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Abstract: 

DNA origami are nanostructures designed based on Watson-Crick base-pairing 
that fold a scaffold into non-arbitrary morphologies using an excess of linear single-
stranded DNA "staples". As an engineered nanomaterial (ENM) with great 
customizability, DNA origami also enjoys the benefit of naturally encoded and well-
studied structural and functional properties. The flexibility of different folding patterns 
allows for construction of a wide variety of shapes and sizes of DNA origami, showing 
potential applications in fields such as medicine, biocomputing, biomedical engineering , 
and measurement science. Despite the successes as a functional nanomaterial, a major 
barrier to the applicability of DNA origami rests in the lack of pure, well-folded 
structures. As such, the development of different purification techniques is essential to 
support the rapid development of the material toward a vast scope of applications. 

Current techniques to purify DNA origami from excess precursors (staples), 
misfolded structures and other impurities have shown low yields, low scalability, 
tendency for aggregated samples, and lack optimization for automation. Capillary 
electrophoresis (CE) has previously shown effective separation of single-stranded DNA 
based on differences of size and charge in a manner similar to gel electrophoresis, but 
with the added benefit of automation and more substantial control and detection 
throughout the separation. The development of CE as a purification technique for DNA 
origami is investigated in this study, where a highly reproducible separation between 
folded DNA origami from excess DNA staples was achieved by manipulating and 
understanding the effect of buffer conditions , capillary specifications , and injection 
paramet ers on the electropherogram profile. 

Specifically , CE was investigated under both capillary zone electrophoresis (CZE) 
and capillary transient isotachophoresis (ctlTP) modes, and optimization of both systems 
yielded baseline resolved separations of DNA origami from the staple strands. The ctlTP 
system demonstrated superior performance in terms of decreasing band broadening, 
improving resolution, and improving the Gaussian charact er of migration peaks. Further, 
the optimized ctlTP separation was used in a fraction collection procedure, where the 
resulting fractions were imaged by atomic force microscop y (AFM) for ofiline validation 
of purified structur es. However, issues with the intercalating dye and origami aggregation 
were suspected to impede the imaging process. The reproducibility of the fraction 
collection procedure was validated to show a highly linear relationship between the peak 
area of a reinjection of pooled sample and the number of pooled fractions. An approach 
to calculating the percent yield of CE-based purification was attempted but requires 
further validation. Continued exploration and analysis of CE for the purificatio n of DNA 
origami could thus lead to a novel , promising, and efficient tool to advance the field as a 
whole. 
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Chapter 1: Introduction 

The functional advantages and properties of nanoscale materials are well 

documented, and the development of engineered nanomaterials (ENMs) remains a 

rapidly evolving topic that spans many scientific fields. 1•
2 Research related to ENMs has 

typically focused on metal nanoparticles, nanotubes, quantum dots, or the integration of 

biomolecules with these materials. However, the use and study of biomolecules 

(bionanotechnology) such as aptamers and DNAzymes have also been favored for the 

benefit of their naturally encoded structural and functional properties. 3•
4 

Bionanotechnology has widespread applications in medicine, bioelectronics, biocatalysis, 

and agriculture as novel tools or solutions to combat biological and environmental 

issues.5 For example, nanostructures made from DNA have enormous potential in 

applications such as drug-delivery, bio-sensing, protein functionalization, scaffolding, 

programmable circuitry, enzyme cascades and more. 6 

The one-pot, bottom-up assembly of DNA nanostructures developed by 

Rothemund in 2006, so-called "DNA origami", is widely used today for the synthesis of 

complex DNA nanostructures. 7 However, current techniques to purify DNA origami from 

precursors and other impurities have shown low yields, low scalability, tendency for 

aggregated samples, and generally lack optimization for automation. Herein, the 

development of capillary electrophoresis as a purification technique for DNA origami is 

described and shown to be a possible alternative to current methods. 
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1.1: What is DNA origami? 

1.1.1: Background, Synthesis and Characterization 

The biological functions, interactions and strncture of the double helical 

g_eoxyribogucleic ~cid (DNA) have been studied in depth since its isolation by Miescher 

in 1869.8 Aside from studying the roles of DNA in vivo, the well elucidated structural 

features of DNA have inspired the manipulation of DNA molecules in bottom-up 

approaches to build ENMs. DNA itself is a suitable construction material through the 

specificity of arrangement via Watson-Crick base pairing, where DNA strands interact by 

the simple pairing of nucleotide (nt) bases (adenine with thymine, guanine with cytosine). 

The selectivity of base pairing and the programmable sequencing of DNA 

oligonucleotides allow for controlled nanoscale foldin g of non-arbitrary morphologies 

that can be two- or three-dimensional. 2 

Specifically , short "staple" DNA oligonucleotides (typically 15-60 nt long) fold a 

long "scaffold" (900-8000 nt long) of single stranded DNA (ss-DNA) into complex 

structures stabilized by 

thousands of base pair 

interactions. 9 The design of 

DNA origami can be considered 

as large composites of double 

crossover motifs, which consist 

of two juxtaposed four-way 

junctions joined together by two 

double-helical domains. 2 In the 

case of the origami , the scaffold 

DNA scaffold 

~s?~ 
)'-! l Scf'I 

Staple strands 
DNA origami 

Figure 1. Illustration of structure and folding of DKA 
origami. The scaffold (shown in orange) forms the backbone 
of the structure, and the staple strands (blue) holds the 
structure together by binding via complementary base pairing 
to multiple regions on the scaffold . Reproduced from Liu et 
al., 2012 .12 
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runs back and forth in a raster fill fashion and the adjacent portions are held together by 

staple strands to form different crossovers (Fig 1).1 Typically, the staples bind three 

adjacent helices with crossovers every 3 2 nt when 1. 5 tum spacing is used. 1 The 7249 nt 

long, circular and single stranded genomic DNA of the well-characterized M13mp18 

virus is widely used as the scaffolding for origami. 10- 12 This is due to the cost efficiency, 

simplicity and convenience in extraction of predetermined long strands from 

bacteriophage M 13 compared to chemically synthesized strands. Furthermore, other 

methods such as hierarchical assembly and polymerase chain reaction based approaches 

are usually limited to production on the microgram scale, and remain in 

development. 11.13- 15 The M 13 genome is mixed with a 100-fold excess of 200-250 staples 

meticulously crafted by a computer aided design program, and annealed from 95°C to 

20°C in less than 2h to form DNA origami. 7 Synthesis techniques and strategies vary for 

different desired morphologies of origami, and the development of cost efficient, scalable 

and high yield syntheses remains a focus of research. 16- 19 

Characterization of formed DNA origami is conventionally done through various 

imaging techniques such as atomic force microscopy (AFM), electron microscopy, 

fluorescence microscopy and super-resolution microscopy. AFM is the most widely used 

technique due to the high sensitivity and resolution of imaging for structural features, 

versatility in measurable parameters in morphology and material properties , and cost 

efficiency. 20•21 AFM utilizes a silicon-based laser beam illuminating a sharp probe , which 

scans over the surface of the sample. This sample must be bound to freshly cleaved mica 

to obtain a scan with reference to an atomically flat surface. The deflection of the beam 

from van der Waals and ionic forces between the probe and sample are correlated to the 
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height of the surface structure, providing an image of the mapped surface. 22 For 

biological molecules and samples prepared in buffer, intermittent contact or a "tapping" 

mode with an oscillating tip is employed for more gentle analysis. Analysis by AFM can 

image height differences below the nanometer range, and continued work toward 

visualizing sub-structural features and dynamic processes have shown great potential. 23•24 

Transmission electron microscopy (TEM) , fluorescence microscopy and super-resolution 

microscopy have been employed to overcome issues with AFM for 3-dimensional 

structural analysis, imaging of fast dynamical processes, and probing of single-mol ecule 

interactions respectively. 25•26 Yet, these techniques also require invasive and tedious 

sample preparation, high background signals, cost, and sample specific requirements that 

hinder widespread applicability. 20 Other more specific characterization techniques such 

as gel electrophoresis or melting curves are also used to provide more detailed 

information on structural and thermal stability if required. 27 

1.1.2: Applications of DNA 01igami 

Synthesis of DNA nanostructures by the bottom-up DNA origami method 

incorporates the specificity and functional capacity that top-down fabrication of DNA 

structur es provid es but allows these capabiliti es on the nanoscal e. Unfortunat ely, the 

M13MP18-based origami scaffold limits the origami size and the folding patterns 

available, which in tum restricts the scalability and functional properties of the origami 

and the synthesis of more complicated origami for use in nanodevices. Even still, the 

flexibility of different pathways of folding allows for constructi on of a wide variety of 

shapes and sizes of DNA origami with potential appli cations in areas such as 

biocomputing, medicine, biomedical engineering, and materials science. The diverse 
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applications of two origami structures, the DNA tetrahedron and DNA tile, which were 

studied in this work, are described in detail below. 

Figure 2. IDustra1ion of DNA tetrahedron (left) and 
AFM images of formed DNA tetrahedra (right). 
Reproduced from Hernandez-Garcia et al., 2016. JJ 

The DNA tetrahedron stands 

out among other commonly studied 

shapes (e.g., octahedra, cubes, and 

tubes) as a functional structure for 

chug delivery and biomedical 

applications due to its mechanical 

robustness, simplicity, high yield and 

stereoselectivity. 23- 3o The tetrahedt·on consists of four stmcturally rigid triangles 

covalently joined at the vertices (Fig 2). The edges are formed by four 5.5 nt long ssDNA 

strands that hybridize to form double helices. 30•31 Previously, the development of the 

tetrahedron has focused on in vitro applications such as biosensors and nanodevices, but 

in vivo applications to study cellular metabolism, disease mechanisms, drug delivery and 

diagnostics have been more prevalent in recent years. 32•33 Some examples of their use as 

biosensors include as a nanotweezer for the detection of tumor-related mRNA and as a 

multiplexed imaging and detection probe of cellular metal ions. 34•35 Meanwhile, in vivo 

studies of their application for cancer immunotherapy, photodynamic therapy and 

targeted drug delivery take advantage of the tetrahedron's ability to permeate the cellular 

membrane, its biocompatibility and its flexibility for site specific functionalization. 28•33•36 

For instance, DNA tetrahedra have been used for the targeted delivery of CpG 

oligodeoxynucleotides as an ideal vaccine for immunotherapy, where the origami 

remains intact in living cells for several hours without affecting the uptake of the 
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vaccine.37 Another application reported tumor-targeting DNA tetrahedra as caniers for 

doxorubicin delivery, where targeted entry of cancer cells via endocytosis showed 

enhanced drug accumulation in tumors. 38 As such, the tetrahedron shape has great 

potential to provide novel solutions to biological issues. 

The more simplistic, customizable design of a rectangular shaped DNA tile is 

useful as a template or framework in widespread applications across nanoelectronics and 

molecular chemisby. DNA tiles are typically 

designed in a raster fill pattern to achieve a 

target 2D shape, with neighboring helices 

held together by crossovers that are 32 base 

pairs apart.39 (Fig 3). For instance, aptamer-

binding directed DNA origami patterns have 

been designed as a series oflogic gates that 

respond to adenosine triphosphate (A 1P) and 

cocaine as input signals.40 Based on the 
Figure 3. AFM image of a Notched Rectangle 
DNA tile taken obtained by coll ab orator Jacob 
Majikes (NIST). 

filling of different cavities on the DNA tile, the inputs generate different patterns and 

fluorescence signal outputs, showing potential for customized biosensing and molecular 

computing. DNA tiles have also been explored for the purpose of metrological 

applications, where the high reproducibility and robustness of their structures make them 

useful as a ruler for other nanoscale structures.41•
42 Other applications have used DNA 

tiles to arrange proteins into different geometric patterns based on the properties of 

aptamer-directed assembly.43 Similarly, the immobilization of virus capsids, carbon 

nanotubes, and metal nanoparticles on DNA tiles have also been studied to build toward 
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further applications that involve specific arrangements of biomolecules. 43--47 The 

structural simplicity of the DNA tile lends itself as a fundamental base in development 

toward nanoelectronics and molecular chemistry. 

1.1.3: Separation and Purification Techniques for DNA Origami 

During DNA origami synthesis, the staple strands and added functional groups are 

typically added in excess, so removal of these construction materials from the folded 

DNA origami is essential to avoid interference in further experiments and applications. 9 

Most existing methods for the purification of ssDNA would lead to denaturation or 

destruction of DNA nanostructures, and applicable techniques have not been optimized to 

maintain pH, temperature and salt conditions for large volumes of DNA origami. 48 Thus, 

developing an optimal purification technique for formed DNA origami remains a 

pertinent subject for the field. Current purification techniques for DNA origami include: 

gel electrophoresis, polyethylene glycol (PEG) precipitation, ultrafiltration, 

sedimentation, magnetic bead capture and size exclusion chromatography (SEC). 9 

Agarose gel extraction is regarded as the most standard method for purifying 

DNA origami, where molecules are separated based on size and charge when moving 

through an agarose matrix under constant electric field. Since the phosphate backbone of 

the DNA molecule is negatively charged, DNA fragments will migrate to the positively 

charged anode when placed in an electric field. 49 The uniform mass-to-charge ratio 

indicates that DNA molecules are separated by size such that the distance traveled is 

inversely proportional to the log of its molecular weight. 50 The gel is then exposed to UV 

light for observation of the resulting fluorescent bands. As such, a target species can be 

extracted from a band by excising a gel slice containing the formed DNA origami, which 
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is further extracted by subsequent mechanical or chemical destruction of the gel to low 

recovery yields of 20-40%. 9•51 Recent advances have demonstrated as high as 71 % 

recovery yields, but have yet to be reproduced for other types of nanostructures. 52 

Although gel purification of DNA origami is simple, it is limited by low yields, lack of 

automation, and laborious desalting or concentration steps. 

Ultrafiltration, sedimentation and PEG precipitation techniques all utilize some 

form of centrifugation combined with either a filtration membrane, density gradient 

media, or a crowding agent, respectively. The pelleting or concentration of samples leads 

to a higher tendency to smear and aggregate the samples during the centrifugation 

progress , which can be detrimental for certain applications. 48 These techniques are 

generally time efficient and have high recovery yields but require support from other 

techniques to characterize possible damage. 

Ultrafiltration utilizes a regenerated cellulose membrane with a molecular weight 

cutoff, which retains large DNA origami structures while allowing small contaminants to 

flow through. 48 Sample recovery is then typically achieved through spinning the inverted 

membrane and filter for a short time on a benchtop centrifuge. The ionic strength of the 

samples have a substantial effect on the recovery yield of ultracentrifugation, where the 

technique can remove excess strands at above 90% yield only with low ionic strength. 

However, ultrafiltration is not as scalable as other centrifugation methods due to 

limitations in the size of the filtration membrane, potential blockage of the membrane 

pores, irreversible adhesion to the membrane, and the limit of molecular weight for 

smaller DNA origami structures. 53 
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Sedimentation separates molecular species by subjecting them to high centrifugal 

force in a pre-poured density gradient. Exposure to both a density gradient and an 

elevated centrifugal force separates sample components based on their buoyant density. 54 

This would separate the origami from staple strands based on their large difference in 

buoyant densities that correlate with the amount of base pairs. Current techniques have 

shown 40-90% yield of folded origami product. 55 In general, sedimentation techniques 

have limited throughput and can introduce contaminants (residual gradient reagents) into 

the purified origami fraction, which can pose an issue for future applications. 

PEG precipitation relies on the depletion of high-molecular-weight species 

through excluded volume effects, where PEG polymers are added as a crowding agent to 

the solution. A widely used method entails adding a calibrated precipitation buffer to the 

origami sample, followed by centrifugation at 16,000xg to pellet the origami , and 

concentration of the origami pellet into the desired buffer. 53 This procedure yields an 

average recovery efficiency of 97% per cycle, allowing a broad range of DNA origami 

samples to be essentially free of excess staple strands within 3 cycles. 53 Since PEG 

precipitation allows the repeated exchange of solvent without incurring significant 

sample losses, there is greater potential for scalability for this centrifugation technique. 

The problems with PEG precipitation mainly occur with the residual PEG molecules that 

would require an extra removal step with low-molecular-weight filtration membranes , 

which may cause damage or denature the formed DNA structures. 53 

Magnetic bead capture relies on displacement of one DNA strand on the structure 

with a longer competitive strand that binds to a magnetic bead. The bound structures are 

then washed to remove excess conjugates and released from the magnetic bead by adding 
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invader oligonucleotides that specifically bind at the site and replace the DNA strand 

with bead attached. This method potentially has the most widespread applicability as the 

purification efficiency is independent of the contaminant's chemical or physical 

properties, while reaching purity and yield comparable to the aforementioned methods 

(- 70% yield). 48 

SEC and related techniques such as fast protein liquid chromatography (FPLC) 

separate analytes of different sizes as a result of different lengths of paths being taken 

when passing through columns filled with a porous resin. FPLC has been shown to 

separate DNA origami from excess strands with--60% yield, but is unable to discriminate 

monomers from the dimer of the same DNA origami structure. 48 SEC has been used to 

separate trimers or dimers from a monomeric target species at 70-90% yield. 9 Despite the 

high purity of obtained fractions, the inherent sample dilution encountered when using 

chromatography requires a secondary method, such as PEG precipitation, to concentrate 

the origami after purification. 

The wide assortment of techniques employed in DNA origami purification all 

have certain advantages and limitations that can hinder their application to DNA origami 

samples. These methods also generally lack reproducibility shown across different 

morphologies of DNA origami. The strengths and weaknesses of each technique suggest 

that further development is needed to improve specifically upon existing problems of 

cost, recovery yield, tendency of aggregation, purity, and automation. 
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1.2: Capillary Electrophoresis (CE) 

1.2.1: Fundamental separation principles 

A 
Capillary 

D 
µeo • µep. 

cation (±) 
neutral 0 

Anode Cathode anion 8 
High Voltage 
Power Supply 

Figure 4. A) Schematic of CE. B) Separation order of cationic , neutral and anionic analytes by size and 
charge in CE. C) Formation of electric double layer in CE. D) Representative electroo smotic flow (µeo or 
EOF) and electrophoretic mobility (µep) of analytes. 

Electrophoresis is widely used in gels as a relatively low cost and efficient 

separation technique for biomolecules. The combination of gel electrophoresis with high 

perfo1mance liquid chromatography (HPLC) led to the development of capillary 

electrophoresis (CE) in the early 1980s.57 CE is an electrokinetically-driven separation 

technique in a column format with easier automation and fraction collection, commonly 

used for the separation of biomolecules (Fig 4). 

An analyte is typically injected onto a fused-silica capillary that is filled with a 

zwitterionic buffer to maintain electrical conductivity and stabilize pH throughout the 

separation. The analyte can be introduced through hydrodynamic injection or 

electrokinetic injection modes. 58 Hydrodynamic injections rely on pressure differences 

between the inlet and outlet ends of the capillary, commonly achieved by applying 

pressure to the inlet end of the capillary .59 Electrokinetic injections are carried out by 
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applying a voltage to the inlet side of the capillary to allow analyte ions to migrate onto 

the capillary. The application of a voltage in electrokinetic injections creates a migration 

rate that is dependent on both electroosmotic flow and an ion's individual electrophoretic 

mobility. The bias for higher mobility ions in electrokinetic injections thus reduces 

reproducibility, but can also lead to a ten-fold increase in sensitivity as injection of the 

same amount of sample would have significantly more ions drawn from the voltage 

applied. 60 Ultimately, hydrodynamic injections are more commonly used due to the 

reproducibility of injection volume and ease of use. For hydrodynamic injections, the 

injection volume is determined by the Hagen-Poiseuille equation 61•62 : 

V:- . = llPrrd
4 t 

m; 1287/Ltot 
(1) 

where M represents the pressure difference (in Pa) between the inlet and outlet ends of 

the capillary, d represents the interior diameter (in meters) of the capillary, tis the 

injection time (in seconds) , 1/ represents the viscosity of the buffer used (assumed to be 

0.001 Pa*s for water 63), and Ltot is the total length of the capillary (in meters). Typically , 

capillaries vary from 25-l00cm in total length and 25-lO0µm for inner diameter , leading 

to injection volumes that fall in the 10-100 nL range. A major challenge of developing 

CE methods involves increasing sensitivity, resolution, and preventing peak broadening 

while simultaneously maintaining high and efficient sample throughput. 

The capillaries used to carry out CE separations are composed of fused silica, 

such that the silanol groups on the inner wall are deprotonated and negatively charged for 

any buffer above pH 2 (Fig 4C). Cations in the separation buffer then form an electrical 

double layer along the capillary wall, while excess cations in the diffuse portion of the 

double layer migrate towards the negative cathode when a voltage is applied across the 
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capillary. The migration of cations creates a viscous drag force, or a net flow to the 

cathode for all analytes, named the electroosmotic flow (EOF). The separation of analytes 

is a function of their unique electrophoretic mobilities, which result from differences in 

their charge and hydrodynamic size as factors of mobility under a localized electric field. 

Under normal polarity, positively charged species migrate faster than EOF by attraction 

to the cathode at the outlet end of the capillary, followed by neutral species and 

negatively charged species, which migrate slower than EOF due to attraction to the anode 

at the inlet end of the capillary (Fig 4B, 4C). For analytes of the same hydrodynamic size, 

more positively charged analytes have larger magnitude electrophoretic mobilities, and 

thus migrate faster through the capillary relative to analytes with lower charge. 

Meanwhile, hydrodynamic size dependency is also observed in a similar manner for 

analytes of the same charge, where small, positively charged analytes migrate faster than 

large positively charged analytes. The opposite trends are expected for anions due to 

attraction to the positively charged anode. Hence, the larger formed DNA origami with 

some of its negative charge shielded by folding is predicted to migrate first, followed by 

the small, linear staples. 

Adjusting the electroosmotic flow by changes in buffer concentration, pH, 

injection volume, and separation voltage can thus accentuate these inherent differences in 

electrophoretic mobility. 64·65 For instance , at higher ionic strength , the charge density of 

the buffer and on the capillary wall increases, leading to a thinner electrical double layer 

and decreased EOF. This is because less of the bulk solution is carried along with the 

solvated cations with a thin electrical double layer. A similar effect is observed by 

lowering the pH of the buffer, as the hydrogen ions neutralize the silanol anions at the 
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capillary wall to decrease the size of the electrical double layer. 57,66 However, the pH of 

the buffer can also modify charge of the analyte to cause effects to the electrophoretic 

mobility of ions. A balance must be struck to prevent analyte band broadening that can 

lead to poor resolution between peaks and subsequent difficulty in isolating separated 

fractions via automated fraction collection. 

In order to visualize the separation of different analytes, CE instruments are 

typically coupled with detectors such as UV-Vis, laser-induced fluorescence (LIF), 

electrochemilumin escence, or electrospray ionization-mass spectrom etry (ESI-MS). 67 

UV-Vis and LIF detectors use an excitation source focused on the detection window of 

the capillary ("online detection "), while ESI-MS and other techniques using 

chemiluminescence detect analytes "off-line" and post separation. UV-Vis absorption is 

the most frequently used detector due to its broad applicability and standardization in 

commercial instruments, but suffers from poor sensitivity with limits of detection (LOD) 

around 10-12-10-13 mol. LIF is the most sensitive detector with LODs around 10-15-10-20 

mol due to low background signal from a lack of interfering species , but may require 

analyte derivatization for samples that do not natively fluoresce. 

1.2.2: CE Separation Modes 

Different modes of CE can be used to amplify separations (Fig 5). Capillary zone 

electrophoresis (CZE) uses a continuous buff er system with a single background 

electrolyte (BGE) that fills the capillary and in which samples are prepared. Analytes are 

separated simply by their unique electrophoretic mobilities . However, despite the ease of 

sample preparation CZE can suffer from significant band broadening (Fig 5A).To reduce 

band broadening, focusing techniques like capillary transi ent isotachophoresi s ( ctlTP) 
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Figure 5. A) Capillary zone electrophoresis (CZE) schematic showing the purification of sample using 
one sample buffer/background electrolyte to separate structures by differences of electrophoretic 
mobility. B) Capillary transient isotachophoresis (ctITP) schematic showing the purification of sample 
using a leading and terminating electrolyte to stack samples into zones for decreased longitudinal 
diffusion . 

may be used , whereby the sample is stacked between a leading and tenninating 

electrolyte with greater or less mobility than the sample, respectively. During the stacking 

period (Fig 5B, t1), longitudinal diffusion of the sample is minimized. Eventually, as the 

leading and terminating ions migrate away from the stacking zone ( due to their unique 

electrophoretic mobilities) , the analyte band de-stacks and the analytes are again 

separated by the mechanism of CZE (Fig 5B, t2). The more simplified system of CZE can 

thus allow for greater flexibility in applications and buffers used , but under suitable 

applications the stacking effect observed in ctITP can significantly increase sensitivity, 

and reduce band broadening to increase resolution of migration peaks between analytes. 

1.2.3: Application of CE for the Separation of DNA Structures 

Application of CZE and ctITP to purify ssDNA have been documented in the 

literature , where strands of different lengths could be distinguished and purified from 

each other. 64•65•68 Since ssDNA oflonger lengths have proportionally larger negative 

charge, longer stranded structures would be separated from sh01ter strands based on both 

hydrodynamic size and charge (especially as DNA has a constant size-to-charge 

ratio) . 68·69 Purification of a specified analyte can then be achieved by subsequent 
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automated fraction collection of a detected analyte peak. It follows that formed DNA 

origami could potentially be purified from shorter, linear precursors in this fashion, yet 

techniques employed for ssDNA may not transfer directly for origami. For instance, the 

limit of detection for UV-Vis absorbance (µM scale) is not applicable to DNA 

nanostructures (typically in nM concentrations). Fluorescence is substantially more 

sensitive than UV-Vis techniques due to low background signal from less interfering or 

fluorescing species. 69 However, inherent fluorescence of nucleic acids has shown low 

quantum yields, and covalent labeling with a fluorophore could interfere with the 

intended application of the DNA through alterations of the 

DNA morphology. DNA-intercalating dyes, such as 

nucleic acid gel stains, have thus been used as non-

covalent buffer additives for fluorometric detection of 

DNA in CE.70 The S YBR family of dyes (S YBR Gold, 

Green I, and Green II) are asymmetric cyanine dyes which 

have been developed to enhance binding to ssDNA 

through a combination of intercalation , electrostatic 

interactions and minor-groove binding to DNA (Fig 

Figure 6. General chemical 
structure ofSYBR dyes, 
where X represents O or S, 
and R represents different 
substi.tuents on the 
conjugated rings for each 
dye. 

6).71·72 The SYBR dyes alone have low native fluorescence, but exhibit high fluorescence 

quantum yields (cDF = 0. 7) upon DNA intercalation. 70 Although the mechanism for 

binding is not well und erstood, the high quantum yield of the bound dyes is attributed to 

the stacking between thiazole groups along the exterior of DNA strands, yielding 

substantial fluorescence only when bound to DNA This binding also exists in 
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equilibrium, suggesting that the dye would dissociate from the DNA structure after 

purification on capillary (Eq. 2). 72 

DNA+ dye~ DNA· dye (2) 

Noncovalent fluorescent dyes can be incorporated into CE-LIF analyses in 

different ways. The dye can be added to the BGE only ( on-column labeling) or it can be 

mixed with the sample prior to injection (pre-column labeling). 67 On-column labeling 

typically provides enhanced sensitivity as even if the DNA· dye complex dissociates, 

there is dye readily available throughout the length of the capillary to re-establish the 

complex. 67 In contrast, with pre-column labeling, if the DNA· dye complex dissociates, 

the dye and DNA will migrate away from one another in the capillary and there will not 

be dye available to re-establish the complex. Thus, on-column labeling results in a greater 

proportion of the sample being labeled by the time it reaches the detector and yields 

significantly better LODs compared to pre-column labeling. 73 

As mentioned above, manipulation of buffer type, concentration, pH, injection 

volume, and separation voltage are essential in enhancing differences in electrophoretic 

mobility between analytes. Typically phosphate , borate, acetate or citrate buffers are 

chosen for the separation of DNA depending on the isoelectric point (pl) of the analyte. 69 

For instance, the separation of DNA 76-mers by sequence and length can be achieved by 

Tris, Tris-borate-EDT A, and potassium phosphate buffers. 74 However, the same buffer 

compositions used in separating ssDNA and dsDNA structures may not apply for 

separating DNA origami from staple strands, and conditions used to purify the origami 

with gel electrophoresis may actually be more applicable in ensuring the stability of the 

folded nanostructures. For instance, urea is often added to the BGE as a denaturant for 
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ssDNA to prevent folding and agglomeration but would be detrimental to the folded 

origami structures for the purpose of separating and purifying DNA origami. 

Maintaining the stability of the folded DNA origami is a primary consideration 

when choosing a buffer for any purification method, and also makes up a substantial part 

of optimizing a CE separation. For example, Mg2+ has been widely used in buffers both 

during the synthesis and storage to prevent denaturation of the structures. The divalent 

cation helps to balance the negative charge of the origami and overcome electrostatic 

repulsion between closely packed DNA phosphate anions in the structure. 75 •76 However, 

more recent studies have found that low concentrations of Mg2+ can already achieve 

stability for most structures, and high Mg2+ concentrations are by no means a prerequisite 

for maintaining DNA origami stability. 77 As discussed above, the ionic strength of the 

buffer solution is also an integral factor of changing the electroosmotic flow and thus 

optimization of the concentration of Mg2+ must be of primary consideration when 

purifying DNA origami. 

1.3: Proposed Work 

Herein, the development of CE as a purification technique for DNA origami is 

described for nanostructures prepared by collaborator Dr. Jacob Majikes at the National 

Institute of Standards and Technology (NIST), with the goal to discover an effective 

alternative to current purification techniques. Specifically , optimization of both CZE and 

ctITP modes in separating Tetrahedra and Notched Rectangle DNA origami from DNA 

staples was achieved by manipulating buffer conditions, SYER dye type, capillary 

specifications, and injection times. Furthermore, three SYER dyes (SYER Gold, Green I, 

and Green II) were characterized by fluorescence studies to investigate the binding 
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affinity and performance of each dye for the detection of several DNA origami structures. 

The optimized ctITP mode was employed in a fraction collection procedure and the 

reproducibility and yield of the collection was determined through reinjection of the 

collected fraction. Purified fractions were then imaged by AFM at NIST for offiine 

validation. Purification of DNA origami using CE thus has potential to combat current 

issues of low yields, low scalability, and lack of automation found in other purification 

methods. 

Chapter 2: Materials & Methods 

2.1: Chemicals 

DNA origami, including Tetrahedra, Notched Rectangle (herein, NR), 

Thermostat, and Rocket morphologies, were annealed from M13MP18 single-stranded 

DNA Bacteriophage folded by staple strands sourced from Integrated DNA Technologies 

(IDT). Staple strands and scaffold were added in excess (=::;S00 nM) to yield origami with 

a final concentration of ~S0nM. All origami samples were synthesized by Dr. Jacob 

Majikes at the National Institute of Standards and Technology (NIST, Gaithersburg, MD) 

and shipped on ice to Swarthmore College (Swarthmore, PA). Upon receipt, DNA 

samples (staples , scaffold, and origami) were stored at 4°C. 

Magnesium chloride (~99.0%), magnesium acetate tetrahydrate (~99.0%), 

ethylenediaminetetraacetic acid (anhydrous, titration, ~99.0%), Trizma base (Primary 

Standard and Buffer, ~99.5%), glycine (electrophoresis, ~99.0%), hydrochloric acid 

(~99.0%), and sodium hydroxide were purchased from Millipore Sigma (formerly Sigma 

Aldrich; Burlington, MA). SYBR Gold, SYBR Green I, and SYBR Green II nucleic acid 
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gel stains were purchased as 10,000x concentrates from lnvitrogen (Thermo Fisher 

Scientific; Carlsbad, CA). 

2.2: Buff er preparation 

For CZE experiments, a background electrolyte (BGE) containing varying 

concentrations of Trizma base (10-60 mM), magnesium acetate (2.5-12.5 mM), and 

EDTA (1 mM) was prepared in Millipore water (18.2 mQ.cm at 25°C). This combination 

is henceforth referred to as T AE buffer. One of the SYBR intercalating dyes was added to 

the buffer and the dye: BGE volume ratio was varied from 1: 10,000 to 1: 100,000). The 

buffer was adjusted to the appropriate pH (between 7 and 9) using IM HCI. The BGE 

was stored in the dark at 4°C for up to one week. 

For ctITP experiments, two buffers were prepared; one served as the sample 

buffer and contained the leading ion, c1-, while the other served as the BGE and 

contained the terminating ion, glycine. The sample buffer was used only to dilute the 

DNA samples and was prepared in the same manner as the CZE BGE. The BGE for 

ctlTP was used to fill the capillary and contained varying concentrations of Trizma base 

(10-60 mM) and glycine (400 mM - 1 M). One of the SYBR intercalating dyes was added 

to the BGE (with the dye: buffer volume ratio varying from 1: 10000 to 1: 100000). The 

BGE and sample buffer were stored in the dark at 4°C for up to one week. 

2.3: Preparation of DNA origami samples for CE 

All DNA samples or mixtures (staples, scaffold, and/or origami) were diluted to a 

concentration of 0. 5 nM in either the BGE (for CZE analyses) or in the sample buffer (for 

ctlTP analyses). To facilitate proof-of-concept for the purification of origami by CE, 

migration times of the various origami structures were verified by purifying the origami 
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from the staples and scaffold by spin filtering. An Eppendorf® MiniSpin® Plus 

microcentrifuge was operated at 11,000xg for 5 minutes and samples were spun 10 times 

in succession. The sample was retrieved by inverting the spin filter in a new Eppendorf® 

tube and spinning at 11,000xg for 10 seconds. 

2.4: Purification of DNA Origami using CE 

CE-LIF experiments were performed with a SCIEX Pl ACE™ MDQ Plus 

capillary electrophoresis system equipped with a 488 nm Ar-ion laser. Separations were 

carried out using a fused-silica capillary of customizable length (varied from 40.2-60.2 

cm total length) and diameter (50 µm or 75 µm). All buffers and solutions used to flush 

the capillary were filtered through a 0.20 µm nylon syringe filter before use Each day, the 

capillary was flushed successively for 10 min with Millipore H2O, 10 min with O. lM 

NaOH, 10 min with Millipore H2O, and 20 min with BGE. A blank electropherogram 

was recorded by injecting either the BGE (for CZE analyses) or the sample buffer (for 

ctlTP analyses) and used for baseline corrections. 

Unless otherwise stated, DNA samples were injected hydrodynamically for 2 sec 

at 5 psi (19 nL injection volume) and the separation was carried out at 20kV. Between 

each injection , the capillary was flushed with Millipore H2O for 1 min and BGE for 2 

min. All samples were run in triplicat e to demonstrate reproducibility of the 

electropherogram profile. 

Fraction collection was programmed on the MDQ software to collect within the 

migration time frame of the DNA origami analyte peak. Collected fractions were pooled 

(as will be discussed later) into a sample vial containing 5 µL sample buffer to maintain 

the capillary current during the collection process. Unless otherwise stated, fraction 
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collection was programmed to collect 7.2 s of the origami peak, corresponding to ~0.04 

nM of sample for each collected fraction. The vial containing the pooled fractions was 

subsequently vortexed to homogenize the sample and reinjected to confirm the isolation 

of a single analyte from the mixture. Reproducibility of the fraction collection procedure 

was shown by comparing the peak area of the re injected fraction with respect to the 

number of fractions collected. The percent recovery of the purification process was 

completed by creating a same-day calibration curve and correlating the peak area of the 

reinjected fraction to the concentration of DNA origami. This concentration was then 

compared to the theoretical concentrati on of DNA injected to show the percent recovery 

of the procedure. 

2.5: Fluorescence Characte1ization of SYBR intercalating dyes 

A PTi fluorescence spectrometer was used for data collection. The cuvette 

chamber was thermostatted at 25°C and fluorescence spectra were recorded from 450 -

600 nm using an excitation wav elength of 488 nm, a scan rate of 2 nm s-1 and excitation 

and emission slit widths of 4.0 nm. Excitation and emission spectra were recorded for the 

dye diluted 1:10,000 in 60 mM Tris, 5 mM magnesium acetate, 1 mM EDTA buffer (pH 

8.0) either in the absence or presence of 0.5 nM DNA staples. Then , emission scans were 

collected in triplicat e for the stapl es, scaffold, and each DNA origami structur e for all 

three SYBR dyes. DNA origami were spin-filtered to remove excess staples and scaffold 

prior to fluorescence analysis. 

2.6: AFM Procedure 

Collected fractions of the DNA origami analyte peak purified using CE were 

pooled and sent to NIST for AFM imaging. Imaging analysis was performed in liquid 
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tapping mode. A buffer (typically the T AE buff er used for the origami synthesis) was 

loaded onto freshly cleaved mica and the origami was pipetted onto the mica surface. The 

sample was scanned beginning with an amplitude setpoint of 400 m V. 

Chapter 3: Development ofCE-LIF for the pmification of DNA oiigami 

3.1. Fluorescence Characterization of SYBR Intercalating Dyes 

All SYER dyes were first characterized by fluorescence spectroscopy to assess 

their affinity for different origami structures based on relative differences in the 
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Figure 7. A) Excitation and emission spectra of SYER intercalating dyes incubated with DNA origami 
staple strands. B) Fluorescence emission signals of DNA origami (Staples (for NR) , Scaffold, 
Tetrahedron , Notched Rectangle (NR), Thermostat, and Rocket) with SYER Gold , Green I and Green 
II intercalating dyes. C) ctITP electropherograms showing DNA origami separation from staples using 
different intercalating dyes. The DNA origami peak is labeled with an arrow. 
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fluorescence intensity (Fig 7). Probing the affinity of the dyes for different origami 

structures can yield important information on the dynamics of intercalating dyes used for 

applications such as biosensing and in the context of this work, helped in selection of a 

dye for CE optimization. The excitation and emission spectra of SYBR Gold, SYBR 

Green II and SYBR Green I were recorded in the presence of DNA origami staple strands 

using a 488 nm excitation wavelength and a 540 nm emission wavelength (Fig 7 A). 

When compared to the emission of the dyes alone, the fluorescence of the dyes in the 

presence of the ssDNA staples was enhanced by factors of 140, 54, and 93 for SYBR 

Gold, Green II, and Green I, respectively. This is consistent with the enhancement 

observed in previous studies. 78 Furthermore, SYBR Gold has previously been observed 

to be more sensitive than SYBR Green I or II dyes for detection of both single stranded 

and double stranded DNA, which is also supported by the data obtained in this study. 78 

The fluoresc ence signals of different DNA origami samples also shows the 

diversity of binding affinity based on the double-stranded and single-stranded character 

of each structure (Fig 7B). For instance, the flat , essentially two-dimensional NR 

structures showed consistently greater fluorescence compared to the more folded and 

morphologically complex tetrahedron that has more double-stranded charact er on the 

double-helical edges. Overall, SYBR Gold exhibited superior performance across all 

DNA structures and was used for initial optimization of CE separation conditions. 

However, as CE optimization progressed from using CZE to ctlTP (see a more detailed 

discussion below) the choice of dye was re-evaluated. Specifically, using ctlTP 

separation conditions, SYBR Green II yielded the most intense DNA origami peak 

(marked with an asteri sk in Fig 7C), while SYBR Green I afforded the greatest baseline 
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resolution. Ultimately, SYBR Green I was chosen as the most effective dye for the 

separation, as its improved resolution would enable greater ease of purification of DNA 

origami from staple strands. 

Following fluorescence 

spectroscopy analysis , an 

experiment was conducted to 

compare the effectiveness of on-

column vs . pre-column labelling of 

DNA origami in CE. For a sample 

of DNA staples a 300-fold 

enhancement was observed when 

using on-column compared to pre-

column labelling. For a samp le 

mixture ofNR origami and DNA 

staples, the migration peak of the 
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Figure 8. NR DNA origami sample was injected using 
optimized ctITP conditions with on-column (blue) and pre-
column (green) labeling with SYBR Green I dye to show 
the 300x difference in fluorescent signal. The 
electropherogram of the pre -column labeled NR sample is 
magnified to highlight the existence of the staples peak in 
the bracketed area (left, inset) , and the on-column 
electropherogram is vertically offset by 10 RFU for clarity. 
The NR origami peak is marked with an asterisk and the 
staples peak is marked with a circle. 

NR was below the limit of detection for pre-column labelling and only a small migration 

peak was observed for the staples (Fig 8, green trace , inset). In comparison , using on-

column labelling, a strong peak was observed for the NR origami and a very intense peak 

was observed for the staples (Fig 8, blue trace). This study indicated that pre-column 

labelling is an inefficient labelling strategy as the dye dissociates from the NR as it 

migrates along the capillary leaving a very small fraction of the analyte labelled by the 

time it reaches the detection window. In comparison and as mentioned previously , by 

filling the capillary with the dye in on-column labelling even as the dye dissociates from 
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the DNA new dye molecules along the length of the capillary can quickly re-establish the 

complex, enabling a large proportion of the DNA sample to be labelled when it reaches 

the detection window. Thus, all analyses moving forward employed on-column labelling, 

with special attention paid to its implementation to avoid oversaturation of the detector 

(as discussed below). 

3.2. Optimization of CZE Separation Conditions 

Initial conditions of the CZE system were adapted from previous studies on DNA 

and aptamer -binding studies, as well as results from recent literature of CZE being 

applied to ssDNA. 65,74,79 Experimental parameters including capillary dimensions , 

injection conditions, buffer conditions , and origami concentration were optimized from 

the initial conditions listed in Table 1 in order to improve the separation of folded DNA 

origami structures from excess staples . 

Table 1. Optimized CZE separation conditions 

System Separation Injection Ltotal , Leffective Capillary Dye: pH [Tris] [Mg2+1 
Voltage (kV) time (psi*s) (cm) I.D. (µm) buffer (mM) (mM) 

Initial 25 4*5 40.2, 30 50 1 :100,000 7.5 40 12.5 

Final 20 4*5 60.2, 50 50 1 :25,000 8.0 60 5.0 

The process of optimization began by treating each buffer condition as an 

independent variab le, then expanding to optimization of capillary and injection 

conditions . Buffer conditions were chosen based on reproducibility of analyte migration 

times, the reduction of band broadening and improvements in peak resolution . Typically , 

either a staples sample or a mixture of staples and scaffold were prepared to a 
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concentration of 0. 5nM and used as model systems to optimize the separation conditions. 

While the staples and scaffold were supplied at a concentration of approximately 500 nM, 

the high sensitivity of the SYBR intercalating dyes when used with CE-LIF required 

dilution to approximately 0.5 nM to avoid saturation of the detector and maintain 

resolution. The staples and scaffold samples were used for optimization instead of the 

origami samples because the staples yielded the most reproducible, intense peak 

throughout fluorescence characterization and the scaffold showed similar migration rates 

to origami samples on both gel electrophoresis and initial CE data . Further, both samples 

were supplied with larger volumes (several mL) and higher concentrations (500 nM) than 

the fonned DNA origami (several µL, 50 nM). 

Optimization of SYBR 

Gold dye concentration was 

optimized first as the most direct 

contributor to the fluorescent 

signal of detected peaks (Fig 9). 

As the S YBR dye concentration 

was increased (from a 1: 100,000 

dye: buffer ratio to a 1: 10,000 

ratio), the migration time of DNA 

staples decreased, and the peak 
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Figure 9. CZE electropherograms of DNA staples 
prepared in 40 mM Tris, 12.5 mM MgCh, 1 mM EDTA, 
pH 7.5 with varying dye concentration (indicated in the 
legend as the SYBR Gold : buffer volume ratio). 

efficiency increased. However, no additional gains were observed beyond a 1 :25,000 dye: 

buffer ratio. This is presumably due to the saturation of dye concentration compared to 

the nucleic acid concentration. SYBR Gold is marketed as a 10,000x concentrate for gel 
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electrophoresis applications. Due to the improved detection sensitivity in CE-LIF 

compared to gel electrophoresis , lower concentrations of DNA origami are used , and a 

lower concentration of dye is required for efficient labelling. Thus, the 1 :25,000 dye: 

buffer ratio was chosen for proceeding experiments. 

Next, buffer pH was 

optimized in increments of 0.5 pH 

units within the limits of the Tris 

buffering range from 7.0 to 9.0. A 

higher pH led to earlier migration 

times and sharpened peaks until no 
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pH 8.0 (Fig 10). A higher pH 

generally leads to a greater EOF 

by deprotonation of the silanol 

groups along the capillary wall, 

which decreases the thickness of 

the electrical double layer and the 

amount of bulk solution carried 

when solvated ions migrate to the 

cathode. This increase in EOF is 

hypothesized to lead to a 

decreased dependence on 

electrophoretic mobility , shifting 
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Figure 10. Effect of buffer pH on CZE electropherograms 
of DNA staples prepared in 40 mM Tris, 12.5 mM MgCh, 
1 mM EDTA, 1 :25,000 SYBR Gold: buffer ratio , with the 
pH indicated in the legend. 
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Figure 11. Replicate CZE electropherograms of DNA 
staples showing the irreproducible peak profile. Staples 
were prepared in 40 mM Tris, 12.5 mM MgCh, 1 mM 
EDTA, 1 :25,000 dye buffer ratio, pH 9.0. 
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peaks to an earlier migration time with higher pH. Furthermore, peaks also generally 

showed higher fluorescent signal and had more Gaussian character at higher pH. 

However, the most intense peak at 

pH 9.0 was not reproducible (Fig 

11), possibly due to being at the 

limit of the Tris buffering range. 

Hence, pH 8. 0 was chosen for 

experiments to follow. 

The concentration of Mg2+ 

directly influences the ionic 

strength of the buff er, where 
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Figure 12. Electropherograms of Staples sample in 40 mM 
Tris, 1 mMEDTA, 1:25,000 dye: buffer ratio , pH 8.0, and 
varying concentration of Mg 2+ 

incremental increases from 2.5 mM to 12.5 mM showed a proportional increase in 

migration time as expected from a thinner electrical double layer and slower EOF (Fig 

12). The choice of counterion was also explored, but no change in electropherogram 

profiles was observed when using magnesium acetate instead of magnesium chloride. 

Thus, magnesium acetate was used henceforth to be consistent with the T AE buffer used 

to prepare DNA origami constructs, while also controlling the amount of ci- in solution. 

A concentration of 5.0 mM was then chosen due to the reduction in analysis time and 

band broadening it afforded over higher Mg2+ concentrations. 

The concentration of the zwitterionic Tris buffer could affect peak broadening and 

resolution by affecting EOF and interactions with the negatively charged silanol groups 

on the capillary wall. However , changing the concentration of Tris did not lead to a 

substantial change until below the threshold of 30 mM, where peaks became significantly 
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broadened (Fig 13). Conditions 

above 60 mM Tris also had more 

severe broadening and were not 

considered. The 60 mM Tris 

sample yielded a narrow peak 

with the highest fluorescent signal 

and was chosen as the optimal 

concentration. Other zwitterionic 

buffers that were tested includ ed 

3-(N-Morpholino )propane 

sulfonic acid (MOPS) and 4-(2-

Hydroxyethyl)piperazine-l-

ethanesu lfonic acid (HEPES), but 

the data for these buffers were 

not as reproducible as the Tris 

buff er. The highest fluorescent 

signal was observed with MOPS 

(Fig 14), but the peak was not 

reproducible in both intensity and 
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Figure 13. Effect of ionic strength on CZE 
electropherograms of DNA staples prepared in 5.0 mM 
Mg(CH 3COO)2, 1 mM EDTA, 1 :25,000 dye: buffer ratio , 
pH 8.0, with Tris concentration indicated in the legend. 
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Figure 14. Effect of zwitterionic buffer type on 
electropherograms of staples sample prepared in 5.0 mM 
Mg(CH3COO)2, 1 mM EDT A, 1 :25,000 dye : buffer ratio, 
pH 8.0, and 60 mM Tris, MOPS or HEPES. 

10 

migration time. HEPES also showed a less Gaussian peak that suffered from severe 

broadening and lower fluorescent signal. Presumably these effects were due to solvent 

interactions , as the origami itself is prepared in the Tris buffer which is also injected onto 

the capillary. Thus, unfavourable interactions between Tris and MOPS or Tris and 
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HEPES created more noise and affected the migration rate of the samples based on 

unwanted stacking interactions during the separation. Tris at a concentration of 60 mM 

was thus used as the optimal condition henceforth. 

Using the semi-optimized BGE conditions (60 mM Tris, 5.0 mM Mg(CH3COO)2, 

1 mM EDT A, pH 8.0, 1 :25,000 SYBR Gold: buffer ratio) a reproducible, Gaussian peak 

for the staples sample was obtained. Next , these conditions were applied to mixtures of 

the staples and scaffold to optimize separation parameters (e.g., voltage , injection, 

capillary dimensions). 

The applied voltage across 

the capillary was first varied in 

increments of 5 kV (Fig 15). It 

was expected that the larger 

scaffold with more shielded 

charge from folding would 

migrate faster than the free staple 

strands. The non-Gaussian peak 

was thus identified as the scaffold 

peak that migrated before the 
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Figure 15. Effect of applied voltage on CZE 
electropherogram s of scaffold and staples sample prepared 
in 60 mM Tris, 5.0 mMMg (CH3COO)2, 1 mM EDTA, 
1 25,000 dye: buffer ratio , and pH 8.0 with applied voltage 
indicated in the legend. The non-Gaus sian scaffold peak 
migrate s earlier than the broad staple s peak . 

broad, more Gaussian staples peak observed previously. Since both EOF and 

electrophoretic mobility are directly proportional to the field strength, the data concmTed 

with expectations that a higher applied voltage would yield faster migration times. The 

slight increase in fluorescent signal with decreased separation voltage is attributed to the 

increased amount of time for the dye, which filled the capillary , to intercalate the DNA. 
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The applied voltage of 20 kV gave an ideal balance between band broadening and 

fluorescent signal as the optimal setting for the CZE separation. 

The volume of sample injected varies directly with the applied pressure and time 

according to Eq.1. With the 

injection time held constant at 5 

seconds, the pressure was 

increased from 2 psi to 4 psi, 

corresponding to injection 

volumes of 19 nL to 38 nL (Fig 

16). Beyond an applied pressure 

of 4 psi, the separation between 

the scaffold and staples peak was 

no longer able to be observed. 

The staples and scaffo ld were 

only baseline resolved with an 

injection volume of ~ 19 nL 

(injection at 2 psi for 5 sec; Fig 

16, blue trace), so these injection 

parameters were used in all 

subsequent experiments. 

In terms of capillary 

perfo1mance, it was found that 

longer capillaries substantially 
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Figure 16. Effect of injection conditions on CZE 
electropherograms of scaffold and staples sample prepared 
in 60 mM Tris, 5.0 mM Mg(CH3COO)2, 1 mM EDTA, 
1 :25,000 dye: buffer ratio , and pH 8.0 under different 
injection pressure indicated in the legend. 
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Figure 17. Electropherograms of scaffold and staples 
prepared in 60mM Tris, 5.0mM Mg(CH3COO)2, 1 mM 
EDTA, 1 :25,000 dye: buffer ratio, and pH 8.0 under 
different capillary length as indicated in the legend . 
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increased the migration time and peak broadening, but yielded greater resolution between 

staples and scaffold by enabling more time for the discrimination of their unique 

electrophoretic mobilities (Fig 17). Meanwhile, increasing the capillary diameter 

significantly decreased the separation between the staples and scaffold peaks and was not 

further pursued ( data not shown). 

The optimized conditions from each experiment above were applied to the 

purification of a NR sample with staples (Fig 18). The resolution factor, Rs, was used to 

quantify the effectiveness of the optimized separation according to: 

(3) 

where t1 and ti represent the migration time of each peak and W1 and W2 represent the 

width of each peak. The resolution factor between origami and staples was calculated to 

be 1.57, which represents baseline resolution of the peaks (Rs > 1.5). However, this 

resolution factor is an underestimate of the substantial separation of the two peaks due to 

the non-Gaussian character of the NR migration peak that biases the calculation. Thus, 

the final optimized CZE 

conditions yielded a reproducible 

and highly resolved separation of 

the staples and NR structures 

(Table 1). 

Despite the reproducibility of this 

separation, the optimized CZE 

system suffered from long 

analysis times , a non-Gaussian 
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Figure 18. Electropherogram ofNR-Staples sample mix in 
60mMTris, 5.0mMMgCl , 1 mMEDTA , 1:25000 
dye buffer ratio, and pH 8.0 with optimal capillary 
parameters. The NR origami peak is labeled with an asterisk. 
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peak for the scaffold sample, and broad migration bands that would require larger 

volumes to be collected during fraction collection and contribute to sample dilution. In 

response, ctITP was explored as a means to focus migration bands into narrow peaks and 

achieve a higher quality separation between the NR and staples. 

3.3. Optimization of ctITP Separation Conditions 

Fundamental relationships observed in the CZE system were applied to the more 

complicated ctITP CE separation mode in a similar optimization effort. The semi-

optimized BGE from CZE was used as the sample buffer, where the chloride anion from 

pH adjustment of the Tris buffer with HCl serves as the leading ion (mobility greater than 

the analyte). The choice of terminating electrolyte was derived from the literature, 80·81 

and was composed of31mM Tris - 500mM glycine, where glycine served as the 

terminating ion (mobility less than the analyte). Using ctITP, a significant enhancement 

in peak intensity and reduction in band broadening was observed (Fig 19), but 

improvements could still be made to the separation through optimization of the 
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terminating electrolyte. Of note, 

upon initial comparison of CZE 

and ctlTP (Fig 18 and 19) the 

peaks for ctlTP do not appear 

more intense, however, due to 

the increased sensitivity of 

s.o ctITP, the SYBR Green I 

Figure 19. ctITP electropherogram ofNR-staples sample mix concentration was decreased by 
in optimized sample buffer and with separation buffer of 
3 lmM Tris, 500mM Glycine, 1: 100,000 dye:buffer ratio , 
with CZE optimized injection parameters. The NR origami 
peak is marked with an asterisk. 
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a factor of 4 (to 1: 100,000 dye: buffer) to avoid saturating the detector. 

Optimization of the ctITP system proved more difficult as the complexity of 

buffer components lead to more non-Gaussian and unexpected migration peaks. 

Henceforth , a non-purified sample ofNR (NR with excess staple strands) replaced the 

scaffold-staples mixture as a model to focus on an applicable target separation. Firstly, 

injection parameters were tuned to adjust to the new system, as this was also shown to be 

key to improving the separation in the CZE system. The applied voltage and injection 

parameters were tuned within the same ranges (10-20 kV, 2 psi-4 psi) , and significant 

qualitative improvement to the 

separation was observed for the 

condition with 15 kV and 2 psi 

(Fig 20). This was calculated to 

be an injection volume of 19 nL 

according to Eq. 2. The formation 

of a third peak that migrates after 

the original staples peak was 

attributed to longer staples that 

have more non-shielded negative 

charge, as the amount of negative 
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Figure 20. Effect of injection condition s on ctITP 
electropherogram s ofNR- staples sample mix in optimized 
sample buffer and with separation buffer of 31 mM Tris, 500 
mM glycine , 1: 100,000 dye: buffer ratio, with injection 
parameter s indicated by the legend. Electropherograms are 
offset at 15 RFU increments for clarity. 

charge increases with the number of base pairs. Further improvements were not seen with 

trial and error tests outside of the tuning ranges , and thus attention was turned to the 

buffer conditions of the terminating electrolyte. 
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The concentration of Tris 

in the terminating electrolyte was 

varied from 10 mM to 50 mM, 

where major changes in the 

electropherogram profile were 

observed even with small 

changes in the concentration . It 

was found that decreasing the 

Tris concentration below 31 mM 

would lead to severely broadened 

peaks, while increasing the Tris 
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Figure 21. Effect of Tris concentration on ctITP 
electropherogram s ofNR- staples sample mix in optimized 
sample buffer and with separation buffer of 500 mM 
Glycine, 1: 100,000 dye: buffer ratio, with different Tris 
concentration indicated in the legend . Electropherogram s are 
offset at 5 RFU increments for clarity. 

concentration to 40 mM yielded more reproducibly resolved peaks compared to the 

original 31 mM (Fig 21 ). Although the 31 mM Tris concentration yielded a NR peak with 

high fluorescent signal , its migration was often not resolved from the staples peak. 

Furthermore, at both 31 mM and above 50 mM Tris the electropherogram tended to fonn 

non-Gaussian peaks. Thus, a 40 mM Tris concentration was chosen as the optimal 

condition. It is notable to mention that the pH of the Tris-Gly buffer was never adjusted , 

rather the presence of glycine enabled a pH in the buffering range of Tris. The increase of 

Tris concentration led to small changes of pH within 0.2 pH units. Had the pH been 

adjusted using HCl, for example , the entire ctITP focusing mechanism would be 

disrupted because c1-would be present in both the sample and separation buffer. Thus, 

the optimal conditions achieved with 40 mM Tris relative to 31 mM may be due to both 

concentration- and pH-dependent changes in EOF. 
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Changing the glycine 

concentration from 100 mM to 1 

M did not lead to significant 

changes in peak quality except 

for at concentrations below 200 

mM, where peak broadening and 

poor peak resolution were 

observed (Fig 22). With 

increasing concentrations of 
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Figure 22. Effect of glycine concentration on 
electropherograms ofNR-staples sample mix in optimized 
sample buffer and with separation buffer of 40 mM Tris, 

glycine the peaks appeared 

sharper, but the resolution started 

1 :100,000 dye: buffer ratio, with different glycine 
concentration indicated in the legend. Electropherograms are 
offset at 5 RFU increments for clarity. 

to deteriorate, such that at concentrations above 800 mM the peaks were unresolved. 

Reproducibility of the electropherogram profiles also varied day to day at extreme 

concentrations of glycine and so the glycine concentration was kept unchanged at 500 

mM since no other concentration offered superior detection sensitivity or resolution. 

The resulting separation was highly reproducible, but to further improve the 

resolution of the NR and staples peaks , additives like polyethylene glycol (PEG) and gold 

nanoparticles (AuNPs) were investigated due to their known properties of enriching the 

separation ofDNA. 82•83 However , neither additive improved the quality of the separation 

and in some cases made it worse. Since the separation of the NR origami from the staples 

sample was already quite efficient under current conditions, the use of additives was not 

pursued further. Instead , a final comparison of intercalating dyes was performed. 

Changing the dye from SYER Gold to SYER Green I resulted in increased resolution of 
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the two peaks (Fig 7). It is unclear why the baseline resolution for SYER Green I was 

greater than samples with SYER Gold, but it is hypothesized that the dye causes slight 

changes in EOF to accentuate the electrophoretic mobility differences between the NR 

and the staples. It is also possible that the origami labelled with SYER Green I has 

intercalation dynamics that slightly shield charge or alter the morphology of the origami 

structure , such that it migrates faster and is better resolved from the staples. Either way, 

all experiments henceforth used SYER Green I due to its superior pe1formance to SYER 

Gold. 
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Figure 23. A) ctITP electropherogram ofNR -Staples sample mix in optimized sample buffer and with 
separation buffer of 40mM Tris, 500mM Glycine, 1 100,000 dye: buffer ratio with SYBR Green I and 
optimized injection parameter s. B) Overlaid electropherogram s ofNR-Staple s sample mix of optimized 
parameter s using CZE system (green) and optimized ctITP system. The NR origami peaks are labeled 
with an asterisk. 

Applying these semi-optimized conditions for ctITP with SYER Green I yielded 

an extremely well resolved separation, where Rs was calculated to be 2.05 (by Eq. 2), 

which indicates that the peaks were baseline resolved (Fig 23A). Further , a direct 

comparison between the optimized CZE system and ctITP shows that the separation is 

achieved under significantly less time from within 24 minutes to within 8 minutes and 

with significantly decreased band broadening. Overall, ctITP offered a superior 

separation compared to CZE with a better resolution factor (2.05 vs. 1.57), substantially 
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sharper peaks, and a 3-fold decrease in analysis time. The number of theoretical plates, N, 

was calculated to quantify the peak efficiency for each separation mode according to: 

(3) 

where fR represents the retention time of the NR origami on the column, and W represents 

the width of the origami peak. As such , Nwas found to be 1012 plates for the CZE 

system, and 12,158 theoretical plates for the ctITP system. This 10-fold increase in the 

theoretical plates indicates the increased efficiency of separation for ctITP. The peak 

asymmetry factor, As, was also calculated to show the improvement in the Gaussian 

nature of each peak, according to: 

b As=- a 
(4) 

where b represents the distanc e from the leading point of the peak to th e maximum point 

at 20% of the peak height , and a represents the distance from the trailing point of the 

peak to the maximum point at 20% of the peak height. An A s> 1 indicates tailing and As < 

1 indicates fronting. For the CZE system, As was calculated to be 0. 213, suggesting 

severe fronting as observed on th e electropherogram. Meanwhil e for th e ctlTP system, As 

was found to be 1.29, indicating slight tailing. As such , it was concluded that the ctITP 

system was superior in performance compared to the CZE system. A direct comparison 

of the analytical figures of merit are tabulated in Table 2, and optimized system 

conditions are displayed in Table 3. It is also notable that the same conditions were able 

to achi eve an almost identical separation for other DNA origami structures , including the 

DNA origami Tetrahedron, Rocket, and Thermostat (Fig 24). 
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Figure 24. Overlaid electropherograms of different DNA 
origami structures after spin-filtration, showing the 
similarity of profile across all different types of DNA 
origami studied . 
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Table 2. Analytical Figures of Merit for CZE and ctITP Purification of DNA Origami 

System 

CZE 

ctITP 

Separation 
Duration (min) 

25 

R s N 

1.57 1012 

2.05 12,158 

Table 3. Optimized CZE and ctITP separation conditions 

Separation Injection L101a1, Capillary System Leffective Voltage (kV) time (psi*s) (cm) 
I.D. (µm) Dye: buffer 

CZE 20 4*5 60.2, 50 50 1 :25,000 

ctITP 15 2*5 60.2 , 50 50 1100 ,000 

0.213 

1.29 

Buffer composition 

60 mM Tris, 5.0 mM Mg2+, 

pH 8.0 

Sample buffer: 60 mM Tris, 
5.0 mM Mg2+, pH 8.0 

Separation buffer: 40 mM Tris, 
500 mM Gly, - pH 8.5 
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To confirm the identity of 

the separated peaks, 

ultrafiltration-purified samples 

were also injected under 

optimized conditions to show that 

the hypothesized elution order 

was correct (Fig 25). The 01= =:::::;:::::=:::!:::.~::::::::::=;::::::==::::;:::::=~~~~ 
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Time (min) resulting electropherogram shows 

the spin-filtered NR migration 

peak aligning with the NR 

Figure 25. Overlaid ctITP electropherograms ofNR-Staples 
sample mixture , and spin-filter purified NR in optimized 
sample buffer and with separation buffer of 40 mM Tris, 
1•100,000 SYBR Gold buffer ratio. 

migration peak from the unfiltered sample, whereas the staples peaks are no longer 

visible. As such, this indicates that the migration peak for NR in the NR-staples mix is 

indeed the purified origami , which allows for progression to fraction collection of this 

NR peak and subsequent offiine validation of the analyte. 

Chapter 4: Development of Techniques to Validate CE-LIF Purification of DNA 
Origami 

4.1. Optimization and Validation of Automated CE Fraction Collection 

In order to confirm the purification of DNA origami by CE-LIF, the separated 

origami needed to be physically isolated from the staple strands. The commercial CE 

instrument used in this work is equipped with an automated fraction collection 

mechanism, which needed to be optimized and validated. An initial fraction collection 

experiment was performed , where the NR origami peak was collected into a vial 

containing sample buffer (Fig 26A). This process was repeated twice more into the same 
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volume of sample buffer , such that the collected sample was concentrated 3-fold. The 

collected fractions were then vortexed and reinjected to show the formation of a single 

purified DNA origami peak signal (Fig 26B). The peak observed after reinjection was 

reproducible and the observation of just one peak indicated that only one species was 

present after purification. The migration time of this peak agreed well with the migration 

time of the NR and suggested that the fraction collection was successful in isolating the 

NR origami from the staples. However, the peak was extremely small indicating a low 

concentration of origami was isolated , so more optimization was performed to lead to a 

higher throughput of purified origami. 
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Figure 26. A) Fractions of a NR DNA origami sample (bracketed region in the electropherogram) were 
collected in triplicate using optimized ctITP conditions, and then B) reinjected to show the formation of 
a single purified DNA origami signal. The bracketed area represents the collection zone and reinjection 
of the origami peak. 

First, to minimize the inherent sample dilution encountered with CE fraction 

collection (which requires an initial volume of sample buffer to be placed in the 

collection vial to maintain electrical conductivity) , a specialized sample vial called a 

nano Vial (AB Sciex) was used. This enabled the volume of sample buffer placed in the 

collection vial to be reduced from 30 µL to just 5 µL. This change helped to reduce the 

dilution of the collected sample. It was also found that the reproducibility of the 
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reinjected peak was increased 

significantly when the vial with 

the pooled fractions was 

vortexed rigorously for 10 

seconds before reinjection. 

These minor adjustments in the 

procedure led to qualitative 

increases in reproducibility, but 

quantitative validation of the 

procedure was still desired. 
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Figure 27. Scatter plot relating the number of collected 
fractions to the average NR origami peak area of the reinjected 
sample. Each reinjected sample was analyzed in triplicate and 
the entire proce ss of collection and reinjection was performed 
three times at each data point. 

The reproducibility of the collection procedure was thus demonstrated by 

observing the change in the peak area of the collected and reinjected sample as a function 

of the number of fractions pooled (Fig 27). That is, the unpurified NR sample was 

injected onto the capillary, separated , and the NR sample was collected into the collection 

vial. The entire process was repeated three more times using the same collection vial, 

such that four total collected fractions were in the same vial (the pooled sample). The 

pooled sample was vortexed to homogenize and reinjected onto the capillary to determine 

the peak area of the collected sample. This process was repeated but with varying 

numbers of collected fractions ( 4, 6, 8, or 12). As expected, the amount of collected 

fractions was found to be extremely proportional to the peak area for up to 12 collections 

(R2 = 0.99998) , indicating that the amount of purified origami should be proportional to 

the amount of times the fraction is collected and pooled. Hence, the automated nature of 

CE fraction collection can allow for well-concentrated samples by increasing the number 
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of pooled fractions, which can 

ease post-purification 

characterization and 

application of the origami. 

A preliminary attempt 

to determine percent recovery 

of the purification process was 

completed by plotting a same-

day calibration curve (Fig 28) 
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Figure 28. Example of a same-day calibration curve plotting 
the peak area to the concentration ofNR origami. 

of the peak area of DNA origami as a function of known concentrations of DNA origami. 

Then , the collection procedure was carried out and the collected peak was reinjected. 

Using the calibration curve , the peak area of the reinjected sample was correlated to the 

concentration of origami in the collected sample, [Origami collectedJexperimental To 

determine the percent recovery, this value was compared to the theoretical collected 

origami, [Origami collectedj1heoretical according to: 

[Origami coll ected]e x perimenta l % recovery = . . x 100 
[Origami collectedlth eoretical 

(5) 

[ • . ll d] _ [Origami]initi al x Vinj x Number of Injections Origami co ecte Theoretical - 1 1 Tota Vo ume 
(6) 

The theoretical concentration or origami collected using the optimized conditions was 

thus calculated to be 0.0218 nM of DNA origami. Relating the peak area of the reinjected 

sample (12 collected fractions) to the concentration of DNA origami , a concentration of 

0.0236 nM was observed. As such, a percent recovery of 108% was calculated. This 

could be due to the calibration curve having notably low linearity (R 2 = 0.89534), 

indicating the need for repeated trials. Unfortunately, repeated trials of this study could 
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not be completed before the conclusion of this thesis work, so that a more reliable 

estimate of the percent recovery could be obtained. Still, this preliminary result suggests 

the CE-LIF is an efficient purification technique with very little sample loss. 

4.2. Offline Validation of CE-Purified DNA Origami Using AFM 

In order to confirm the presence of purified NR origami in the collected fractions, 

12 collected fractions were pooled and sent to collaborator Dr. Jacob Majikes at NIST for 

offline AFM imaging (Fig 29). Unfortunately, purified origami structures were not 
A e B o 

Figure 29. AFM images of A) CE-LIF purified NR origami samples (estimated concentration = 20 pM) 
and B) control NR samples (2.5 pM). 

observed in the samples sent, in stark contrast to the control image (Fig 29). There were 

three potential problems that could be an issue for AFM imaging of the collected 

samples: (1) low origami concentration in the collected sample, (2) failure of the origami 

to bind the mica surface due to the presence of the SYBR Green I dye84- 86, and (3) the 

possibility that the NR samples aggregated during electrophoresis 39•87. 

The first possibility was quickly ruled out as the estimated concentration of the 

collected origami was in excess of that used in the control sample. To address the second 

possibility, collected origami samples were subjected to spin-filtration in an attempt to 

50 



remove an free or intercalated SYBR Green I that may prevent the origami from binding 

the mica (Fig 30). As such, an Eppendor:t® MiniSpin® Plus microcentrifuge was operated 

at l lO00xg for 5 minutes and samples were spun 10 times in succession to attempt to 

remove the SYBR dye from the origami prior to analysis. However , origami was still not 

C 

Figure 30. A, B) Purified NR origami samples from the CE that were spin-filtered and subsequently 
imaged by AFM (estimated concentration= 20 pM), and C) Control sample of spin-filtered origami 
using a concentration of 2. 5 pM. 

observed compared to the control that had minor amounts of NR (Fig 30 A, C). Instead, 

the imaging shows unidentifiable structures or large clumps that resemble unfolded 

scaffold (Fig 30B). It is hypothesized that the spin-filtration method was too aggressive 

for the DNA origami and degraded the structures before imaging, especially as the 

control sample did not have a significant amount of imaged origami as well. Thus, 

alternative routes to removing the excess dye must be explored. This is still an 

encouraging result as the removal of dye at least yielded some imageable structures 

(although with altered morphology), which could suggest that the excess SYBR Green I 

is indeed impeding the binding of the origami to the mica surface of the AFM. An 

alternative to this would be to image the purified origami samples with TEM instead, as 

this would not require binding of the origami to mica. 
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4.3. Analysis ofNR Aggregates Using CE-LIF 

The third possibility for the absence 

of observed origami in AFM images of 

CE-purified samples was suspected 

aggregation of the collected NRs. NR 

aggregations results from base stacking 

between edge staples at the ends of the 

NR. The NR was designed without 

additional staples at the edges to allow 
Figur e 31. AFM image of an aggregated NR 

base pairing between two or more origami , sample provided by Dr. Jacob Majikes (NIST) . 

and are thus prone to forming dimers and even larger aggregates (Fig 31 ). The aggregated 

origami would be even more difficult to observe in an AFM image because fewer would 

appear per unit of area imaged than if the origami were monodi sperse and distributed 

across the mica. 

In order to investigate whether aggregation was the issue, the NR sample was 

incubated at varying lengths of time to investigate changes that occur to the 

electropherogram profile. It was found that after a period of three to four days, the 

electropherogram showed an increase in migration time and band broadening , while also 

showing the formation of a new peak in front of the original NR peak (Fig 32). This 

supports the idea that aggregation is occurring, as the larger aggregated structure would 

be expected to migrat e faster than the original origami peak. However, it is unclear why 

the shifts in overall migration time and band broadening occur. Further experiment s with 

incubation in different sample buffers can further elucidate whether this is due to 
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aggregation as well. Even 200 

still, these results 
150 

demonstrate the potential -- -++--- ---- - Fresh 

for the CE to detect 

morphological changes in 

the origami over time. 

This aggregation 

tendency was further 

investigated by designing a 

NR sample with edge 

staples added (NR with 

sides) to compare with the 

NR sample with no edges 

on the ends (NR no sides) 

(Fig 33). The NR sample 

with sides should not 
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Figure 32. Overlaid ctITP electropherograms of the same NR-
staples mix sample analyzed after different incubation times. The 
DNA origami peak of each electropherogram is marked with a 
black asterisk, while the new peak is marked with a red circle. 

I 

No sides With sides 

Figure 33. Illustration ofNR origami designs, where the "With 
sides" sample has staples added to the upper and lower edges to 
prevent base pair interactions that can form aggregates. 

aggregate as easily as the edges have designed staples that do not allow for base pairing 

between origami. A similar incubation experiment was performed to observe the potential 

difference between the two samples (Fig 34) . The dye: buffer ratio was also increased in 

order to potentially observe aggregates at the expense of separation quality. Small 

deviations in the electropherogram profile were observed, where the NR with no sides 

formed a non-Gaussian peak after 1 week and a minor peak in front (Fig 34A) . 
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Figure 34. Overlaid ctITP electropherogram s of the (A) "no sides" and (B) "with sides" NR- staples 
mixture s run in fresh buffer or incubated for 1 week. The formed new peak is labeled with a red circle. 

Meanwhile , the NR with sides only showed a shift to a later migration time after 1 week 

of incubation (Fig 34B). As such , these differences demonstrate that the two structures do 

not have the same stability as monodisperse structures, and supports the hypothesis that 

aggregation was occurring in that NR sample with no sides. It is possible that earlier 

samples sent for imaging were aggregated and thus difficult to image using AFM. 

Hencefo1th , experiments should be conducted using the NR with sides in order to avoid 

aggregation as a factor in obtaining images of the purified NR. 

Chapter 5: Conclusion and Future Directions 

Current techniques used for the purification of DNA origami are lacking in yield, 

scalabilit y, and automation , and present a major barrier for the applicability of DNA 

origami as an ENM . In this study, CE has demonstrated excellent potential as a 

purification technique for DNA origami under both CZE and ctITP modes , where a 

highly reproducible separation between NR DNA origami from staples was achieved by 

manipulating buffer conditions, capillary specifications , injection parameters, and SYBR 

dye type. Fluorescence studies used to investigate the binding affinity and performance of 
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SYBR intercalating dyes supported the choice of using SYBR Green I for a more 

effective separation. Electropherograms recorded using optimized separation conditions 

provided resolution factors of 1.57 and 2.05 for CZE and ctlTP respectively, indicating 

successful resolution between the NR origami and staple strands. The shift from CZE to 

the more complex ctITP system also allowed for a substantial decrease in band 

broadening, analysis time, and more Gaussian peaks, as quantified by the 10-fold 

increase in number of theoretical plates and an asymmetry factor closer to 1. 

The optimized ctlTP mode was then employed in a fraction collection procedure, 

and resulting fractions were also imaged by AFM at NIST for offiine validation. The 

reproducibility of the fraction collection procedure was validated via measurement of the 

peak area of the reinjected pooled fractions, with high linearity between the peak area of 

the reinjection and the number of pooled fractions. A preliminary approach to 

determining the percent yield of CE-based purification was attempted but requires further 

validation. Unfortunately, the successful purification of origami structures by CE-LIF 

could not be validated using offiine AFM imaging during the time frame of this work. 

However, significant troubleshooting effo1ts were undertaken that will aid future work 

towards this end. 

To further develop the system and obtain more successful validation through 

imaging techniques, it would be prudent to begin with validation through imaging by 

TEM. This would avoid the potential problem excess SYBR dye causes with AFM, and 

can give more information on what is actually occurring to the CE-purified NR 

structures. Furthermore, repeated studies on the percent recovery can be completed to 

yield a value that can be directly compared to current techniques. This work demonstrates 
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the capacity of CE as a highly automated purification technique that has wide 

applicability to several types of DNA origami structures. With further optimization, CE 

could potentially be used for more complex origami separations, including separation of 

mis-folded from well-folded structures or of structures with different functional groups 

attached. Future studies may also seek to use CE to monitor morphological changes in the 

origami as a quality control detection method rather than as a purification technique. As 

such, this work advances our fundamental understanding of CE for the analysis of DNA 

origami and will hopefully drive further interest and success in its broader application 

within the DNA nanotechnology community. 
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