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Abstract

DNA origami is a powerful nanomaterial for biomedical applications due in part to its capacity 

for programmable, site-specific functionalization. To realize these applications, scalable and 

efficient conjugation protocols are needed for diverse moieties ranging from small molecules 

to biomacromolecules. Currently, there are no facile and general methods for in situ covalent 

modification and label-free quantification of reaction conversion. Here, we investigate the 

post-assembly functionalization of DNA origami and the subsequent high-performance liquid 

chromatography-based characterization of these nanomaterials. Following this approach, we 

developed a versatile DNA origami functionalization and characterization platform. We observed 

quantitative in situ conversion using widely accessible click chemistry for carbohydrates, small 

molecules, peptides, polymers, and proteins. This platform should provide broader access to 

covalently functionalized DNA origami, as illustrated here by PEGylation for passivation and HIV 

antigen decoration to construct virus-like particle vaccines.
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Introduction

Structural DNA nanotechnology1–3 has been extensively applied to biological 

applications,4, 5 including therapeutic delivery,6–10 due to its geometric and chemical 

programmability at the nanoscale. The DNA origami method uses a long single-stranded 

DNA (ssDNA) ‘scaffold’ and short oligonucleotides ‘staples’ to fold complex DNA 

nanostructures with quantitative yields.11–14 Polyhedral wireframe nanostructures have 

been developed to provide precise control over 2D and 3D structure.15, 16 Overcoming 

bottlenecks with recent efforts in top-down sequence design17–20 and large-scale, 

custom scaffold production,21–23 DNA origami is imminently positioned for translational 

research.3, 24 As recently reviewed by Madsen and Gothelf, this will require the efficient 

functionalization of DNA nanostructures, a field that remains underdeveloped.25

Precise functionalization of DNA origami is commonly achieved through post-assembly 

hybridizations, where ssDNA overhangs on the DNA nanostructure hybridize to a 

complementary nucleic acid strand attached to the desired conjugate. This method 

enables the facile and site-specific attachment of nucleic acid-modified proteins,26–32 

peptides,7, 33, 34 lipids,35 and dyes31, 36 in an orthogonal and sequence-programmable 

manner. Disadvantages of this non-covalent strategy include potential dissociation and loss 

of resolution in 3D organization. Similarly, streptavidin-biotin systems are also viable for 

DNA origami functionalization, yet these systems are limited in nanoscale resolution and 

conjugate scope.37

Alternatively, covalent conjugation strategies can be implemented prior to self-assembling 

DNA nanostructures. Staples are modified using solution- or solid-phase chemistry, and 

are then self-assembled with the scaffold to yield functionalized DNA origami.38, 39 This 

approach presents its own challenges, however. Generating highly decorated nanostructures 

requires the individual synthesis, purification, and characterization of a high number of 

staples, which substantially impedes the fabrication workflow. Additionally, most folding 

protocols require high temperatures and salt concentrations that can denature proteins and 

bleach dyes, limiting the conjugate scope of this approach.

To address these challenges, in situ (post-assembly) covalent conjugation strategies have 

been reported. Covalent functionalization strategies reduce the potential for conjugate 

disassociation and increase spatial resolution, both of which are advantageous for 

biomedical applications. However, these strategies often require the synthesis of functional 

staple strands, suffer from slow reaction kinetics, and cannot easily incorporate heterovalent 

displays of conjugates. Gothelf and coworkers demonstrated single molecule orthogonal 

chemical reactions on origami nanostructures,40 and others have functionalized DNA 

origami using protein tags.41–43 Andersen and coworkers used click chemistry to attach 

an enzyme to DNA nanostructures.44 Recently, strain-promoted azide-alkyne cycloaddition 

Knappe et al. Page 2

ACS Nano. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(SPAAC) chemistry was employed to generate superstructures from monomeric DNA 

origami45 and dense arrays of fluorophores on DNA nanostructures.46 These reports rely 

on atomic force microscopy or transmission electron microscopy (TEM) to evaluate reaction 

conversion. Both methods are semi-quantitative for ensemble measurements and are not 

amenable to analyzing small molecule conjugates, dense arrays, and conjugations on 3D 

structures. Alternatively, Funke and Dietz used gel electrophoresis to characterize thiol­

Michael additions on DNA nanostructures.47 While this characterization method measures 

reaction conversions quantitatively, it requires secondary labels, as do other quantitative 

methods.27, 48

Here, we report a facile workflow to fabricate and characterize covalently functionalized 

DNA origami virus-like particles (DNA-VLPs). We leverage in situ click chemistry49, 50 

to functionalize the nanostructures, we quantify reaction conversions using liquid 

chromatography, and we structurally characterize the DNA-VLPs. We demonstrate the 

efficient functionalization and application of DNA-VLPs with therapeutically relevant 

conjugates, and develop a general workflow that can integrate different conjugation 

chemistries and conjugate classes for diverse therapeutic, vaccine, theranostic, and materials 

science applications.

Results and Discussion

Given the current limitations in characterizing covalent conjugations on DNA 

nanostructures, we hypothesized that using a hydrophobic SPAAC functional group 

could enable characterization via high-performance liquid chromatography (HPLC). DNA 

origami scaffold routing and staple sequences were designed by the top-down algorithm 

DAEDALUS17 with dibenzocyclooctyne-amine (DBCO) moieties at specific staple 5’ 

termini (Figure 1). I52-30xDBCO, an icosahedron with two DNA duplexes per edge, a 

52 base pair edge length, and one DBCO group per edge, was chosen as a model system to 

investigate in situ covalent conjugations. Staples containing DBCO groups were synthesized 

using standard phosphoramidite chemistry and purified using HPLC (Figure S1). DNA­

VLPs were fabricated and characterized (Figure S2) as previously reported.17 Reaction 

conditions were optimized for the efficient high-density functionalization of DNA-VLPs 

(Figure S3), which were subsequently purified using centrifugal filtration. Reversed-phase 

HPLC using BEH-C18 columns under denaturing conditions was then employed to separate 

functionalized staples from non-functionalized staples and the scaffold strand, enabling 

quantitative determination of reaction conversion. This characterization, in combination with 

structural characterization by agarose gel electrophoresis (AGE), dynamic light scattering 

(DLS), and TEM affords an improved analysis of covalently-functionalized DNA-VLPs.

We directly injected the DNA-VLPs into the HPLC column (60 °C; 0.1 M 

triethylammonium acetate in water:acetonitrile gradient) and observed that hydrophobic 

staples were separated from the rest of the staples and scaffold of the nanostructure. The 

comparative HPLC analysis of the I52 scaffold, I52, and I52-30xDBCO demonstrated 

the ability of this denaturing technique to isolate origami staples with click-reactive 

moieties (Figure 2.A). To highlight the scope of this characterization method, we 

incubated I52-30xDBCO with diverse therapeutically relevant conjugates. HPLC traces 
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of I52-30xDBCO and purified DNA-VLPs covalently functionalized with a carbohydrate, 

a small molecule, a peptide, a synthetic polymer, and a clinically relevant HIV protein 

antigen indicate quantitative coverage (>95%) of the DNA-VLP with only moderate 

stoichiometric excesses and reaction times (Figure 2.B and Table S1). The observed shifts 

in the HPLC were confirmed using a simpler oligonucleotide system (Figure S4). Note 

that for the Cy5 conjugate, an example of a small molecule, there was an additional 

spectroscopic signature, as it absorbs in the near-IR region. This offered further evidence 

that the DNA origami was sufficiently denatured and that all DBCO staples were separated 

quantitatively by HPLC (Figure 2.C). Additionally, reaction conversions were confirmed 

using an established spectroscopic ratiometric technique27 (Figure 2.D and Figure S5). 

We attribute the difference between methods when quantifying Cy5 coverage to DNA­

induced fluorescence quenching of cyanine dyes.51 Note that while these techniques can be 

compared for conjugates with spectroscopic fingerprints (protein and fluorophore), only the 

HPLC method can monitor the reaction conversion for the other conjugates. AGE (Figure 

2.E) and DLS (Figure S6) indicate the monodispersity and nanostructure integrity of the 

DNA-VLPs after functionalization and purification.

PEGylation is commonly used to passivate therapeutic materials, increase circulation time, 

and inhibit nuclease activity. To inhibit exonuclease activity, researchers have incorporated 

hexaethylene glycol onto 3’/5’-termini in DNA nanostructures.52, 53 PEGylation was also 

implemented non-covalently into DNA origami through the electrostatic complexation of 

poly(lysine)-co-poly(ethyelene glycol) block copolymers to the DNA origami surface,54 

resulting in protection against endonucleases. To demonstrate the utility of this workflow, 

we functionalized I52-30xDBCO with PEG-10kDa-azide to generate a 5’-termini covalently 

PEGylated DNA-VLP (I52-PEG) (Figure 3.A). We then assessed the potential for this 

PEGylation strategy to protect against nuclease degradation in serum. We compared this 

strategy to a bare DNA-VLP (I52) and the poly(lysine)-PEG strategy.54 Using AGE 

to analyze the stability of covalently PEGylated DNA-VLPs, we observed enhanced 

stability compared to bare DNA-VLPs (Figure 3.B and Figure S7). We also observed a 

downshift in the gel overtime, presumably corresponding to the loss of PEG polymers as 

the nanostructure was degraded. The relative performance of the degradation protection 

strategies was assessed. Covalent PEGylation of the 5’-termini of staples offered enhanced 

nuclease protection on the order of several hours, yet was inferior to the protection provided 

by the poly(lysine)-PEG approach (Figure 3.C), likely because the 3’-termini and internal 

staple regions were unmodified, providing only partial coverage of the DNA nanostructure.

To further demonstrate the application of this workflow to translational research, we 

explored fabricating a DNA-VLP vaccine. Our groups recently reported on DNA-VLPs 

that organize the HIV antigen eOD-GT8 (PDB: 5IDL) at the nanoscale to probe B-cell 

receptor (BCR) activation.27 The antigen was conjugated to the nanostructures through 

hybridization of the antigen onto ssDNA handles. Here, we fabricated I52-eOD (Figure 

4.A) using the covalent functionalization methodology and observed quantitative coverage 

(Figure 2.B) while maintaining a monodisperse DNA-VLP (Figure 2.E and Figure S6). TEM 

characterization (Figure 4.B and Figure S8) validated a regular array of antigens scaffolded 

on the DNA-VLPs at the nanoscale. We then incubated this construct with Ramos B-cells 
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that recombinantly express an IgM-BCR specific for eOD-GT8 and B-cell activation was 

quantified using a Ca2+ flux assay. The activation was comparable to our previously reported 

construct27 (I52-eOD-H) as well as a recombinant protein nanoparticle55 (P-VLP) (Figure 

4.C and Figure S9). We conclude that the developed protocol for covalent functionalization 

is suitable to explore the role of nanoscale antigen organization on B-cell activation in future 

studies.

Conclusions

We report a scalable and efficient fabrication protocol for covalently functionalized DNA 

origami. This work overcomes several key technical challenges, compared with previous 

work,44–46 towards fabricating and characterizing covalently functionalized DNA origami 

nanostructures through a post-assembly functionalization workflow. First, we identified 

and optimized reaction protocols to achieve quantitative reaction conversions with efficient 

reaction stoichiometries. Second, we report the post-assembly, covalent conjugations of 

carbohydrates, peptides, proteins, polymers, and small molecules that play central roles 

in the development of this technology as vaccines and therapeutic delivery vehicles. 

Third, we introduce an analytical HPLC technique that can quantitatively monitor reaction 

conversions for diverse conjugates of interest. In contrast with other characterization 

techniques, this advance allows for the characterization of functionalized DNA origami 

that was previously difficult to characterize, such as 1) nanostructures functionalized with 

small molecule conjugates; 2) nanostructures functionalized with conjugates that have 

no spectroscopic fingerprint; and 3) nanostructures functionalized with dense arrays of 

conjugates. Additionally, this analytical technique is agnostic to sample purity, and is 

applicable to different types of DNA nanostructures, including 1D, 2D, and 3D origami 

objects. Finally, we present an overall workflow that is agnostic to nanostructure type and 

conjugate type, allowing for other researchers to adopt the present methodology to their 

individual applications.

We demonstrated the utility of our protocol in two applications. PEGylation of the 5’-termini 

of staples offered several hours of protection against nucleases, which may be further 

inhibited by extending this approach to reactive nucleotides internal to staples. PEGylation 

also offers other desirable properties such as decreasing opsonization and increasing 

circulation time, which may be evaluated in future work.56 Conjugation of DNA-VLPs 

with a clinically relevant HIV antigen preserved its antigenic properties as evaluated in 
vitro using a B-cell reporter cell line. Evaluating whether this covalent approach affords 

increased stability when compared with the previously published hybridization27 approach 

will help direct future in vivo evaluations of these DNA-VLP vaccines. Because the present 

methodology is compatible with liquid handling conditions, we envision its integration 

into automated fabrication pipelines to generate libraries of covalently functionalized 

DNA-VLPs with distinct moieties for screening delivery vehicles’ and vaccine candidates’ 

performances.
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Methods

DNA-VLP Design

DNA-VLP constructs were designed using DAEDALUS.17 For I52-30xDBCO, nick 

positions were modified for one staple on each edge of the nanostructure to position the 

5’ end facing outwards from the nanostructure. These staples were then extended on the 5’ 

end with TT and TEG-DBCO.

DNA-VLP Fabrication

I52 and I52-30xDBCO were assembled as previously described.17 Briefly, 30 nM of 

scaffold and 150 nM of each oligonucleotide staple were dissolved in TAE buffer with 

12 mM MgCl2 and thermally annealed. DNA-VLPs were purified into PBS using Amicon 

Ultra centrifugal filters (100 kDa) and stored at 4°C.

DNA-VLP Functionalization

I52-30xDBCO, at 250 nM (100 nM for eOD-GT8 reactions), was incubated with excess of 

azido-functionalized conjugates (25 eq. D-mannose, cyclo(RGDS), Cy5; 40 eq. eOD-GT8; 

50 eq. PEG-10kDa) and allowed to react at room temperature for 16 hours. 5% DMF or 10% 

DMSO (for protein reactions) were added as co-solvents. Functionalized DNA-VLPs were 

then purified using Amicon Ultra centrifugal filters (100 kDa) into PBS. Pure functionalized 

DNA-VLPs were stored at 4°C.

HPLC Conversion Analysis

For all HPLC experiments, the following gradient was used, with a 0.1 M triethylammonium 

acetate in water: acetonitrile solvent system: t=0 min, 90:10; t=1 min, 90:10; t=11 min. 

55:45 (linear ramp); t=16 min, 20:80 (linear ramp); t=20 min: 90:10 (step ramp). Injections 

of DNA-VLPs were at the following conditions: 60 nM [DNA-VLP], 50 μL. For calculating 

reaction conversion, full HPLC traces were baseline subtracted. Then, reagent and product 

peak areas were integrated. These peak areas were used to calculate the reaction conversion 

using the following formula: Reaction Conversion = Areaproduct/(Areaproduct+Areareagant)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Covalent functionalization of DNA-VLPs.
DNA-VLPs are designed using the top-down sequence design algorithm DAEDALUS,17 

assembled with quantitative folding protocols, and covalently functionalized using SPAAC. 

A strained alkyne (DBCO) is installed onto staple strands, and is reacted with an azide­

functionalized conjugate after assembly of nanostructures. The reaction conversion is 

analyzed via a liquid chromatography method, and the resulting DNA-VLPs are analyzed 

via standard structural characterization.
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Figure 2. Characterization of covalently functionalized DNA-VLPs.
A) HPLC traces of the DNA-VLP scaffold (I52 Scaffold), DNA-VLP (I52), and DNA-VLP 

with DBCO groups at the 5’ terminus of staples (I52-30xDBCO). The hydrophobic click 

chemistry staples are separated as the DNA-VLP is denatured. B) HPLC traces separate 

functionalized staples allowing for the quantification of reaction conversions; quantitative 

conversions (>95%) were observed for all conjugate classes. C) Secondary spectroscopic 

signatures (646 nm for Cy5) indicate that all functionalized staples are separated from 

the rest of the DNA-VLP. D) Reaction conversion quantified by the HPLC method and a 

ratiometric fluorescent method. Error bars represent the standard error of the mean (n=3). P 
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values are from a paired Student’s t-test (*P<0.05). E) AGE confirms structural integrity of 

nanostructures after functionalization and purification.

Knappe et al. Page 12

ACS Nano. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Stabilization of wireframe DNA origami with covalent PEGylation.
A) I52-PEG was fabricated using covalent functionalization resulting in PEGylation on each 

edge of the DNA-VLP. B) Representative AGE time series for bare and 5’-termini covalently 

PEGylated DNA-VLPs. DNA-VLPs were incubated in DMEM with 10% MS at 37 °C. C) 

Relative band intensities compared to the 0 hr data point for non-stabilized DNA-VLPs and 

stabilized DNA-VLPs (both 5’-termini covalent and non-covalent54 PEGylation strategies) 

are shown. Error bars represent the standard error of the mean (n=3).
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Figure 4. Antigen-functionalized DNA-VLPs activate B-cell receptors in vitro
A) I52-eOD was fabricated using a covalent strategy by installing a reactive azide onto 

the eOD-GT8 antigen. B) Representative TEM micrographs of I52-eOD shows structural 

array of antigens at the nanoscale. Scale bars represent 100 nm. C) Calcium flux assays 

comparing covalent ligation to previously published constructs. P-VLP is a published 

protein nanoparticle presenting 60 copies of eOD-GT8.55 I52-eOD-H is a published DNA­

VLP that hybridizes eOD-GT8 onto the nanostructure.27 The Ca2+ flux assay was conducted 

at a total eOD-GT8 concentration of 5 nM (left) and 1 nM (right). Error bars represent the 
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standard error of the mean (n=3, n=2 for I52, 1nM). P values are from a paired Student’s 

t-test (*P<0.05).
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