by the 

supramolecular polymer, which should increase the overall kinetics. In order to monitor the 

HCR in real-time, H1 was internally modified with a Cy3 fluorophore and H2 was modified 

with a Cy5 at its 5’ end, resulting in an increase in FRET from Cy3 to Cy5 upon assembly of 

the oligomer (Figure 6.4A). Additionally, H2 freely diffuses in solution and is only recruited 

to the BTA polymer via the growing assembly, allowing formation of the HCR-product to be 

visualized using fluorescence microscopy. First, the influence of the concentration of the 

supramolecular polymer on the performance of the templated HCR was evaluated. To this 
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Figure 6.4 | BTA polymer templated Hybridization Chain Reaction. (A) Mechanism of a BTA 

templated HCR, based on the alternating assembly of two metastable hairpins (H1 and H2). H1 is 

anchored to the BTA polymer by extending its 5’-end with an anti-handle sequence. Upon the addition of 

the input it binds to toehold a’ on H1 and opens the hairpin via branch migration, resulting in activation 

of toehold b’. H2 subsequently binds to the activated toehold b’ and is invaded by H1. This results in the 

activation of toehold a’, which allows a new H1 to bind, resulting in a chain reaction of assembling 

alternating hairpins. The HCR is monitored by measuring FRET between a donor (Cy3) in H1 and an 

acceptor (Cy5) on H2. (B) HCR kinetics templated on various BTA concentrations containing 10% BTA-

DNA directly after adding 10 nM input. (C) HCR kinetics templated on the BTA polymer (5 μM, 10% BTA-

DNA) at different input concentrations. Experiments were performed with 50 nM H1 and 200 nM H2 in 

TAE/Mg2+ supplemented with 1 mg mL-1 BSA at 25 °C. 

end, the HCR was monitored in time directly after adding 10 nM input to a pre-incubated 

mixture containing various concentrations of BTA polymer composed of 10% BTA-DNA, 50 

nM H1 and 200 nM H2. A large excess of H2 was added to make sure that the opening of H2 

by H1 is not rate limiting. Figure 6.4B shows that in absence of the polymer scaffold the 

HCR is slow, resulting in a yield of only 30% after 3 hours incubation. In the presence of 

sufficiently high concentrations of supramolecular polymer, the HCR is significantly 

accelerated and reaches full conversion within one hour. Both the rate and the final yield of 

the BTA templated HCR are clearly dependent on the concentration of supramolecular 

polymer. Similar to the supramolecular polymer templated multi-input AND gates, this can 

be explained by a trade-off between a sufficiently large polymer surface to accommodate all 

HCR products and the inversely correlated effective concentration of the HCR reactants 

recruited to the supramolecular polymer, with an optimal BTA concentration of 5 µM.  
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Having determined the optimal polymer concentration, the BTA templated HCR was 

monitored in time after adding different concentrations of the input oligonucleotide to a pre-

incubated mixture containing 5 µM BTA polymer composed of 10% BTA-DNA, 50 nM H1 

and 200 nM H2 (Figure 6.4C). In absence of the input, no product is formed, confirming the 

stability of both hairpins and the absence of background activation. Upon the addition of 

increasing amounts of input, a clear increase in reaction yield is observed. Notably, when 

the input concentration exceeds 10 nM, the final emission ratio decreases. This effect is due 

to the formation of increasing amounts of smaller HCR products of which the donor of the 

initial H1 in the assembly is not neighboring an acceptor fluorophore. Interestingly, at low 

input concentrations (< 10 nM), the final yield of the HCR is dependent on the input 

concentration. As the input concentrations should only determine the amount and the 

inversely correlated length of the assembled product, this result is counter intuitive. 

Therefore we hypothesize that this input dependency could originate from two phenomena. 

First, malformed hairpins resulting from spurious synthesis errors and/or misfolding could 

act as chain stoppers that terminate the growth of the assembly. These effects become more 

dominant when less, but larger assemblies are formed.49,50 Second, when templated by the 

BTA polymer, the length of the HCR assembly could be dictated by the length and/or 

structural characteristics of the polymer scaffold itself. In other words, at low input 

concentrations the amount of input is not sufficient to trigger the HCR on all polymer fibers, 

yielding polymers with recruited H1 that are not assembled in HCR reaction products. 

To study the dependency of the HCR reaction on the input concentration in more detail, 

the final reaction products from figure 6.4C were analyzed optically using super-resolution 

fluorescence microscopy. Initial attempts to immobilize the supramolecular assemblies on a 

glass substrate via physical adsorption resulted in high background signals due to non-

specific adsorption of H2. To avoid this background binding, the glass substrate was 

passivated by coating with BSA-biotin conjugates, subsequently allowing the coverslip to be 

functionalized with the anti-handle sequence by sequentially flowing streptavidin and the 

bio-tin-functionalized anti-handle sequence in the flow-chamber. The BTA polymers 

decorated with the assembled HCR products could thus be selectively recruited to the 

coverslip surface via vacant BTA-DNA monomers present in the supramolecular polymer 

(Figure 6.5A). As H1 is hybridized to the supramolecular polymer both in the absence and 
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presence of the HCR, we used the Cy3 channel to image the BTA polymer backbone. Figure 

6.5B shows the Cy3 channel of BTA polymers with the HCR triggered by different 

concentrations of input imaged by total internal reflection microscopy (TIRF). Micrometer 

long fibrous structures are clearly resolved with little background signal, irrespective 

whether the HCR is triggered, showing that immobilized BTA polymers on the coverslip 

retain their overall polymeric morphology. Next, to visualize the formed HCR products at 

high resolution, the Cy5 channel (i.e. H2 in HCR product) was imaged using stochastic 

optical reconstruction micros-copy (STORM). Figure 6.5C shows the STORM analysis of the 

same region of interest as shown in figure 6.5B. In absence of input no Cy5 localizations are 

observed, confirming that no HCR products are formed. When initiated by the input 

oligonucleotide, fibrous structures are resolved that superimpose with the BTA polymer 

observed in the Cy3 channel, which confirms that the HCR reaction is indeed templated by 

the supramolecular BTA polymer. To determine whether the length of the HCR products is 

physically limited by the length of the supramolecular polymer template the STORM images 

were analyzed using a previously reported custom made Matlab script.36 This script traces 

individual BTA polymer backbones and subsequently determines the density of Cy5 

localizations along the polymer scaffold. Figure 6.5D-G show the traced polymer backbone 

and corresponding density of Cy5 localizations along the polymer for the boxed fibers in 

figure 6.5C, initiated by 1 nM or 5 nM input, respectively. When initiated by 1 nM input, the 

fiber contains multiple, individual clusters of localizations of ~250 nm in length. When the 

HCR is initiated by 5 nM input the Cy5 fluorescence becomes continuous along the entire 

fiber and individual clusters can no longer be observed (Figure 6.5F-G). Finally, analysis of 

multiple fibers reveals a clear increase in the number of localizations per µm fiber at 

increasing input concentrations, up to an input concentration of 5 nM (Figure 6.5H). In 

conclusion, the observation of short clusters when triggered by low concentrations of input 

suggests that the length of the HCR products is not physically limited by the length of the 

supramolecular polymers. The input dependency may therefore be due to the presence of a 

minor portion of malformed hairpins that terminate the growth of the assembly or the 

presence of assembly defects in the supramolecular polymer that result in kinetically 

trapped HCR assemblies. 



Accelerating DNA-based computing on a supramolecular polymer 

137 

Figure 6.5 | Fluorescence microscopy analysis of BTA polymer templated Hybridization Chain 

Reaction. (A) Experimental procedure to selectively recruit the BTA-DNA polymer with assembled HCR 

products to the glass coverslip. (B) Cy3 TIRF imaging of decorated BTA polymers immobilized on glass 

coverslips. The Cy3 labeled H1 is used to image the supramolecular polymer backbone. (C) Super-

resolution imaging using STORM of the HCR product templated on the supramolecular polymer. As H2 is 

only recruited to the polymer when incorporated in the HCR product, H2 represents the HCR product. (D) 

Traced BTA polymer backbone from the boxed cluster in (C), initiated by 1 nM input. (E) Histogram 

representing number of Cy5 localizations along the traces polymer backbone. Binsize = 50 nm. (F-G) 

Similar as (D-E) but for the boxed cluster shown in (C), initiated by 5 nM input. (H) Average count of 

localizations per μm fiber as a function of input concentration. Errorbars represent s.d. 

6.7 Conclusions 

In this work, we established the use of DNA-decorated supramolecular polymers as an 

attractive scaffold for DNA-based molecular computing. Recruitment of DNA reagents on 
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the BTA polymer resulted in a large increase of effective concentration, which accelerated 

strand displacement reactions by 2 orders of magnitude. In addition to this kinetic effect, 

stabilization of the reaction products by multivalent interactions with the supramolecular 

polymer also increased the thermodynamic driving force for strand exchange reactions. The 

general applicability of the BTA-DNA scaffold to increase the speed and efficiency of DNA-

based computing was demonstrated for multi-input AND gates and two well-established 

signal amplification strategies, CHA and HCR. The implementation of the supramolecular 

BTA polymer platform only required the elongation of DNA reactants with a 

complementary anti-handle sequence, without any further sequence optimization. The 

supramolecular nature of the BTA polymer allowed the scaffold composition to be easily 

optimized for each application, making our approach also applicable to other DNA-based 

computing system that are based on freely diffusing oligonucleotide reactants. In the present 

system exchange of BTA monomers is relatively slow (2-3 h), and the exchange of DNA 

reactants therefore results from rapid association and dissociation of the 10 nucleotide anti-

handle on the BTA-DNA backbone. Increasing the monomer exchange rates may allow the 

system to adapt the local density of DNA-handle strands during DNA computation, which 

might increase the adaptability of the system to cope with assembly defects.37 

Performing isothermal amplification reactions such as CHA and HCR on a BTA 

polymers may have other advantages besides increasing their speed. Thus far catalytic 

hairpin assembly could not be applied for signal amplification in single-molecule imaging, 

because the generated fluorescence diffuses away from the analyte. However, when 

templated the activated reporter is anchored to the supramolecular polymer and the 

fluorescent signal remains associated with the target. In this manner CHA could be used as 

an alternative to HCR for the amplification of immunosignals both in immune-assays and in 

antibody-mediated fluorescence imaging.48 Optimization of the hairpin sequences 

specifically for templated reactions may further increase the amplification speed, in 

particular for the CHA reaction. The CHA system used in this study contained an 8 

nucleotide long toehold for the catalyst binding to H1, which may have slowed down 

release of the catalyst from the intermediate ternary complex and thus limited the turnover 

number of the CHA. The templated CHA reaction could thus be further optimized by 

changing the size of this toehold or by tuning the affinity between the catalyst anti-handle 



Accelerating DNA-based computing on a supramolecular polymer 

139 

and the BTA-DNA handle to ensure efficient recruitment of the catalyst to the polymer in 

combination with rapid dissociation from the intermediate complex. 

In addition to their application in signal amplification for sensing, DNA-functionalized 

BTA polymers may also provide an attractive platform to construct autonomous systems 

that are able to detect external inputs and release molecular cargo, controlled by templated 

DNA-based molecular circuits. In these applications, the BTA-DNA scaffold would not only 

enhance the computational speed, but also act to confine and efficiently integrate various 

DNA-based modules developed for signal detection, signal processing and ligand release. 

Many applications of such systems can be envisioned, including the development of 

responsive biomaterials and smart drug delivery systems. Moreover, because the BTA 

polymer has already been demonstrated to efficiently transfect RNA into cells,51 BTA-DNA-

confined systems could be integrated with intracellular signaling pathways and 

programmed to interact with and control endogenous RNA and protein activities. 

6.8 Experimental sections 

Chemicals and Reagents. Solvents and reagents were purchased from commercial 

sources and used without further purification. The alkyne functionalized handle 

oligonucleotide was purchased from Base Click GmbH. All other oligonucleotides were 

obtained HPLC purified from Integrated DNA Technologies and dissolved upon arrival in 

TE buffer (10 mM Tris-HCl, 1 mM EDTA at pH 8.0). The concentration was determined by 

UV-VIS and the extinction coefficients specified by the manufacturer, after which the 

oligonucleotides were further diluted to a stock concentration of 50 µM and stored at -30 °C. 

The handle-functionalized BTA monomer (BTA-DNA) was synthesized as described 

previously.34 The supramolecular polymers were assembled by drying an appropriate 

amount of BTA-3OH in a glass vial under vacuum. Subsequently, an appropriate amount of 

BTA-DNA dissolved in water was added and the solution was stirred for 15 minutes at 

80 °C. Finally, the solutions were vortexed for 15 seconds and allowed to equilibrate at room 

temperature overnight. 

Assembly of DNA-circuit components. All multi-input AND gates were assembled by 

mixing 2.5 µM of the fluorescent base strand with 3 µM of all blocking strands in TAE/Mg2+ 

(40 mM Tris-HCl, 20 mM acetic acid, 2 mM EDTA, 12.5 mM magnesium acetate at pH 8.0.) 

and annealed from 90°C to 15°C in 1 hour. Similarly, complex X for the strand displacement 

and strand exchange reactions was obtained by annealing 2.5 µM of both strands in 

TAE/Mg2+ from 90°C to 15°C in 1 hour. All hairpin forming oligonucleotides for the HCR 
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and CHA were diluted in TAE/Mg2+ to a final concentration of 2.5 µM and annealed from 

90 °C to 15 °C in 1 hour. From these stock solutions fresh dilutions were made in TAE/Mg2+ 

supplemented with 1 mg mL-1 BSA or TNaK buffer (20 mM Tris-HCl, 140 mM NaCl, 5 mM 

KCl at pH 7.5) supplemented with 1 mg mL-1 BSA. 

Fluorescence kinetics characterization. All kinetic experiments were performed in a 384 

well plate with a final volume of 50 µL and measured with a Tecan infinite 500 plate reader 

equilibrated at 25 °C (or 37 °C for CHA). The strand displacement reactions were measured 

at 30 second intervals with a fixed gain and λex = 485 nm and λem = 520 nm. The obtained 

fluorescence intensities were normalized to concentration of displaced output using a 

calibration curve where various amounts of fully complementary input were incubated with 

20 nM complex X, showing a linear correlation between generated fluorescence and input 

concentration. The multi-input AND gates were measured at 5 minute intervals with a fixed 

gain and λex = 485 nm and λem = 520 nm. The CHA was measured at 1 minute intervals with 

λex = 485 nm and λem = 520 nm. The HCR was monitored by measuring ratio of the Cy5 

(λem,Cy5 = 670 nm) and Cy3 (λem,Cy3 = 590 nm) emissions while exciting at λex = 535 nm. 

Super resolution microscopy. The flow chamber for fluorescence microscopy was 

prepared similar to previous reports for super resolution imaging of DNA origami struc-

tures.52 In short, a flow chamber was constructed by adhering a glass microscope coverslip 

(Menzel-Gläser, no. 21 x 26 mm) to a glass slide separated by double-sided tape. Next, 25 µL 

of 0.5 mg ml-1 BSA-biotin (Thermo Fisher) in buffer A (10 mM Tris-HCl, 100 mM NaCl and 

0.05% (vol/vol) Tween 20 at pH 8.0 was flown in the chamber and incubated for 5 minutes. 

Subsequently, the flow chamber was washed with 40 µL buffer A and 25 µL of a 0.5 mg mL-1 

streptavidin (in buffer A) was added and incubated for 2 minutes. After washing with buffer 

A and buffer B (5 mM Tris-HCl, 10 mM MgCl2, 1 mM EDTA and 0.05% (vol/vol) Tween 20 at 

pH 8.0), 25 µL of a 100 nM anti-handle-biotin solution in buffer A was flown in the chamber 

and incubated for 2 minutes. Finally, after washing with 40 µL buffer A and 40 µL buffer B, 

25 µL sample was flown in the chamber and incubated for 2 minutes. Before TIRF and 

STORM analysis the flow chamber was washed with 40 µL imaging buffer (50 mM Tris-HCl 

pH 7.0, and oxygen scavenging system (0.5 mg mL-1 glucose oxidase, 50 µg mL-1 catalase), 

10% (w/vol) glucose and 10 mM 2-aminoethanethiol). Storm and TIRF images were acquired 

with a Nikon N-STORM system. Cy3 and Cy5 were excited using a 561 and 647 nm laser, 

respectively. Fluorescence was collected by means of a Nikon x100, 1.4NA oil immersion 

objective and passed through a quad-band pass dichroic filter (97335 Nikon). Images were 

recorded with an EMCCD camera (ixon3, Andon, pixel size 0.165 µm). The movies were 

subsequently analyzed with the STORM module of the NIS element Nikon software. The 

localizations generated by the Nikon software were subsequently analyzed using a 

previously described custom made Matlab script.36 
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Table 6.1 | Oligonucleotide sequences 
Strand name Sequence Experiments 

BTA-DNA handle (x’) 5’- GTAACGACTC-Alkyne -3’ 

Base (x-m5’-S’-n5’) 5’- GAGTCGTTAC TTTTT GCAGA CGTAGGGTATTGAAT GTGCT-IBQ -3’ Strand 

exchange Output (n5-S) 5’- FAM-AGCAC ATTCAATACCCTACG -3’ 

In (4,4) (x-n1-S-m4) 5’- GAGTCGTTAC TTTTT CATTCAATACCCTACG TCTG -3’ 

In (3,3) (x-n2-S-m3) 5’- GAGTCGTTAC TTTTT ACATTCAATACCCTACG TCT -3’ 

In (2,2) (x-n3-S-m2) 5’- GAGTCGTTAC TTTTT CACATTCAATACCCTACG TC -3’ 

In (4,0) (x-n1-S-m5) 5’- GAGTCGTTAC TTTTT AGCAC ATTCAATACCCTACG TCTG -3’ 

In (3,0) (x-n2-S-m5) 5’- GAGTCGTTAC TTTTT AGCAC ATTCAATACCCTACG TCT -3’ 

In (2,0) (x-n3-S-m5) 5’- GAGTCGTTAC TTTTT AGCAC ATTCAATACCCTACG TC -3’ 

4-input Gate (S’-d’-

S’-c’-S’-b’-S’-a’) 

5’- FAM-CATCCATTCCACTCA AGTGCT CATCCATTCCACTCA TTAGCG 

CATCCATTCCACTCA AATGAG CATCCATTCCACTCA CCTCTAG -3’ 

Multi-input 

AND gate 

3-input Gate (S’-c’-

S’-b’-S’-a’) 

5’- FAM-CATCCATTCCACTCA TTAGCG CATCCATTCCACTCA AATGAG 

CATCCATTCCACTCA CCTCTAG -3’ 

2-input Gate (S’-b’-

S’-a’) 

5’- FAM-CATCCATTCCACTCA AATGAG CATCCATTCCACTCA CCTCTAG 

-3’ 

Block Q (S) 5’- TGAGTGGAATGGATG-IBQ -3’ 

Block B (S-b) 5’- TGAGTGGAATGGATG CTCATT -3’ 

Block C (S-c) 5’- TGAGTGGAATGGATG CGCTAA -3’ 

Block D (S-d) 5’- TGAGTGGAATGGATG AGCACT -3’ 

Input A (x-a-S) 5’- GAGTCGTTAC TTTTT CTAGAGG TGAGTGGAATGGATG -3’ 

Input B (x-b-S) 5’- GAGTCGTTAC TTTTT CTCATT TGAGTGGAATGGATG -3’ 

Input C (x-c-S) 5’- GAGTCGTTAC TTTTT CGCTAA TGAGTGGAATGGATG -3’ 

Input D (x-d-S) 5’- GAGTCGTTAC TTTTT AGCACT TGAGTGGAATGGATG -3’ 

H1 (x-a-b-c-d-c’-b’-e) 5’- GAGTCGTTAC TTTTT GTCAGTGA GCTAGGTT AGATGTCG 

CCATGTGTAGA CGACATCT AACCTAGC CCTTGTCATAGAGCAC -3’ 

Catalytic 

Hairpin 

Assembly H2 (x-c-d-c’-b’-d’) 5’- GAGTCGTTAC TTTTT AGATGTCG TCTACACATGG CGACATCT 

AACCTAGC CCATGTGTAGA -3’ 

Catalyst (x-d-S) 5’- GAGTCGTTAC CGACATCT AACCTAGC TCACTGAC -3’ 

RepF (x-d-S) 5’- FAM-CGAGTGCTCTATGACAAGG GCTAGGTT -3’ 

RepQ (x-d-S) 5’- CCCTTGTCATAGAGCACTCG-IBQ -3’ 

H1-cy3 (x-a’-S’-b’-S) 5’- GAGTCGTTAC TTTTT TTAACC CACGCCGAATCCTAGACT-cy3-

CAAAGT AGTCTAGGATTCGGCGTG -3’ 

Hybridization 

Chain 

Reaction H1 (x-a’-S’-b’-S) 5’- GAGTCGTTAC TTTTT TTAACC CACGCCGAATCCTAGACT CAAAGT 

AGTCTAGGATTCGGCGTG -3’ 

H2-cy5 (S-a-S’-b) 5’- cy5-AGTCTAGGATTCGGCGTG GGTTAA CACGCCGAATCCTAGACT 

ACTTTG -3’ 

Input (S-a) 5’- AGTCTAGGATTCGGCGTG GGTTAA -3’ 

Biotin (x’) 5’- GAGTCGTTAC TTTTT – Biotin -3’ 
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Introduction  

The work presented in this thesis focused on the design and implementation of DNA-

based strategies to sense and control protein activity. The well-defined structural properties 

of DNA and the programmable nature of DNA hybridization were successfully combined 

with protein engineering and supramolecular polymers to yield hybrid systems with 

attractive properties for sensing, molecular computing and the actuation of antibody 

therapeutics. Moreover, the use of DNA as a common molecular building block provides 

many exciting opportunities to fruitfully combine these systems in the field of 

bionanomedicine. Following a short overview of the most important results of my work, I 

will discuss some examples of such possible applications and identify key hurdles that need 

to be overcome to realize their full potential. 

 

In Chapter 2, I describe the development of BRET beacons based on a DNA-luciferase 

hybrid for oligonucleotide detection. In addition to the use of BRET beacons in molecular 

diagnostics, these DNA-luciferase hybrids also proved useful as sensitive alternative for 

fluorescent readout of DNA based circuits. In chapter 3, antibody-templated strand 

exchange was introduced as a general approach that allows antibodies to serve as inputs for 

DNA-based systems by translating the antibody into a specific oligonucleotide sequence, 

representing an important step to integrate antibody-based diagnostics with DNA-based 

molecular computing. Chapter 4 described the implementation of DNA triple helices as pH-

sensitive domains in bivalent peptide-DNA ligands, providing a generic and non-covalent 

approach to reversibly control antibody activity by pH. The sequence dependent pH-

response of the DNA triple helix allowed precise tuning of antibody activation over a range 

in pH values. As a first application, these DNA-controlled antibody complexes were used 

for pH-dependent selective targeting in a single-cell microfluidic droplet system, based on 

the metabolic activity of the tumor cells. Finally, chapter 5 and 6 introduced supramolecular 

BTA polymers as a platform to scaffold and confine DNA-based molecular circuits and 

oligonucleotide functionalized proteins. By recruiting these reactants to the polymer 

platform their interaction was enhanced to promote the speed of DNA-based calculations 

and induce the association of protein-protein interactions. 
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Integrated systems for autonomous sensing, signal processing and actuation 

Given the universal design rules of oligonucleotide hybridization, current and future 

DNA-based systems can be readily integrated, giving rise to systems that harness multiple 

functionalities such as sensing and actuation with promising applications in 

bionanomedicine and theranostics. In chapter 3 the antibody-templated strand exchange 

reaction was already integrated with a DNA-based logic gating and DNAzyme-mediated 

signal amplification. However, these signal processing modules were found to be slow as 

the reactants of the individual modules freely diffused. Combining the antibody-templated 

strand exchange reaction with the supramolecular BTA polymer will allow straightforward 

integration of antibody (and antigen) sensing with the already established BTA templated 

AND gates. Moreover, this provides interesting opportunities to amplify the DNA-based 

output of the antibody-templated strand exchange reactions by BTA templated amplification 

circuits such as the catalytic hairpin assembly and hybridization chain reaction.  

The current systems are monitored via fluorescence readout, which is challenged by 

autofluorescence and scattering when applied in complex biological matrices. As an 

alternative to fluorescence readout the DNA-luciferase hybrid can be integrated as readout 

module. The DNA-luciferase hybrid can be integrated following three approaches. First, the 

sequence of the BRET-beacon design as in chapter 2 can be adapted to allow the output 

sequence to bind and open the BRET-beacon, resulting in a decrease in BRET. Second, the 

output sequence can induce the recruitment of the DNA-luciferase hybrid to the BTA 

polymer, resulting in accumulation of luminescence at the polymer platform. This will be of 

particular interest for imaging purposes. Third, the DNA-luciferase hybrid can be integrated 

in one of the two hairpins of the hybridization chain reaction to facilitate a BRET increase as 

the hybridization chain reaction proceeds. 

Redesigning the polymer templated hybridization chain reaction such that it induces the 

release of therapeutic molecules from the polymer would yield a theranostic system that is 

able to sense antibodies or their antigens and translate them into DNA-based signals, 

process these signals, and finally result in the amplified release of the therapeutic molecules 

(Figure 7.1). As such, the bivalent peptide-DNA ligands that control the activity of 

antibodies could be integrated with DNA-circuits templated by the BTA polymer to yield a 
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system that releases antibodies as the processed signals migrate along the polymer 

backbone.  

 

 

Figure 7.1 | Integrating multiple modules on the supramolecular BTA polymer. Multiple modules 

presented in this thesis can be integrated by anchoring to the supramolecular BTA polymer. E.g. the 

output oligonucleotide of the antibody-templated strand exchange reaction, that converts an antibody-

input to DNA-based output, can be used as input for BTA templated multi-input AND gates, catalytic 

hairpin assembly or hybridization chain reaction. Similarly, the DNA signals processed on the BTA 

polymer can actuate bivalent peptide-DNA ligands to release therapeutic molecules, proteins or 

antibodies, or promote protein-protein interactions as described in chapter 5.   

 

BTA-DNA polymers as a universal scaffold in bionanomedicine  

The BTA-DNA platform described in this thesis uses a 10 nucleotide receptor strand to 

recruit oligonucleotides and protein-DNA conjugates to the polymer platform. As such, this 

10 nucleotide receptor strand provided sufficient thermodynamic driving force to recruit the 

majority of reactants, while allowing fast migration along the polymer via rapid dissociation 

and association of the anti-handle strands. However, for applications where the system is 

extensively diluted, a stronger anchoring to the polymer may be required. This could be 

achieved simply by increasing the length of the receptor strand. However, as a consequence 

the kinetics of migration along the polymer would be attenuated. As an alternative, a 

multivalent anchor similar to the bipedal walkers in chapter 1 could be used to recruit the 

oligonucleotides to the polymer. Using short legs allows the walker to dynamic move due to 

rapid association and dissociation of individual legs, while the multivalent nature of the 

interaction would increase the stability of anchoring to the polymer.3,4  

Rather than controlling the system’s properties via the handle anti-handle interaction, the 

dynamics of the supramolecular polymer itself could also be controlled by tuning the size of 
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the aliphatic spacer of the BTA monomers.5 Increasing the monomer exchange rate of the 

supramolecular polymer to more closely match the timescale of templated DNA-based 

circuits might allow the system to adapt the local composition of the polymer. This could 

increase the adaptability of the system to cope more efficiently with assembly defects. 

Additionally, other water soluble supramolecular polymer designs can be explored as 

recruitment platform, such as discotics6,7  or peptide amphiphiles.8,9 

 

Applications in complex biological environments 

 The BTA-polymer has previously been used to transfect RNA into living cells.10 This 

transfection efficiency in combination with the ability to specifically recruit nucleic acids, 

antibodies and proteins on the BTA polymer provides the unique opportunity to transport 

these reactants inside cells. While transfecting antibodies into living cells enables by itself 

interesting biological applications, now sophisticated systems that interact with endogenous 

nucleic acids and proteins are also within reach.11,12 As such, an autonomously operating 

system can be envisioned that continuously evaluates combinations of specific proteins 

present inside the cell, and after processing these signals initiates an amplified release of 

small interfering RNAs from the polymer platform, or induces the recruitment of specific 

proteins to the polymer by activation of recruited antibodies or aptamers. 

 Applying oligonucleotide based systems in complex biological matrices comes with 

additional challenges. Particularly, the presence of nucleases can result in degradation of the 

synthetic nucleic acids comprising the system.13 In order to avoid this degradation, 

chemically modified analogs of nucleic acids could be employed such as phosphorothioate 

or 2’MeO functionalized DNA, locked nucleic acids (LNA) or L-DNA.14–16  A number of 

studies have successfully used modified oligonucleotides in intracellular dynamic strand 

displacement circuits.17,18 However, the thermodynamics of Watson-Crick base pairing of 

chemically modified oligonucleotides is often sequence dependent and different from 

standard DNA.19,20 Implementing nuclease resistance in the systems described in this thesis 

via the use of modified oligonucleotides would therefore require additional systematic 

optimization of duplex and toehold lengths.  

The bivalent peptide-DNA ligands that control the activity of antibodies governed by 

changes in pH employ DNA triple helices as pH-responsive domain. Introducing chemically 
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modified nucleotides in these bivalent ligands is particularly challenging as it has been 

reported that introduction of chemically modified nucleotides in triplex-forming 

oligonucleotides can both stabilize and abolish the formation of the triple-helix, strongly 

dependent on the position of the modifications.21 Therefore, chemically modifying the 

triplex forming bivalent ligands will most likely require more extensive optimization. In this 

case an alternative strategy to increase nuclease resistance would be to use L-DNA, the 

enantiomer of the naturally occurring D-DNA. Importantly, the thermodynamic properties 

of a triple helix formed by L-DNA should be identical to a D-DNA triple helix. Moreover, L-

DNA is unable to hybridize with D-DNA, introducing inherent orthogonality from 

endogenous nucleic acids. While orthogonality between natural D-DNA and L-DNA might 

be useful for some applications, the implementation of autonomous bionanomolecular 

systems will typically rely on endogenous nucleic acids as inputs or circuit components. 

Kabza et al. showed that peptide nucleic acids (PNA) can act as an achiral, sequence specific 

mediator between the two enantiomers, which would allow the specific interaction of L-

DNA based circuit components with endogenous nucleic acids.18  

 In this thesis new systems such as the antibody-templated strand exchange reaction and 

pH-responsive bivalent ligands have been developed to sense and control the activity of 

antibodies. In these systems model antibodies were used for which linear peptide epitopes 

with high binding affinity for the antibody were known. Due to the generally applicable 

design principles, the range of target antibodies can be expanded, including therapeutic 

antibodies. One therapeutic antibody of specific interest is the immune checkpoint inhibitor 

Nivolumab, which promotes a T-cell response to tumor cells by binding to the programmed 

cell death protein 1 (PD1) on the T-cell.22 Nivolumab treatment has proven to be effective for 

patients with metastatic melanoma.23 However, side effects caused by immune-related 

adverse events are common.24 To increase the specificity of Nivolumab in cancer treatment, 

the pH-responsive bivalent peptide-DNA ligand described in chapter 4 could be redesigned 

to conditionally activate Nivolumab upon a decrease in pH (i.e. in the vicinity of tumor 

tissue). However, as for many therapeutic antibodies, Nivolumab relies on the recognition of 

a discontinuous epitope, making rational design of linear peptide epitopes challenging.25,26 

One approach would be to screen peptide libraries to generate high affinity mimitopes for 

these antibodies, an approach successfully pursued in our group for the therapeutic 
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antibody Cetuxmab.27 However, this strategy can be time consuming and the affinity of the 

mimitope peptides is not always sufficient to ensure efficient bivalent blocking. Another 

possibility that would be worth exploring is to use a complete protein domain as recognition 

element. In the case of Nivolumab this would involve recombinant expression of the 

extracellular domain of the PD1 protein and subsequent conjugation to an oligonucleotide 

using either cysteine-maleimide conjugation or click chemistry based on non-natural amino 

acid incorporation. In addition to aiding the development of generally applicable strategies 

to control the activity of antibodies, this will also allow the implementation of the antibody-

templated strand exchange to accept a larger scope of antibodies or their antigens.  
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Protein sensing and actuation using DNA-based molecular systems 

Its well-defined mechanical properties, programmable molecular interactions and highly 

automated synthesis render deoxyribose nucleic acid (DNA) a versatile material for the 

construction of well-defined, three-dimensional structures and sophisticated molecular 

circuits. The key advantage of DNA-based molecular systems is that they are intrinsically 

compatible with biological systems, ultimately allowing them to be used in intelligent 

autonomous theranostic devices. However, to implement DNA-based molecular systems in 

circuits that are able to sense and control their environment, it is crucial that they are able to 

interact with protein-based inputs and outputs. This thesis aimed to develop generally 

applicable strategies that allow protein activity to control the input of DNA-based molecular 

circuits, or allow their DNA-output to control downstream protein activity. Moreover, to 

efficiently integrate these functional modules, supramolecular polymers were explored as a 

dynamic platform to recruit and confine protein and DNA reactants.  

In chapter two we harnessed the robust and programmable design principles of the 

classical molecular beacon with the advantages of bioluminescence detection by developing 

a luciferase-DNA hybrid nucleic acid sensor. Using bioluminescence resonance energy 

transfer (BRET) between the bright luciferase Nanoluc and a synthetic acceptor fluorophore, 

sensitive, ratiometric readout was achieved. These so-called BRET-beacons allowed 

detection of pM concentrations of nucleic acids directly in complex media, without the need 

for pre-amplification or purification of the analyte. Moreover, the BRET-beacon proved to 

provide an attractive, sensitive readout for DNA-based molecular circuits. 

The work described in chapter three involved the development of the antibody-templated 

strand exchange reaction (ATSE) as a generic method to translate the presence of an 

antibody into a specific oligonucleotide sequence. This new method allows antibodies – 

which can be generated to bind with high specificity and affinity to virtually any molecular 

target – to be used as specific inputs for DNA-based molecular circuits. Based on a detailed 

characterization of the ATSE reaction a comprehensive model was established that describes 

the kinetics and thermodynamics of ATSE as a function of toehold length, antibody–epitope 

affinity and concentration. ATSE enables the introduction of complex signal processing in 

antibody-based diagnostics, as was demonstrated by constructing molecular circuits for 
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multiplex antibody detection, integration of multiple antibody inputs using logic gates and 

actuation of DNA-directed enzymes and DNAzymes for signal amplification. 

Chapter four reports the development of pH-responsive bivalent peptide-DNA ligands to 

reversibly control the activity of monoclonal antibodies in a non-covalent fashion. Triple-

helical DNA structures were implemented as pH-responsive linkers in three new designs of 

the bivalent peptide-DNA ligands. Two approaches allowed antibody activation by an 

increase in pH, of which one required an additional nucleic acid trigger. The third ligand 

design governed antibody activation upon a decrease in pH. This ligand design was 

subsequently used to target a monoclonal antibody to mammalian cells, allowing antibody 

targeting below a user definable pH. Finally, initial proof-of-concept studies were carried 

out where this system was integrated with a microfluidic droplet setup to evaluate the 

metabolic activity of cells at single-cell resolution. Ultimately, this could allow the detection 

and isolation of single circulating tumor cells from liquid biopsies. 

In chapter five supramolecular benzene-1,3,5-tricarboxamide (BTA) polymers were 

functionalized with DNA handles to allow the transient recruitment of DNA-conjugated 

proteins. Governed by the dynamic nature of the supramolecular polymer, features such as 

plasticity and reversibility typical for natural platforms were emulated. Specific recruitment 

of an enzyme-inhibitor pair to the supramolecular polymer was achieved by addition of 

their complementary recruiter oligonucleotides. Recruitment of both proteins resulted in a 

1000-fold increase in protein complex formation. 

Finally, in chapter six the remarkably robust DNA-decorated BTA polymers were 

employed as a template for DNA-based molecular circuits. By exploiting the increase in 

effective concentration upon selective recruitment of DNA circuit components to the 

supramolecular template, the kinetics of DNA-based molecular circuits were accelerated up 

to two orders of magnitude. Additionally, bivalent interactions between the final reaction 

product and the supramolecular polymer further promoted strand exchange reactions. The 

general applicability of accelerating DNA-circuits by selectively recruiting their components 

to the supramolecular BTA polymer was shown by templating multi-input AND gates, 

catalytic hairpin assembly and a hybridization chain reaction.  

In conclusion, this thesis described the design and construction of multiple strategies to 

sense and control the activity of proteins via DNA-based molecular systems. Moreover, 
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supramolecular polymers were introduced as a recruitment platform for proteins and DNA-

circuit reactants. Using DNA as a common molecular building block allows the integration 

of multiple modules into sophisticated circuits. The work described in this thesis paves the 

way for the construction of confined, bionanomolecular systems that autonomously sense, 

process and control their environment, with future applications in bionanomedicine. 
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