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2 Virus-like Particles Templated by

DNA Micelles: A General Method

for Loading Virus Nanocarriers1

2.1 Introduction

As discussed above, DNA/synthetic polymer hybrids are powerful building blocks

particularly in medical applications and nanotechnology. Its unique combination of

properties of both components makes it ideally suited to functionalize and load the

precisely designed self-assembled nanostructures. Herein it will be described that

versatile loading of protein nanostructure can be realized by micellar aggregates of

DNA amphiphiles.

Virus capsids (VCs) or virus-like particles are a relatively new class of natural

biomaterials with great potential for materials science and nanotechnology. They

form precisely defined stable cage structures, permit coat protein (CP) manipu-

lation through mutagenesis or chemical modification,[130] and can be easily pro-

duced. Such exceptional characteristics make them particularly strong candidates

for applications in biomedicine.[131, 132, 133, 134, 135, 136] The natural container-

like properties of viruses, as well as their ability to specifically target individual

cells, have been attractive for gene delivery and are now being harnessed for ther-

apeutic delivery. While some VCs have been investigated and chemically modi-

fied to probe targeting behavior,[137] scant work has been dedicated to loading

1Parts of this chapter were published as a communication in Journal of the American Chemical
Society, American Chemical Society.
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2 Virus-like Particles Templated by DNA Micelles

these nanocontainers.[138] An excellent model system in this regard is the Cowpea

Chlorotic Mottle Virus (CCMV). As with other VCs, CCMV evolved to encapsu-

late and transport RNA; in its natural state it consists of 180 identical CPs, which

self-assemble around the central RNA into 28 nm icosahedral particles. These can

be described according to the Caspar and Klug T (triangulation) number as T =

3 particles.[139] It has been shown that such capsids can also be readily made to

self-assemble around large polyanions, resulting in smaller T = 1 icosahedral par-

ticles of 18 nm.[140, 141] CCMV is unique in that capsid assembly can be induced

in acidic conditions even in the absence of nucleic acids, allowing the possibility

of loading more diverse cargos such as enzymes.[142] Nonetheless, the porous walls

of the shell severely complicate the loading and retention of small molecules. A

still more severe limit is imposed by solvent incompatibilities, which prevent the

loading of hydrophobic drugs except through covalent modification of the protein

or complexation with polyanions.[143] The success of engineered virus nanoparticles

as delivery vehicles will hinge in large part on the resolution of these issues and the

development of efficient loading strategies for small molecules and macromolecular

entities.

We report here a strategy for the facile self-assembly and loading of CCMV capsids

using DNA amphiphiles (Scheme 2.1). These structures aggregate into micelles

with a hydrophobic core and an anionic DNA corona. The negatively charged

particles induce capsid formation, allowing the entrapment of a large number of small

oligonucleotides (ODNs) as a constituent part of the micellar template. Furthermore,

preloading of the micelles with hydrophobic entities in the core or hydrophilic entities

by sequence-specific hybridization enables encapsulation of various small molecules

inside VCs.

2.2 Result and Discussion

2.2.1 DNA Amphiphiles and Micelles

Two classes of DNA amphiphiles known to self-assemble into larger aggregates

should be distinguished, though representatives of both were investigated in this

study. The first class consists of low molecular weight hydrophobic molecules that
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2.2 Result and Discussion

a 

b 

Scheme 2.1: DNA Micelle-Templated VC Formations. (a) Loading of hydrophobic molecules
(green) into the core. (b) Equipping moieties (red) attached to complementary
DNA by hybridization. Coat proteins encapsulate the micelle by a simple mixing
process at neutral pH.

are attached to ODNs.[144] Here a lipid-DNA 11mer (UU11) containing two 5-

dodec-1-ynyluracil nucleobases at the 5′-end was synthesized (Figure 2.1a). The

other class of DNA amphiphiles involves linear DNA block copolymers (DBCs) in

which a nucleic acid sequence is covalently connected to a hydrophobic organic

polymer via complementary end groups (Figure 2.1b).[70] This study employed two

DBCs containing polypropylene oxide blocks of the same molecular weight (MW:

6800 g/mol) but different lengths of ODNs, namely an 11mer (P11) and a 22mer

(P22) sequence. See Figure 2.7a in the experimental section for the DNA sequences.
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Figure 2.1: Key chemical structures of DNA amphiphiles. (a) The chemical structure of
modified uracil nucleobase. (b) The chemical structure of PPO block attached
to 11mer and 22mer ODNs.

All three amphiphiles formed micellar structures at room temperature, and in

31



2 Virus-like Particles Templated by DNA Micelles

some cases the micelles were additionally loaded with model cargo molecules (ex-

perimental section, Figure 2.10). Particle sizes were characterized by dynamic light

scattering (DLS) and AFM, and all fell in the range 7–11 nm (experimental section,

Figures 2.8 and 2.9).

2.2.2 DNA Micelle-templated Virus Capsid Formation

To assess the ability of these DNA particles to template VC formation both compo-

nents were combined through a simple mixing procedure. In most experiments DNA

amphiphiles were mixed with CP in a 1:2.3 molar ratio at pH 7.5 and incubated

for 30 min at 4◦C. It should be stressed that under these conditions VC formation

can only be attributed to the organizing role of the micelles. The resulting ma-

terials were isolated by fast protein liquid chromatography (FPLC). Transmission

electron microscopy (TEM) analysis revealed successful envelopment of all DNA mi-

celle species by the CCMV capsid protein. Particles eluted at 1.3–1.4 mL (Figure

2.2a) and exhibited a size of 19.9 ± 3.1 nm (Figure 2.3a). This size suggests that the

objects have T = 2 symmetry. Also, a small proportion of the particles formed a T

= 1 architecture. The TEM micrographs provide additional evidence of VC loading,

since empty cores would appear dark under the negative staining conditions (Figure

2.3d).[142] Moreover, a fraction that eluted at 1.6 mL could be clearly identified as

the remaining UU11 micelles from its size distribution, 8.1 ± 1.6 nm (Figure 2.3e),

in agreement with DLS measurements (Figure 2.9 in experimental section).
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Figure 2.2: FPLC graphs of crude VC mixtures and fluorescence spectra of loaded VCs. (a)
FPLC elugrams of crude VC mixtures templated by pyrene-loaded UU11. (280
nm, dashed) and pyrene (342 nm, solid). (b) Fluorescence spectra (λex = 342 nm
for pyrene) of the highlighted fraction (solid) and pristine CP (dashed).
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2.2 Result and Discussion
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Figure 2.3: TEM micrographs of various VC samples, stained by uranylacetate. (a) UU11-
VC FPLC fractions eluted at 1.4 mL representing loaded VCs. (b) P11-VC FPLC
fractions of loaded particles eluted at 1.4 mL and (c) P22-VC fractions eleuted
at the same volume. (d) Empty capsid assembled at pH 5.5. (e) UU11 micelles
eluting at a volume of 1.6 mL. Scale bars are 40 nm.

2.2.3 Micelle Loaded with Hydrophobic Compound

After confirming the loading of VCs with DNA amphiphile aggregates, these scaf-

folds were further exploited for incorporation of other moieties. Since hydrophobic

compounds are known to accumulate within the hydrophobic core of DBC am-

phiphiles, the fluorescent aromatic compound pyrene was introduced into UU11

aggregates as a model for small hydrophobic molecules. Templated assembly of

VCs was subsequently carried out as described above. During the FPLC elution

of pyrene-loaded UU11-VC (Figure 2.2a), a fraction eluted at ∼ 1.3 mL showed

clear pyrene absorption. The fluorescence spectrum of the chosen fraction showed

sharp and well-resolved pyrene emission bands demonstrating the presence of the

fluorophore within the UU11 aggregates and thus also inside the VCs (Figure 2.2b).

Similar measurements were carried out using micelles loaded with a membrane stain-

ing dye, DiI (experimental section, Figure 2.10b). The hydrophobic dye-loaded VCs
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2 Virus-like Particles Templated by DNA Micelles

were further examined by silver-stained gel electrophoresis (experimental section,

Figure 2.11) and TEM, which corroborated the analysis above for pristine micelle-

loaded VCs.

2.2.4 Micelle Labeled by Hybridization of cDNA

Finally the challenge of loading small hydrophilic compounds was addressed. DNA

micelles can be equipped by hybridization with almost any compound if conjugated

by means of a cDNA sequence. Many functionalities are commercially available or

can be easily synthesized. As a proof of concept, UU11 micelles were labeled with

6-Carboxylic-X-rhodamine (ROX), a hydrophilic fluorescent dye, by hybridization

with a ROX-DNA conjugate (Figure 2.4). VCs were formed employing the same

general encapsulation procedure. Again FPLC analysis confirmed successful envel-

opment of the functionalized micelles (experimental section, Figure 2.10a). With

the help of the ROX label and Dylight functionalized CP, the aggregation number Z

of micelles as well as the DNA content within the VC could be calculated. It turned

out that Z amounted to 25 ± 2, which is in very good agreement with a geometrical

calculation. Assuming a T = 2 configuration, the ODN content to capsid ratio was

found to be 6% by weight.

For T = 2 VC and ssDNA micelle,  
Aggregation Number (Z) = 25 ± 2  

Ratio to the capsid protein = 6 wt% 

Figure 2.4: Labeling micelles with cDNA. Coat protein (17 mol%) was labeled with Dylight647
(hexagon) and 50% of ROX-cDNA (sphere) was hybridized prior to the capsid
formation. Aggregation number Z was determined using UV absorbance area from
FPLC graph.
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2.3 Conclusion

2.3 Conclusion

Short ODNs have already been combined with virus-like particles. VC networks were

formed by hybridization employing virus-like particles that were chemically modified

with nucleic acid sequences at the outside.[145] Incorporation of pristine ODNs

into VC was demonstrated for the polyomavirus. However, the loading procedure

was cumbersome because packaging required osmotic shock treatment as well as an

acidic pH.[146] The approach presented herein is much simpler since a high number

of ODNs are preassembled by the attached hydrophobic units, i.e. alkyl chains

or polymers, acting as an efficient soft matter template and avoiding the need of

altering the assembly conditions. Moreover, copackaging of various small compounds

can be achieved by either hybridizing them onto the micelles or incorporating them

into the core. Our novel loading approach therefore marks a significant step toward

virus-based targeted therapeutics. This is especially true for hydrophobic drugs,

which are difficult to couple chemically to water-soluble capsid proteins due to

solvent incompatibilities. With the general loading strategy presented here, it is

now possible to fully explore diverse applications, especially the potential of these

nanocarriers as high-impact drug delivery systems.

2.4 Experimental Section

2.4.1 Materials and Methods

Solvents and reagents for DNA synthesis were purchased from Novabiochem (Merck,

UK) and SAFC (Sigma-Aldrich, Netherlands). Solid supports, Primer Support (200

µmol / g) from GE Healthcare, were used for synthesis of DNA materials. ÄKTA

oligopilot plus (GE Healthcare) was utilized for DNA synthesis. ÄKTA explorer (GE

Healthcare) was used for purification and analysis of DNA materials. After synthesis

DNA amphiphiles were purified by anion exchange chromatography, HiTrap Q HP 1

ml or 5 ml columns (GE Healthcare) through custom gradients using elution buffers

(A: 25 mM Tris, B: 25 mM Tris and 1.0 M NaCl). Fractions were further desalted

by either desalting column (HiTrap desalting, GE Healthcare) or dialysis membrane

(MWCO 2000, Spectrumr Laboratories).
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2 Virus-like Particles Templated by DNA Micelles

Molecular weights of UU11 were determined by MALDI-TOF mass spectrom-

etry. The spectra were recorded on a Bruker MALDI-TOF (Reflex-TOF) mass

spectrometer.

The oligonucleotide (5′-AAGACGCCAAA-3′) modified with 6-Carboxylic-X-

rhodamine (ROX) (ε = 80,000 cm−1M−1) at the 5′-end was purchased from

Biomers, Germany.

Novexr 15% TBE-Urea Gels 1.0 mm (Invitrogen) were used for the PAGE analysis

of ssDNA amphiphiles.

TEM grids (Formvar-Carbon) were exposed to an electron discharge treatment

using a Cressington Carbon coater and power unit. The sample was applied to the

grids by adding a 5 µL drop of sample solution (∼ 0.2 mg/mL) to the grid and

carefully removing it after 1 minute immersion using a filter paper. The grid was

allowed to dry for at least 15 min. before applying 5 µL of a 2% (w/v) uranyl acetate

aqueous solution, which was removed after 15 s. The grid was again allowed to dry

for at least 15 min. Samples were studied on a JEOL JEM-1010 TEM (Jeol, Japan).

Protein concentrations were determined with a Cary 50 Conc (Varian, Middel-

burg) UV-VIS spectrophotometer using a quartz cuvet with a path length of 3 mm.

A capsid buffer pH 7.5 (0.5 M NaCl, 0.05 M Tris-HCl, 0.01 M MgCl2 and 0.001

M EDTA) was used in all VC formation experiments.

Other experimental details are described in corresponding sections.

Preparation of CCMV coat protein

The purification of the CCMV virus and the removal of its RNA were carried

out according to literature procedures.[147] CP was labeled with Dylight-647 (ε

= 250,000 cm−1M−1) following the procedure outlined in the product manual in

17% coupling efficiency.
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2.4 Experimental Section

2.4.2 Synthesis and Characterization of UU11 and P11/P22

Synthesis of the modified uridine phosphoramidite

5′-O-(4,4′-dimethoxytrityl)-5-iodo-2′-deoxyuridine (1)

5-Iodo-2′-deoxyuridine (5 g, 14.12 mmol) was dissolved in 80 mL pyridine and

reacted with 4,4-dimethoxytrityl chloride (DMT-Cl) (5.76 g, 17.01 mmol) overnight

at room temperature. Afterwards, ice-cold water (50 mL) was added to the solution

and the resulting mixture was extracted twice with 50 mL DCM. The organic layer

was washed with water, dried over MgSO4 and the solvent was evaporated under

reduced pressure. The residue was purified by silica gel column chromatography,

eluted with n-hexane/EtOAc (1:1 v/v) to give 8.43 g (91%) of pure product.
1H-NMR (250 MHz, CDCl3): δ (ppm) = 2.24 (m, 2H, 2′-H), 3.32 (m, 2H, 5-H),

3.72 (s, 6H, OCH3), 4.01 (m, 1H, 3′-H), 4.47 (m, 1H, 4′-H), 6.24 (t, J1 = 6.7Hz, 1H,

1′-H), 6.77 (d, J = 8.9 Hz, DMTr aromatic protons, 4H), 7.08 to 7.42 (m, 9H, DMTr

aromatic protons), 8.07 (s, 1H, 6-H), 8.77 (s, N3-H,1H).
13C-NMR (63 MHz, CDCl3): δ (ppm) = 40.3, 55.3(2C), 63.51, 68.94, 70.3, 85.05,

86.92, 87.5, 113.21 (4C) 125.9, 127.56 (2C), 127.68 (2C), 128.9 (4C), 132.35, 135.38,

144.19, 144.71, 150.1, 159.2 (2C), 160.52.

FD-MS: m/z calculated for C30H29IN2O7 = 656.46 g/mol; found: 656.2.

5-[Dodec-1-ynyl]-5′-O-dimethoxytrityl-2′-deoxyuridine (2)

5′-O-(4,4′-Dimethoxytrityl)-5-iodo-2′-deoxyuridine (1) (8 g; 12.19 mmol) was dis-

solved in degassed anhydrous DMF (100 ml) and argon was bubbled through this

solution for 10 min. Pd(Ph3P)4 (1.41 g; 1.22 mmol, 10 mol%) was added and ar-
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Scheme 2.2: Synthesis of the modified phosphoramidite (3)
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2 Virus-like Particles Templated by DNA Micelles

gon was bubbled through the solution for another 5 min. Amberlite-IRA67 (20 g)

was introduced, followed by addition of 1-dodecyne (6.1 g; 36.56 mmol) and cop-

per(I) iodide (0.46 g; 2.44 mmol, 20 mol%). The mixture was stirred for 18 hrs at

room temperature in the absence of light. The solid was filtered and washed with

MeOH/DCM 1:1 v/v (10 ml). The solvent was evaporated and the residue was

purified by silica column chromatography, eluted with n-hexane/EtOAc (1:1 v/v)

to give 5.96 g (70%) of pure product.

1H-NMR (250 MHz, CDCl3): δ (ppm) = 0.8 (t, J = 7.3 Hz, 3H, 1CH3), 1.16 (s,

14H, 7CH2), 1.5 (t, J = 6.6 Hz, 2H, 1CH2), 1.99 and 2.20 (2 sets of multiplets,

2H, 2′-H), 2.31 (m, 2H, 1CH2), 3.25 (m, 2H, 1CH2, 5′-H), 3.48 (m, 2H, 3′-H and

3′-OH), 3.70 (s, 6H ,2OCH3), 4.43 (m, 1H, 4-H), 6.17 (dd, J1 = 7.6 Hz, J2 = 5.5 Hz,

1H, 1′-H), 6.74 (d, 4H, J = 8.8 Hz, DMTr aromatic protons), 7.25 (m, 9H, DMTr

aromatic protons), 7.83 (s, 1H, H-6), 8.56 (s, N3-H, 1H).
13C-NMR (63 MHz, CDCl3): δ (ppm) = 14.3, 19.8, 23.1, 28.93, 29.73, 32.23, 41.70,

55.6, 63.99, 71.14, 72.69, 86.03, 87.00, 87.31, 87.9, 93.4, 94.60, 95.55, 101.1, 113.64,

116.8, 126.4, 127.25, 128.29, 128.40, 130.29, 135.92, 136.07, 145.26, 151.08, 153.08,

156.00, 159.45, 160.35.

FD-MS: m/z calculated for C42H50N2O7 = 694.86 g/mol; found: 694.4.

5-(3′-Dodecyne)-5′-O-dimethoxytrityl-2′-deoxyuridine-3′-[(2-cyanoethyl)-

N,N-diisopropylphosphoramidite] (3)

5-[Dodec-1-ynyl]-5′-O-dimethoxytrityl-2′-deoxyuridine (2) (5.64 g, 8.12

mmol) was dissolved in dry THF and reacted with N-diisopropyl-2-

cyanoethyl-chlorophosphoramidite (6) (2.31 g, 9.74 mmol) in the presence of

diisopropylethylamine at room temperature. The reaction mixture was stirred for

3 hrs under argon atmosphere .The mixture was poured into saturated Na2CO3

solution and washed with water (3×) and brine (3×). The organic layers were

combined and dried over MgSO4. After evaporation of the solvent the product was

dried under high vacuum to give 3 in quantitative yield. The product was used

immediately for the solid phase DNA synthesis.

31P-NMR (100 MHz, THF−d8): δ (ppm) = 149.65.
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2.4 Experimental Section

Synthesis of the PPO phosphoramidite

The phosphoramidite of the poly(propylene oxide) (PPO) (5) is accessible via the

reaction of the hydroxy-terminated PPO monobutyl ether (4) with the phosphity-

lation reagent, 2-cyanoethyl N,N -diisopropylchlorophosphoramidite (CEPA-Cl, 6),

in the presence of N -ethyldiisopropylamine (DIPEA) using an analogous synthetic

procedure reported by our group (Scheme 2.3).[70]
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Scheme 2.3: Synthesis of the PPO phosphoramidite (5)

To a mixture of 13.6 g (2 mmol) of PPO monobutyl ether (Mw = 6800 g/mol,

4) and 442 µL (0.33g, 2.6 mmol, 1.3 eq.) of dry DIPEA in approx. 50 mL of

dry dichloromethane (DCM), the phosphitylating agent, CEPA-Cl (6) (0.615 g, 2.6

mmol, 1.3 eq.) in a syringe was added dropwise to the stirred solution. After stirring

for another 3 h at RT, The reaction mixture was transfered into a separation funnel

and washed consecutively with sodium carbonate solution (5%, w/v), brine (three

times) and then finally with water (three times). The organic phase was transferred

into an Erlenmeyer flask equipped with a stirring bar and magnesium sulfate (until

“fluffy flakes”of the salt were observable) was added to remove residual water. The

suspension was filtered (using a folded filter paper) to remove the magnesium sulfate.

After rinsing the magnesium sulfate with a few mL of dry DCM, the filtrate was

collected in a dry round-bottom flask. DCM in the flask was evaporated to dryness

on a rotary evaporator. The residue was dried under high vacuum for at least 16 h

yielding approx. 90% of PPO-phosphoramidite.

31P-NMR (100 MHz, THF−d8): δ (ppm) = 145.6.
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2 Virus-like Particles Templated by DNA Micelles

DNA Synthesis of UU11

Compound 3 (7 g) was dissolved in dry acetonitrile (52 ml) to give a concentration

of 0.15 M. This solution of 3 was connected to a DNA synthesizer prior to starting

the DNA synthesis. The UU11 synthesis was performed under standard conditions

of the ÄKTA oligopilot equipment on a 50 µmol scale with an overall product yield

of 16%, as calculated from the AIEX chromatogram.

MALDI-TOF MS of UU11: 3,629 m/z ; calculated: 3,629 (Figure 2.5)

DNA Synthesis of P11 and P22

Polymer 5 (7 g) was dissolved in dry DCM (ca. 40 ml) to give a concentration

of approx. 0.1 M. This solution of 5 was connected to DNA synthesizer prior to

starting the DNA synthesis. The generation of P11 and P22 were performed iden-

tically, except the building-up of the ODN sequences. For standard nucleotides, the

synthesis was carried out employing routine parameters for the nucleoside phospho-

ramidite coupling as provided by the manufacturer either on a 50 or 260 µmol scale.

Regarding the polymer coupling, after the detritylation step, 4.0 eq. of the PPO

phosphoramidite (5) was passed through the column reactor and further recycled for

30 min (coupling and recycling steps). Subsequently, the oxidation step was carried

out.

Purification of DNA hybrids

After the synthesis, standard deprotection and cleavage from the solid support was

performed according to user manual provided by GE Healthcare. For preparative

anion exchange chromatography of UU11, P11 and P22, the ÄKTA explorer

FPLC equipped with a 5-mL HiTrap Q HP column was used. During elution,

the absorbance of the oligonucleotide at 260 nm was monitored. A linear or custom

gradient of Buffer B was applied for resolving oligonucleotides having a different

number of charges. Although this signal may be saturated at high concentrations,

the product was nevertheless separated from other DNA side products with baseline

separation. Analytical AIEX chromatograms of the purified materials are shown in

Figure 2.7.

40



2.4 Experimental Section

2.4.3 Characterization of UU11 and P11/P22

MALDI-TOF mass spectrometry

Matrix and sample preparation: 3-hydroxypicolinic acid (20 mg), picolinic acid (2

mg) and ammonium citrate (3 mg) were dissolved in 30% acetonitrile in water (0.5

ml). The mixing ratio was sample (20 M) to matrix = 1 : 2 (v/v).

1000 - 

800 - 

600 - 

400 - 

200 - 

0 - 

Intensity 

| 

3000 
| 

3500 
| 

4000 
| 

4500 
| 

5000 m/z 

3629 

Figure 2.5: MALDI-TOF spectrum of UU11.

Polyacrylamide gel electrophoresis

Denaturing 15% polyacrylamide TBE-Urea gel was stained with ethidium bromide

and UV transillumination was carried out at 260 nm.

Figure 2.6: PAGE of 11mer ODN control (lane 1), UU11 (lane 2), P11 (lane 3), 22mer ODN
control (lane 4), and P22 (lane 5). The bottom line of each product is marked
for clarity.
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2 Virus-like Particles Templated by DNA Micelles

Anion exchange chromatography

Analytical AIEX chromatography was performed using a HiTrap Q HP 1 ml column

(GE Healthcare) and linear gradient elution with two elution buffers (A: 25 mM Tris,

B: 25 mM Tris and 1.0 M NaCl).
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a UU11 

45.1 
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5’-UUTGGCGTCTT-3’ 
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Figure 2.7: The AIEX chromatograms of the DNA materials and their sequences and structures
(a) UU11, (b) P11, and (c) P22. Curves are traces of OD260. Numbers represent
corresponding retention times of the peaks. Two curves on the left (shown in b
and c) are pristine DNA controls with the same sequences as the modified DNA or
block copolymer.

2.4.4 Morphology of DNA Micelles

AFM

AFM images were collected with a MultiMode-II AFM connected with Nanoscope

IIIa controller (Veeco) in a fluid-cell filled with ultra pure water, filtered with 0.2

µm syringe filter prior to use. V-1 grade mica plates were purchased from Electron

Microscopy Sciences (USA). Silicon nitride cantilevers with silicon tips and spring

constant of 0.32 N/m (SNL-10) were purchased from Veeco (France).
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Figure 2.8: AFM images of the DNA micelles. (a) UU11 in fluid cell. (b) UU11 in air. (c)
P11 in fluid cell. (d) Size histogram of P11. The scale bars are 50 nm.

DLS

DLS measurements were performed on a Zetasizer Nano S and Zetasizer 5000

(Malvern Instruments Ltd, England) with 90◦ scattering angle and analyzed using
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Figure 2.9: DLS size distribution of UU11 (2 mg/ml in ultrapure water) analyzed by number.
Note that diameter range below 9 nm does not meet the correlation function.
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2 Virus-like Particles Templated by DNA Micelles

Calculation of the aggregation number (Z) of the UU11 micelle

Calculation of Z using molar extinction coefficients (ε) of two dyes labeled

DNA and CP: The molarity ratio of UU11 : CP was calculated using the Beer-

Lambert law, A = εcl. From the absorbance of ROX on complementary DNA (4.30

mAU, 50% hybridized) and Dylight647 on CP (85.5 mAU, 17% labeled), as seen

from elution bands at 1.28 ml in Figure 2.10a, a ratio of 1 : 4.82 was found. In a

capsid of T = 2 geometry, which consists of 120 CPs, this corresponds to 25 single-

stranded UU11 molecules in the capsid-cavity. The micelle in the cavity thus has

an aggregation number of Z = 24.9 ± 2.8. The weight ratio of nucleotides, including

UU11 and cDNA, in the cavity relative to VC was calculated to be 6%.

Geometrical estimation of Z : For the purpose of estimating the aggregation

number of the UU11 micelles, the single-stranded DNA strands of the corona were

each assumed to be confined to spheres with a diameter of 2.7 ± 0.1 nm.[148, 149]

For a micelle diameter of 10 nm as observed by DLS, this yields an approximate

aggregation number of Z = 23 ± 2, which is in good agreement with value calculated

from measured molar extinction coefficients.

2.4.5 Preparation of Loaded Micelles

DiI or pyrene was dissolved in acetone. A drop of dye solution (400 µg/ml) was added

to a tube and subsequently evaporated. A UU11 micellar solution was added to the

tube and the mixture was agitated overnight at room temperature. 50 Mol percent

of ROX-ODN was hybridized with UU11 in MgAc2 (10 mM) buffer at pH 7.5.

2.4.6 Encapsulation of DNA Micelles with VC

General procedure of VC formation: A DNA amphiphile and CP were mixed in a 1

: 2.3 molar (Table 2.1) in pH 7.5 capsid buffer and the mixture was allowed to form

capsids for 1 h at 4◦C.
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2.4 Experimental Section

Table 2.1: Mixing volume and concentration of VCs

Amphiphile used for VC formation DNA amphiphile Coat protein
(molar ratio of the amphiphile : CP) µL (µM) µL (µM)

Pyrene/UU11 (1 : 2.3) 19.6 (208.58) 100 (94.2)
DiI/UU11 (1 : 3.6) 8.1 (400.00) 100 (148)

ROX-cDNA/UU11 (1 : 2.3) 19.6 (208.58) 90 (83.1)

2.4.7 Size Exclusion Chromatography of Crude VC Mixtures

FPLC measurements were performed using a Superose 6 PC 3.2/30 analytical col-

umn from GE lifesciences, on an Amersham Ettan LC system, fitted with a frac-

tionating device. Buffers for FPLC were filtered with a Millipore 0.2 µm filter before

use.

Size exclusion chromatography was performed on a FPLC system equipped with a

Superose 6 column using the pH 7.5 capsid buffer. Multiple wavelength monitoring

was applied during elutions.

1.2 1.6 2.0 2.4 
Retention volume (ml) 

1.2 1.6 2.0 
Retention volume (ml) 
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Figure 2.10: FPLC graphs of crude VC mixtures using the depicted loading strategies. (a)
ROX-DNA hybridized UU11-VC. (b) DiI loaded UU11-VC. (c) DiI loaded
UU11 only. Ordinate is the normalized absorbance. Highlighted sections are
fractions that were collected for further measurement. Black curves represent the
protein absorbance at 280 nm, and the blue curves are the absorbance correspond-
ing to dye species (549 and 575 nm, respectively) loaded in the DNA micelle. The
integrated area of (a) shows that around 56% of the micelles are encapsulated
into the VCs.
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2 Virus-like Particles Templated by DNA Micelles

2.4.8 Silver Stained Gel of UU11-VC

FPLC fractions of DiI loaded UU11-VP and non-encapsulated UU11 were analyzed

on an SDS-Page gel, and detected by silver staining. This showed the presence of

capsid protein in the DiI loaded UU11-VP fraction at 1.4 mL (lane 3). Capsid

protein dimers are known to elute at 1.8 mL (lane 5). They are subject to heavy

degradation, while the wild-type capsid protein (wt CP) stored at pH 5.0 and the

DiI loaded UU11-VP only show light degradation. Wt CP is known to degrade

fairly quickly at pH 7.5, but not at pH 5.0. This is probably due to the fact that at

pH 5.0 the N-terminus, which is prone to degradation, points inwards into the capsid

and is thus more or less protected from the environment. Since the capsid proteins

form around the micelle, the same mechanism probably protects the capsid proteins

of the DiI loaded UU11-VP from degradation. Like the DiI loaded UU11-VP, the

dimers that did not form around the micelle were left at room temperature for at

least an hour, which speeds up the degradation process. The capsid proteins in the

first lane were also kept at pH 7.5 for several hours, but they were stored in the

refrigerator.
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Figure 2.11: Silver protein stained gel of the UU11 fractions from the size exclusion chro-
matography (SEC). Marker (lane 1), wild type capsid protein (lane 2), SEC frac-
tion of UU11 at 1.4 mL (lane 3), SEC fraction of UU11 at 1.6 mL (lane 4),
and FPLC fraction at 1.8 mL (lane 5).
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2.4.9 Statistical Analysis of the Particle Sizes Observed by TEM
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Figure 2.12: Size distribution histograms of UU11 micelles (a, 8.1 ± 1.6 nm), UU11 VCs
(b, 19.9 ± 3.1 nm), P11 VCs (c, 21.2 ± 2.8 nm), and P22 VCs (d, 19.2 ± 3.5
nm) as determined from the TEM images (see Figure 2.3 for the representative
images).
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