
 

 

 University of Groningen

Self-assembled structures and applications of DNA hybrid materials
Kwak, Min Seok

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2011

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kwak, M. S. (2011). Self-assembled structures and applications of DNA hybrid materials. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/514cfdde-f3b0-41ba-915f-0cca609e1b01


3 DNA-Functionalized Blend

Micelles: Mix and Fix Polymeric

Hybrid Nanostructures1

3.1 Introduction

Future applications of DNA amphiphiles along the lines described above, if they

are native micelles, will probably always be limited by their susceptibility to break-

down under dilution. This is of particular concern for drug delivery, one of the most

promising applications for micellar systems, as injection into the bloodstream repre-

sents a significant dilution. The method below presents a new technique to improve

the stability of DNA-based micelles by chemically cross-linking cargo molecules

inside the hydrophobic core, thereby physically locking the individual DNA am-

phiphiles (in this case DNA block copolymers) into place. This process simultane-

ously addresses another potential concern for DNA-based micelles. These objects

typically have an extremely high charge density, which can provoke an adverse bi-

ological response or result in osmotic shock, but the cross-linking procedure results

in mixed micelles in which the amount of DNA (i.e. charge) can be tuned. Further-

more, the DNA strands that are incorporated are mixed with poly(ethyleneoxide)

(PEO) chains, the known biocompatibility of which may impart a desirable stealth

quality.

1Parts of this chapter were published as an article in Chemical Communications, Royal Society
of Chemistry.
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3 DNA-Functionalized Blend Micelles

Amphiphilic block copolymers have long been the subject of intense study for their

supramolecular aggregation properties, especially with regard to potential pharma-

ceutical applications.[150, 151] One family of these materials, the Pluronic™ block

copolymers, composed of PEO and poly(propyleneoxide) (PPO) blocks with triblock

structure PEOn-PPOm-PEOn, have received particular attention for their tunable,

thermally responsive aggregation behaviour. The micellization and gelation be-

haviour of Pluronic block copolymers has been described elsewhere;[152] here it is

sufficient to note that the process is governed by a critical micelle concentration

(CMC) and critical micelle temperature (CMT) specific to each Pluronic species. In

part due to the known biocompatibility of PEO chains, Pluronic block copolymers

are strong candidates for biomedical applications, both for the bioactivity of the

unimers and the possibility to load hydrophobic drugs into the micelle core.[153]

The micelles can be cross-linked either at the periphary of the corona[154] or within

the core[155] to stabilize them against dilution and low temperature. The primary

limitation to Pluronic-based drug delivery is the difficulty of targeting - Pluronic mi-

celles can only be equipped with targeting moieties through chemical modification

of the terminal hydroxy groups of the polymer.[156] Another class of amphiphilic

block copolymers with great biomedical potential is the DNA block copolymers

(DBCs), consisting of single- or double-stranded DNA covalently attached to poly-

mer units.[157] In aqueous media, amphiphilic DBCs also self-assemble into aggre-

gates or micelles with a hydrophobic core and a hydrophilic DNA corona, which can

be used for addressable functionalization through simple hybridization with comple-

mentary DNA (cDNA) covalently linked to the desired moiety.[96, 65] A powerful

potential application for this technique within the pharmaceutical sphere is target-

ing, as has been demonstrated with tumor cells.[95] In vivo applications are limited,

though, by the instability of the micelles against dilution. Another potential draw-

back of pure DBC micelles for drug delivery might be the strong stimulation of

immune responses, due to the high local DNA concentration, surrounding these ag-

gregates with PEO chains would potentially implement a desirable kind of “stealth”

function. We report here on the combination of these two classes of materials (Fig-

ure 3.1), represented by DNA-b-PPO (22PPO), a PPO block (MW = 6,800 g/mol)

covalently connected to the 5′-end of a 22-base single-stranded DNA (5′-CCT CGC

TCT GCT AAT CCT GTT A-3′), and Pluronic F127. The latter was selected for
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3.1 Introduction

the comparable sizes of the hydrophobic block and micellar structure to those of

22PPO.[158, 70] These aggregates combine the potential for intramicellar cross-

linking of Pluronic with the facile functionalizability of DBCs, allowing the forma-

tion of stable micelles with easy targeting capabilities and thereby addressing two

of the current drawbacks of the individual components. It is also expected that the

PEO corona should shield the DNA backbone and thus improve immunocompatibil-

ity. The resulting mixed micelles were characterized with UV/Vis and fluorescence

spectroscopy, atomic force microscopy (AFM), Förster resonance energy transfer

(FRET) and transmission electron microscopy (TEM).

a 

c 

f 

d 

e 
g 

b 

c 

n = 100, m = 65 

n = 116 

F127 

22PPO 

b c 

a 

O
O P O

On

O

O

OH 22

Base

H
O

O
O OHn nm

Figure 3.1: Schematic of the mixed micelle architecture and chemical structures of the poly-
meric components. (a) PEO block of Pluronic. (b) DNA block of DBC. (c) PPO
blocks of Pluronic or DBC. (d) and (e) Probes at 5′- and 3′- ends of the complemen-
tary DNA, respectively. (f) Hydrophobic compound loaded into the hydrophobic
core. (g) Cross-linked nanodomains of pentaerythrytol tetraacrylate (PETA) in the
core.
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3 DNA-Functionalized Blend Micelles

3.2 Results and Discussion

3.2.1 Stabilization Using PETA

Before forming blend micelles, we investigated the stabilization of the individ-

ual components through UV-induced cross-linking of pentaerythrytol tetraacrylate

(PETA) using a pyrene solubilization method.[159] F127 and 22PPO were pre-

pared and stabilized as per reported procedures,[155, 160] and stored overnight at

4 ◦C. Only the stabilized F127 samples retained well-resolved pyrene fluorescence;

though 22PPO can be loaded with pyrene or other hydrophobic molecules, PETA

uptake and/or polymerisation is ineffective in pure DBC micelles (see experimen-

tal section 3.4.2 for sample preparation and absorption and UV/Vis spectra). The

same procedure was subsequently repeated with a mixture of F127 and 22PPO so-

lutions in a 5:1 molar ratio (final concentrations 800 µM F127 and 160µM 22PPO).

The micelles were loaded with PETA and pyrene and photo-crosslinked (Figure

3.1). Whereas pure 22PPO micelles could not retain pyrene after storage below

the CMT, the blended solution showed characteristic pyrene fluorescence peaks, i.e.

micelles were successfully stabilized (experimental section, Figure 3.5b). It should

be noted that this cross-linking represents only a kinetic barrier to dissociation—

after several weeks of storage, the stabilized blend micelle solutions began to form

a white precipitate, and pyrene fluorescence could no longer be observed (data not

shown).

3.2.2 AFM Investigation of Micellar Species

All of the materials utilised in this study were analyzed using AFM in Tapping

Mode in air (see experimental section 3.4.3 for the sample preparation), to confirm

the micellar structure and incorporation of DBC. Pure F127 micellar solution in

the absence of PETA showed only shapeless smears (data not shown), in stark

contrast to the well-resolved spherical aggregates found in internally cross-linked

F127 micelles (Figure 3.2a). As expected, immobilisation was much more effective

for DNA-containing materials than for the neutral Pluronic micelles; in the images

of 22PPO, markedly more material is visible on the surface in spite of the 80%

reduction in molar concentration (Figure 3.2b). Relatively few well-formed micelles
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3.2 Results and Discussion

a b c 

Figure 3.2: Tapping Mode AFM images of micellar materials. (a) Stabilized F127, 160 µM,
coverage: 39 aggregates per µm2. (b) Pure 22PPO, 32 µM, coverage: 87
aggregates per µm2. (c) Stabilized blend, 160 µM F127 and 32 µM 22PPO,
coverage: 562 aggregates per µm2. Concentrations refer to solutions incubated on
mica slide. Scale bars are 100 nm and vertical scale is 20 nm. Average heights of
the objects in (a-c) are 6.9 ± 2.6, 2.3 ± 1.4, and 7.1 ± 2.3 nm, respectively.

could be observed in these samples because the materials could not be stabilized

with PETA. The combination of both materials results in a sharp increase in the

population of well-defined, and thus stabilized, aggregates (Figure 3.2c). This high

coverage can not be attributed to 22PPO alone, and pure F127 micelles adhere

poorly to the surface even when stabilized, thus these AFM results indicate the

formation of stabilized micelles blending 22PPO and F127.

3.2.3 FRET on Dye-labelled Micelles

The mixed nature of the micelles and the accessibility of the DNA in the corona

were investigated with intermolecular FRET experiments between TAMRA and

FAM (see experimental section 3.4.5 for the full names and reference spectra of the

fluorescent probes). To this end, F127 was labelled with TAMRA (experimental

section 3.4.4) and mixed micelles were formed without PETA stabilization using

an 8:1:2 ratio of F127:F127-TAMRA:22PPO. Fluorescence was monitored under

excitation at 440 nm after the addition of equimolar cDNA (relative to TAMRA)

functionalized with FAM at the 3′- or 5′- end (Figure 3.3a and b). In a control with

no 22PPO present and thus only diffusion controlled encounters between TAMRA

and FAM, the intensity ratio of TAMRA to FAM fluorescence was I583/I523 = 0.81.
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Figure 3.3: FRET analysis of blend micelles. (a) FAM-3′-cDNA with TAMRA-F127 (dashed)
and TAMRA-F127-22PPO blend (solid). (b) FAM-5′-cDNA with TAMRA-F127
(dashed) and TAMRA-F127-22PPO blend (solid). In all cases λex = 440 nm.

For mixed micelles and FAM-3′-cDNA, which affords the closest average approach

of cDNA and F127 functionalities, this intensity ratio increased to 1.06, a significant

enhancement of relative TAMRA fluorescence (∼30%, solid curve in Figure 3.3a) for

such a dynamic micellar system. In contrast, the same system with FAM-5′-cDNA,

which results in a greater and more variable TAMRA-FAM separation on average,

yielded no change in relative intensities: in the presence and absence of 22PPO,

we found I583/I523 = 0.60.2 As such, these data are strongly indicative not only of

successful mixing of F127 and 22PPO in single micelles, but also of the distance

control attainable through functionalization via DNA hybridization. This degree

of control is due to the ability of 22PPO to link between two key interactions for

supramolecular organization. The first is the hydrophobic interaction between the

PPO blocks of F127 and 22PPO, which allows 22PPO to be incorporated into

F127 micelles. The other is Watson-Crick base pairing between the DNA block of

22PPO and its functionalized complement, enabling the positioning of FAM at the

outer edge of the corona or at the hydrophobic-hydrophilic interface, as in the case

of FAM-3′-cDNA.

3.2.4 Labelling Blend Micelles with Au-NPs

As a final demonstration of the versatility of this system, we introduced markedly

larger moieties - 5 nm gold nanoparticles (Au-NPs) - to stabilized mixed micelles

using the same simple hybridization procedure. Au-NPs conjugated with single

2The discrepancy between the fluorescence intensity ratios in the control experiments can be at-
tributed to the different local electronic environment of the dye in 5′- versus 3′-functionalization
and the resulting changes in quantum efficiency and spectral characteristics.
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3.3 Conclusion

cDNA molecules were prepared according to a reported protocol (experimental sec-

tion 3.4.6 and page 136).[161] The resulting hybridized structures were investigated

with AFM and TEM. As expected, the AFM results, and particularly the phase data

(Figure 3.4a), showed clear grouping of gold particles into numerous tight aggregates

with sharp internal boundaries not detected in pristine micelles. This observation

was supported with TEM results (Figure 3.4b), where the high contrast of Au al-

lowed unambiguous confirmation of inorganic nanoparticle clustering. Indeed, the

distribution of nearest-neighbour separations of the particles visible in this scan

sharply differs from the same distribution for simulated random particles, exhibit-

ing a stronger tendency for small separations (Figure 3.4c and experimental section

3.4.7). Furthermore, this aggregation is clearly centered on the micelles - fully 38%

of the Au-NPs are located in the immediate vicinity of the 106 best-defined micelles

(dark shadows visible under negative staining conditions), covering only 10% of the

total scan area (experimental section, Figure 3.11b). In short, DNA in the corona

allows the combination of soft and hard materials, including high-contrast agents

(e.g. gold) for TEM imaging, with potential implications for particle tracking.

3.3 Conclusion

In summary, we have generated micelles containing a mixture of both Pluronic F127

block copolymer and a DNA block copolymer. These micelles were stabilized by the

UV-induced formation of a semi-interpenetrating network in the core, as confirmed

by fluorescence studies with pyrene loading and AFM measurements of mixed mi-

celles. AFM images also indicated the successful inclusion of DNA materials into

the micelles. Moreover, the existence of 22PPO in current blend micelles does not

influence significantly to its height distribution in AFM topography compared to

that of stabilized pristine F127 micelles, which can be interpreted that both systems

have nearly identical morphologies. The mixed nature of these micelles was further

demonstrated with FRET studies between FAM-cDNA conjugates and TAMRA-

labelled F127. These results and the controlled aggregation of Au-NPs through

DNA hybridization also showed the general availability of the DNA in the corona

for further functionalization. Indeed, such functionalization even affords a degree of

distance control, as demonstrated by the marked improvement in FRET efficiency
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Figure 3.4: Characterization of mixed micelle-Au-NP aggregates. (a) Tapping Mode AFM
phase image. Inset: 2× zoom phase image showing distinct boundaries between
aggregate members. (b) Representative TEM image showing high-contrast Au-
NPs and weak contrast due to micelles. Inset: 2.5× zoom image of the same
region. (c) Nearest-neighbour separation histograms and percentage of total par-
ticle count extracted from TEM data (left bar, square) and randomly generated
particle distribution (right bar, triangle). Scale bars are 200 nm in full images and
100 nm in insets.
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3.4 Experimental Section

when micelles are labelled with FAM-3′-cDNA versus FAM-5′-cDNA. The demon-

strated incorporation of 22PPO allows the combination of facile functionalization

and targeting, the hallmark of DBC micelles, with the biocompatibility and ease of

stabilization of F127. This novel pairing addresses fundamental obstacles to the ap-

plication of both constituent materials and paves the way to further in vivo studies

of immunogenicity, circulation lifetime, drug release and targeted delivery with this

material.

3.4 Experimental Section

3.4.1 Materials and Methods

Materials Solvents and reagents for DNA synthesis were purchased from Nov-

abiochem (Merck, UK) and SAFC (Sigma-Aldrich, The Netherlands). Solid sup-

ports, Primer Support™ (200 µmol/g) from GE Healthcare, were used for the syn-

thesis of 22PPO. ÄKTA oligopilot plus (GE Healthcare, Sweden) was used for

DNA synthesis. ÄKTA explorer (GE Healthcare, Sweden) was used for purification

and analysis of DNA materials. After synthesis DNA amphiphiles were purified by

anion exchange chromatography using a HiTrap™ Q HP 1 mL or 5 mL column (GE

Healthcare, The Netherlands) through custom gradients using elution buffers (A:

25 mM Tris-HCl pH 8.0, B: 25 mM Tris-HCl pH 8.0 and 1.0 M NaCl). Fractions

were further desalted by dialysis membrane (MWCO 2000, Spectrum® Laborato-

ries, The Netherlands). The oligonucleotides (5′-TAA CAG GAT TAG CAG AGC

GAG G-3′, cDNA) modified with carboxyfluorescein (FAM, absorption max = 494

nm, emission max = 520 nm) at either the 5′- or 3′- end (FAM-5′-cDNA or FAM-3′-

cDNA), or thiolated at the 5′- end (thiol-5′-cDNA) were purchased from Biomers,

Germany. Gold colloid (5 nm) in citrate was purchased from BBinternational (UK).

Pluronic F127 (MW = 12,600 g/mol), carbonyldiimidazole, ethylene diamine, pen-

taerythritol tetraacrylate (PETA) and pyrene were purchased from Sigma-Aldrich

(The Netherlands) and were used as delivered if further purification is not described

below. Extra dry tetrahydrofuran (THF) in AcroSeal® bottles was purchased from

Acros organics (Belgium). 5-(and-6)-carboxytetramethylrhodamine succinimidyl es-

ter (TAMRA-SE, 5(6)-TAMRA mixed isomers) was purchased from Invitrogen, The
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3 DNA-Functionalized Blend Micelles

Netherlands. Ultrapure water (18 MΩ) dispensed through 0.22 µm membrane filter

using arium® 611 UF (Sartorius, The Netherlands) was used during all experiments.

Absorption and Fluorescence Spectroscopy: Absorption and fluorescence

spectra of stabilized micelles were measured on a SpectraMax M2 spectrophotometer

(Molecular Devices, USA) using either a 1 cm light-path quartz cuvette or 96-well

Abs/FLU plates (Greiner, Germany / NUNC, Denmark). For FRET experiments

a Cary Eclipse fluorescence spectrophotometer (Varian, The Netherlands) was used

with a 96-well fluorescence plate.

Photo-cross-linking: A Rayonet™ photochemical reactor (The Southern New Eng-

land Ultraviolet Company, USA) was used for the photo-cross-linking of PETA in

the micelle core.

Atomic Force Microscopy: AFM images were captured in Tapping Mode in

air using a MultiMode-II SPM with a Nanoscope IIIa controller (Veeco, France).

V-1 grade mica plates were purchased from Electron Microscopy Sciences (USA).

N-doped single-crystalline Si Tapping Mode cantilevers with a spring constant of

25 - 75 N/m (ACTA) were purchased from ST Instruments. MgAc2 buffers were

prepared by diluting a 1 M stock solution (Sigma Aldrich) with ultrapure water to

the desired concentration. In order to maintain relative concentrations, all micelle

samples were prepared under the same procedure. Sample solutions were diluted

with 50 mM MgAc2 to 1/5 of initial concentration, i.e. to 160 µM F127 and/or 32

µM 22PPO. Freshly cleaved mica was exposed to 40 µL of 50 mM MgAc2 buffer

for 5 minutes, after which the mica surface was blown dry under a N2 stream. This

preparation strongly favours the immobilization of negatively charged materials. A

volume of 30 µL of diluted sample solution was immediately applied, and the sample

was covered for 90 minutes to prevent evaporation. After two careful rinses with

100 µL ultrapure water, the sample was blown dry once more under a N2 stream

and promptly imaged. For AFM studies of mixed micelles hybridized with Au-NP-

cDNA conjugates, samples were prepared from a stock mixture of 1 µL stabilized

mixed micelles (800 µM F127, 160 µM 22PPO and 0.4% PETA by weight) and

40 µL Au-NP-cDNA conjugate (590 nM Au). Freshly cleaved mica was exposed to

40 µL of 50 mM MgAc2 for 5 minutes, after which the surface was blown dry and

15 µL of the stock mixture and 10 µL of 50 mM MgAc2 were deposited. After 20

minutes, the surface was carefully rinsed once with 50 µL of ultrapure water, blown
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3.4 Experimental Section

dry under N2 and promptly imaged.

Transmission electron microscopy: Onto a carbon coated copper grid, treated

with glow-discharge prior to use, samples were prepared by placing a drop of micelle

sample followed by addition of a drop of the staining solution (uranyl acetate). Ex-

cess solution was carefully blotted off using filter paper and samples were air dried

for at least 5 minutes before analysis. TEM images were obtained using a CM10

(Philips, Eindhoven, The Netherlands) electron microscope.

FT-IR: Attenuated Total Reflection Infrared (ATR-IR) measurements were per-

formed using a Specac Golden Gate™ accessory with diamond top-plate on a Bruker

IFS88 spectrometer equipped with a MCT-A detector at 2 cm-1 resolution. Each

final spectrum of F127 and F127-NH2 is averaged intensity of 1,000 measurements.

3.4.2 Stabilization of the F127 and Mixed Micelles

22PPO was synthesised and purified as previously reported by our group (see

page 39 for the preparation protocol).[70] The purity of 22PPO (96%) was de-

termined by anion-exchange HPLC (data not shown). General preparation and

stabilization of pure or mixed micelles are described below.

Mixed micelle preparation. Dry F127 (2.5 g) was dissolved in 50 mL of ultrapure

water under gentle agitation to prepare solutions of 5 wt%. F127 5 wt% (4.0 mM,

400 µL), 22PPO (800 µM, 400 µL), and H2O (1.2 mL) were mixed. The mixture

was heated to 95 ◦C for 30 min and then allowed to cool to r.t. overnight using a

thermocycler (Eppendorf, The Netherlands) to make uniform-sized micelles in the

solution.

Loading PETA/pyrene and stabilization: To the bottom of a glass vial, PETA

(40 wt% relative to F127) and pyrene (200 µg/1 mL of total volume) in acetone

were added, and evaporated under vacuum. Annealed mixed micelle solution was

added to the vial and was mixed using an orbital shaker (IKA, The Netherlands)

allowing micelles to contact hydrophobic small compounds. After shaking overnight,

the vial was placed in a reaction vessel and the inside was filled with argon. The

reaction vessel was UV-irradiated for 2 h at 50 to 60 ◦C. After the irradiation, the

reaction mixture was filtered through 0.23 µm PVDF syringe filter (Whatman, The

Netherlands). The resulting stabilized micelles here were used for further analysis
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3 DNA-Functionalized Blend Micelles

such as UV/Vis and fluorescence spectroscopy (Figure 3.5) and AFM (Figure 3.6).3
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Figure 3.5: Stabilization of F127 micelles after storing samples below CMT. (a) Absorption
spectra of pyrene in the core of 1% F127 micelles with varying PETA concentration
after overnight storage at 4◦C: top to bottom, 40% PETA, 20% PETA, 10% PETA,
and control without PETA. The large sub-300 nm absorption is due to the presence
of DNA. Incorporation of PETA drastically enhances the retention of pyrene, with
increasing concentrations yielding progressively smaller effects. (b) Fluorescence
(λex = 330 nm) spectra of pyrene in the core of 10% F127 micelles with varying
PETA concentration after overnight storage at 4◦C: top to bottom, 40% PETA,
20% PETA, 10% PETA, and control without PETA. (c) Schematic of pyrene loss
and retention due to storage below 4◦C of non-stabilized and stabilized micelles,
respectively.

3Stability of DNA under UV irradiation: The same pristine single-stranded DNA (ssDNA) with-
out PPO block was UV-irradiated for the same duration (2 h). Denatured polyacrylamide gel
electrophoresis after irradiation confirms that there is no fragmentation or change of molecular
weight of ssDNA under these conditions (result not shown).
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3.4 Experimental Section

3.4.3 Additional AFM Data

Statistical analysis of AFM topography data is described in Figure 3.6.

Figure 3.6: Micelle height statistics collected from AFM images. Stabilized mixed micelles
(blue) had a total population of 561 and a mean height of 7.1 ± 2.3 nm. Stabilized
F127 micelles (red) had a total population of 234 and a mean height of 6.9 ±
2.6 nm. Non-stabilized 22PPO micelles (ivory) had a total population of 349
and a mean height of 2.3 ± 1.4 nm. Note a major effect of PETA cross-linking
is to give a much greater proportion of large, well-formed micelles. The values
differ from typical hydrodynamic radii due to the flattening of micelles on the mica
surface and the predicted collapse of PEO and DNA chains in the corona due to
drying.

3.4.4 Synthesis of TAMRA-labelled F127

Following a reported strategy for labelling Pluronic (Figure 3.7) with

modifications,[156, 162] the terminal hydroxy groups of F127 were converted

to amino groups (see Figure 3.8 for the FT-IR spectra)[163] and labelled with

TAMRA.

Synthesis of F127-NH2: Dry F127 (5 g, 0.4 mmol) was activated with car-

bonyldiimidazole (CDI) (257 mg, 1.6 mmol) in anhydrous dichloromethane (DCM)

(50 mL) at 37 ◦C for 4 h. After cooling to r.t., ethylenediamine (398 µL, 6 mmol) and

N,N -diisopropylethylamine (DIPEA) (277 µL, 1.6 mmol) were added to the reaction

mixture and further stirred for 48 h at r.t. resulting in 1-amino-2-ethancarbamate

functionalized F127 (F127-NH2). The reaction mixture was dialysed using a 2 kDa
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Figure 3.7: Synthetic scheme for labelling F127 with TAMRA. (a) 1. CDI, DCM, 37◦C, 4 h.
2. Ethylenediamine, DIPEA, DCM, r.t., 48 h. (b) TAMRA succinimidyl ester
(TAMRA-SE), sodium tetraborate buffer (pH 8.0), r.t., 18 h.

cutoff membrane against 15% ethanol for 4 days changing the buffer 7 times, and

freeze-dried to yield 4.7 g (93%) of F127-NH2 as a white solid.4

FT-IR (powder / cm-1) = 3230 (N-H, broad), 2970, 2877, 2861, 2742, 2696, 2360,

1722 (C=O, sharp), 1466, 1373, 1360, 1342, 1280, 1241, 1145, 1095, 1060, 962, 947.

Figure 3.8: FT-IR spectra of amino-functionalized F127 (red, upper) and pristine F127 (black,
down). Characteristic a and b bands of F127-NH2 were assigned. Other bands
assigned are identical to those of pristine F127.[163]

4The yield of F127-NH2 was calculated assuming that the both hydroxy ends of F127 were
converted into 1-amino-2-ethancarbamate groups.
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3.4 Experimental Section

Synthesis of F127-TAMRA:5 To a solution of 200 mg (≈ 15.7 µmol) of F127-

NH2 in acetonitrile (2 mL), 2 mL of 0.1 M sodium tetraborate buffer (pH 8.5)

was added and further stirred for 30 min. A solution of TAMRA-SE (19 mg, 31.8

µmol) in DMSO (1 mL) was added to the mixture and subsequently stirred at

r.t. for 18 h. The reaction mixture was diluted with 20% ethanol and dialysed

with 2 kDa cutoff membrane against 20% ethanol for 5 days at 4 ◦C, changing the

buffer 12 times. Residual TAMRA was again removed by gel filtration on NAP-25

column (GE Healthcare) and F127-TAMRA was eluted with ultrapure water. The

polymer fraction was lyophilised yielding 124 mg (57%) in 80% coupling efficiency,

as determined by the optical density of F127-TAMRA (ε = 65, 000 cm-1M-1) in 25

mM Tris buffer (pH 8.0).

3.4.5 FRET on Blend Micelles

The FRET pair, carboxyfluorescein (FAM) and 5-(and-6)-carboxytetramethyl-

rhodamine (TAMRA), was selected to determine the close proximity of individually

labelled polymer molecules and DNA. Mixed micelles were prepared for FRET by

simple mixing. The final concentrations of all relevant species are presented in Table

3.1. Note that the concentration of TAMRA in solution is approximately double

the concentration of F127-TAMRA.

Table 3.1: Final concentrations of mixed micelle components for FRET (unit:µM)a

3′-FRET 3′-con. 5′-FRET 5′-con. F127-TAMRA ref. FAM-3’ ref.

F127 160 200 160 200 160 180
F127-TAMRA 20 20 20 20 20 0
22PPO 40 0 40 0 40 40
FAM-3’-cDNA 40 40 0 0 0 40
FAM-5’-cDNA 0 0 40 40 0 0

a con. And ref. columns are control experiments without 22PPO

and reference fluorescent probe samples (Figure 3.9), respectively.

Hybridization between 22PPO and cDNA (with or without FAM-cDNA) was ac-

complished by heating and slow cooling in a thermocycler (Eppendorf, The Nether-

5Throughout the TAMRA labelling process, all experiments were performed in dark atmosphere.

63



3 DNA-Functionalized Blend Micelles

Figure 3.9: Reference spectra for FRET experiments. Mixed micelles containing F127-TAMRA
hybridized with pristine cDNA (solid) and mixed micelles containing unmodified
F127 hybridized with cDNA-FAM (dashed).

lands). Each sample was prepared to a volume of 110 µL in 0.5× TAE buffer with

100 mM NaCl and 60 mM MgCl2.

3.4.6 Preparation of Au-NP and cDNA Conjugate

Single DNA (thiol-5′-cDNA) modified with Au-NP at the 5′-end (curve b of Figure

3.10) was prepared according to the protocol of Claridge et al., resulting in a 590 nM

solution.[161] The isolated Au-cDNA was hybridized with mixed micelles in 0.5×
TAE buffer with 100 mM NaCl and 60 mM MgCl2.

a 

b A260 

A520 

Figure 3.10: Anion exchange chromatogram of Au-cDNA crude mixture. One curve is elution-
monitored absorbance at 260 nm (DNA) and the other is the same at 520 nm
(Au-NP). (a) Residual thiol-5′-cDNA which was not coupled to Au (A520 = 0).
(b) Single Au-cDNA band. (c) Elution of gold particle conjugates with multiple
cDNAs. Fraction B was collected for TEM and AFM studies.
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3.4.7 Statistical Analysis of Au-NP Aggregation

Nearest-neighbour separation dnn in TEM Nearest-neighbour separation statis-

tics were extracted from the image in Figure 3.11a by the following procedure. Using

standard image processing software and high manual zoom as depicted in the inset,

nearest-neighbour pairs were manually identified and the edge-to-edge distance (in

pixels) between the two particles was recorded. One nearest neighbour separation

was measured for each particle, i.e. in the inset of Figure 3.11a the separation

between NP1 and NP2 was counted twice, while the larger distance shown was at-

tributed to NP3. For convenience, nanoparticles were coloured red once they had

been counted. In addition, the faint black shapes of micelles were covered by cir-

cles of 33 nm diameter. The number of Au-NPs covered by these circles was then

counted (Figure 3.11b). The total area of the circles, 0.091 µm2, represents 10% of

the total scan area, and 276 (38%) of the AuNPs are then covered.

a b 

dNN!

dNN!

NP1 

NP2 

NP3 Ntotal = 722 Ncovered= 276 (38%) 

Figure 3.11: Counting dnn for Au-NPs. (a) The TEM micrograph used for collecting dnn statis-
tics. Inset: The edge-to-edge separation between NP3 and NP2 was attributed
to NP3, while the same, smaller edge-to-edge separation was recorded for both
NP1 and NP2. Once counted, particles were coloured red for convenience. (b)
The best-defined dark shadows representing micelles were coloured with 33 nm
circles (green) and the AuNPs (red) covered by these circles were counted.
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3 DNA-Functionalized Blend Micelles

Simulation of dnn for randomly-generated particles Because of the strong depen-

dence of the distribution of nearest-neighbour separations on the number of particles

in the scan area and the difficulty of preparing a TEM sample with the same cover-

age of random particles, a negative control experiment (i.e. without mixed micelles)

could not be performed. Instead, a set of 722 Au-NPs (the same number as in Fig-

ure 3.11a) were randomly placed on a field of 1024 by 1024 pixels using Matlab

software (version 2009a, Mathworks) (see Figure 3.12a and the source code is in

Appendix). The nearest-neighbour distribution was then automatically calculated

from the particle coordinates as dnnj =
√

(xi − xj)2 + (yi − yj)2, selecting the small-

est dnn for each particle. The columns in Figure 3.4c represent the averaged results

of 100 such distributions. We set two thresholds established by the experimental

data shown in Figure 3.4: 1) 50% of particles with dnn of 6 nm or less, 2) 92% of

particles with dnn of 20 nm or less. The critical numbers of random particles (NAu)

required for 50% of simulations to meet these thresholds are NAu1 = 1530 and NAu2

= 1125 for 1) and 2), respectively (Figure 3.12b). These values are well above the

particle number in the experimental data which established the thresholds (NAu =

722), which mathematically supports the high degree of Au-NPs aggregation via

DNA hybridization.
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Figure 3.12: Visual representation of random particle simulations. (a) An image of a randomly-
generated particle distribution. On a 1024 by 1024 pixel (i.e. 916 by 916 nm)
field, 722 particles with a diameter of 5 nm were placed as a simulated negative
control experiment. (b) The percentage of NAu-particle distributions which met
each of the two thresholds. Each data point represents the percentage which
meets the thresholds out of the 200 sets generated for the corresponding NAu.
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