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Chapter 1
Biomacromolecule-lipid Complexes and their Applications

Abstract
Biomacromolecules, like proteins and DNA, with their 3D structures play an
important role to achieve biological function. Recently the efforts to integrate the
biological activity in technological systems face the challenges to preserve native
structures of biomacromolecules in the engineering process containing organic
solvents and thermal stress. In this chapter, two general methods are introduced to
stabilize biomacromolecules in liquid-free states and organic solution for novel
applications. One is through ion exchange with charged PEG moieties in aqueous
solution. Because of ion diffusion, the charged PEG displaced the counterions of the
biomacromolecules, and subsequently attached electrostatically. Proteins, DNA and
viruses have been fabricated into such complexes while maintaining nearly native
structures in either solvent-free or organic solvent environment. Another way to
fabricate such complexes is co-operative precipitation, which allows charged lipids
complexing with biomacromolecules stoichiometrically through simply mixing. DNA,
proteins and bacteriophages were transformed into complexes, the properties of which,
like viscosity, transition temperature, compact ordering, can be adjusted by varying
the surfactant structure containing one or two hydrophobic alkyl chains. Their
applications and detailed characterization are further discussed in the context.

Chapter 1

1.1 Introduction
The most important biomacromolecule deoxyribonucleic acid (DNA), as a genetic
information carrier, has attracted enormous attention due to its programmable base
pairing and linear interconnected helical polynucleotides,

[1, 2]

which is assumed the

shape of an unfolded persistent Gaussian coil in aqueous solution with moderate ionic
strength. However, the unfolded DNA is absent in living nature. As in cells, DNA
always adopts the condensed structure by complexing with positively charged
proteins.

[3]

To understand this compaction process, knowledge from complexation of

polyelectrolytes and colloids

[4-7]

needs to be considered. Based on that, the

compacted DNA can be fabricated by mixing positively charged lipids for medical
and biological application to deliver alien genes both in vitro and in vivo.

[8, 9]

The

complexed DNA was found to be soluble in most organic media, like benzene, ethanol
and chloroform with preserved double helix structure, facilitating the casting process
to obtain transparent films with orientated DNA along the elongated direction after
stretching.

[10]

concentration.

The porosity of such films can be controlled by varying the DNA
[11]

Through addition of rhodamine B, fluorescent films with low

optical losses, high-temperature stability, variable refractive indexes, and small losses
in microwave treatment were formed. [12] These unprecedented properties indicate that
complexation is a promising manner to extend the application of DNA from a
biological context to technological fields. Other biomacromolecules, like proteins and
whole viruses with a size ranging from nanometers to microns, were able to complex
with oppositely charged lipids and maintain their natural structure for novel
applications. Because the complexation is based on electrostatic interactions, it can be
realized by two manners. One is through ion exchange in aqueous solution, which
requires the excess of cationic lipids replacing the positive counterions of the
bio-macromolecules and subsequent dialysis to remove the remaining salt. Another
one is through co-operative precipitation by mixing oppositely charged lipids with
biomacromolecules, which subsequently cause the condensation of both compounds,
forming stoichiometric complexes.
2
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In this chapter, we outline the recent research in this field. We will first discuss the
fabrication of DNA- and protein-lipid complexes through ion exchange in aqueous
phase, and then enter the discussion of co-operative precipitation to achieve
stoichiometric complexation followed by the discussion of the mechanism. In the end,
we summarize the limitation of both methods and propose a solution in this thesis.

1.2 Complexes fabricated through ion exchange
To realize ion exchange, biomacromolecules and excess of oppositely charged lipids
are required to dissolve in polar solvents like water to facilitate ion diffusion. Two
kinds of cationic poly (ethylene glycol) (PEG) were synthesized (Figure 1) and
exchanged onto the oligonucleotide (50 – 100 bp) backbone. [13, 14]

Figure 1. The chemical structures of the cationic surfactants with PEG moieties.

MePEG-bpy (Figure 1a) was first complexed with Cobalt salt (Co 2+) to form bivalent
Co(MePEG-bpy)3

2+

and then mixed with oligonucleotide in aqueous solution.

Because of the electrostatic interaction, one positively charged Co(MePEG-bpy) 32+
attached to two negatively charged phosphate groups of the oligonucleotide by
replacing two counterions of the DNA , while one MePEG-NEt3 + (Figure 1b) can only
3
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attach to one phosphate group. The counterions of DNA are removed through
extensive dialysis. Both cationic PEGs were able to transform solid DNA into viscous
and optically transparent water-free DNA liquids. Characterization including
Fourier-transform infrared (FT-IR) spectroscopy, UV spectroscopy, and circular
dichroism (CD) demonstrated that the double-stranded DNA was maintained in the
solvent-free melts. Rheological investigations manifested the DNA liquid-like
behavior by a higher loss modulus G’’ than a storage modulus G’, commensurate to
their liquid-like states at elevated temperature. The solvent-free DNA lipid complexes
displayed good solubility in acetone, ethanol, chloroform and tetrahydrofuran, which
facilitated the blending of hydrophobic dye molecules, including methylene blue,
coumarine and rhodamine 6G without influencing the fluidic properties of
DNA-based optical materials. [14]

Besides DNA, charged PEG moieties (Figure 2b and c) were complexed with proteins
including ferritin,

[15]

myoglobin

[16, 17]

and glucose oxidase

[18]

to get solvent-free

protein-PEG liquids with good solubility in organic media. The procedure can be
divided into four steps, as shown in Figure 2a. First, the protein is cationized via
carbodiimide-mediated coupling of the carboxylic acid side chains to N,
N’-dimethyl-1,3-propanediamine. Second, anionic surfactants are introduced onto
protein via electrostatically induced complexation. Third, the remaining salts are
discarded through dialysis. Forth, the resultant complexes are lyophilized to obtain
protein liquids.

The obtained ferritin-, myoglobin- and glucose oxidase-PEG complexes were viscous
and gravity-induced flow (Figure 2f) with melting temperatures ranging from 25 to 40
o

C. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and UV-Vis

measurements revealed the high degree of structural integrity in the solvent free state.
In addition to liquid phase, the ferritin-PEG complex exhibited viscoelasticity at 32 oC
and behavior as Newtonian fluid at 50 oC.
4
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Figure 2. Fabrication of solvent-free protein liquids. (a) General route for the
preparation of protein liquids: EDC-initiated coupling of N,N-dimethyl-1,3
-propanediamine to carboxylic acid surface residues of proteins, followed by the
electrostatic complexation of cationized protein with anionic surfactants forming
protein−surfactant hybrid, then subject to dialysis and dehydration. (b, c) Chemical
structure of surfactants electrostatically bound to proteins. (d, e) The scheme of
protein before and after electrostatic interaction with surfactants. (f) Gravity-induced
flow of a solvent-free protein−surfactant liquid.

After 16 hours incubation at 32 oC, the complex experienced shear thinning to a
limiting shear viscosity. Polarized optical microscopy (POM) revealed that the
ferritin-PEG complex showed temperature dependent focal-conic textures at around
37 oC, indicating the anisotropic structure of ferritin-PEG forming a liquid crystal,
which was further proved as a lamellar structure with layer spacing of 13 nm close to
the diameter of ferritin by small angel x-ray scattering (SAXS). The anisotropic
5
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assembly behavior resulted from the ellipsoidal shape of the complex, which
transformed from the spherical shape of pristine ferritin after binding with PEG
molecules. [15]

Moreover, the protein-PEG complexes exhibited improved thermal stability. The
myoglobin-PEG complex showed re-folding ability from denatured state. The thermal
cycling experiment demonstrated its re-folding from the denatured conformation at
155 oC to its 95% original secondary structure at 30 oC, which is presumably believed
that the re-folding in the absence of a solvent shell is facilitated by the configurational
flexibility and molecular interactivity of the polymer surfactant to help the reversible
transfer between different secondary structure domains.[17] Because of the nearly
intact secondary and tertiary structure, myoglobin-PEG liquids retained its biologic
function to bind dioxygen and other molecules (CO, SO2) when exposed to a dry
environment. A shifting in the Soret band in UV-Vis spectrum and the new absorbance
band in ATR–FTIR proved the binding of dioxygen, CO and SO2 to the heme group of
the protein. However, the binding equilibrium significantly decreased from
milliseconds to the order of minutes due to the change of environment from aqueous
media to solvent free state constraining the rate of dioxygen diffusion in such a
viscous fluid. [16]

In addition to the DNA- and protein-lipid complexes, plant virus, cowpea mosaic
virus (CPMV), with a dimension of 28 nm, can be complexed with charged PEG
moieties by a similar strategy that is i) cationization, ii) electrostatically induced
complexation and iii) lyophilization (figure 3a).

[19]

The resultant CPMV-PEG

complex had a melting temperature at 28 oC and exhibited viscoleastic property at 40
o

C under a sweeping frequency at 1 Hz. The storage (G’) and loss (G’’) moduli are

2.73 and 2.98 KPa, respectively, and a relaxation time of approximately 0.6 s, which
indicated the melt exhibited solid-like behavior over short time periods, yet flowed
with liquid-like behavior over longer time intervals. Transmission electron
6
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microscopy (TEM) revealed the spheroidal capsid structure of CPMV with a mean
particle diameter of 36 nm after complexation (figure 3d), larger than that of pristine
(figure 3b) and cationized CPMV (figure 3c) due to the additional coronal polymer
shell.

Figure 3. General route of surface modification toward a CPMV melt, including
cationization, complexation and lyophilization (a). The morphology of pristine CPMV
(b), cationized CPMV (c) and CPMV melt (d).

Thanks to the polymer shell and intact biological structure, the CPMV-PEG liquid
could be dissolved in various organic solvents, including acetonitrile, isopropanol,
toluene and chloroform and could infect plants.

Although the ion exchange method enables the modification of DNA, proteins and
viruses under mild aqueous condition and maintains their original biological
structures, the method can hardly achieve high efficient complexation and usually
requires extensive dialysis to remove the excess of surfactant and remaining
counterions. Moreover, the range of lipids are limited to PEG moieties due to the
7
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requirement of ion exchange in water phase. To realize stoichiometric exchange and
introduce diverse lipids to biomacromolecules, a co-operative precipitation method
was introduced.
1.3 Complexes fabricated through co-operative precipitation
1.3.1. Complexes fabricated from cationic surfactants with single alkyl chains.
To achieve stoichiometric complexation, Okahata

[10, 20]

synthesized a cationic

amphiphilic lipid (Figure 4a) to complex it with DNA in aqueous solution.

Figure 4. The chemical structure of cationic lipids. N,N,N-trimethyl-N-(3,6,9,12
-tetraoxadocosyl) ammonium (a); Cetyltrimethylammonium (b); 1-alkyl-3-methyl
-imidazolium (c)

By mixing DNA with lipid, stoichiometric DNA-lipid complexes are obtained as
precipitation from aqueous solution, which are soluble in most organic solvents such
as benzene, ethanol, as well as chloroform. DNA maintained its double helical
structure either in B or C form depending on the water content in the organic phase.
The casted film maintained the DNA in the A form in which base pairs slant further to
the axis of the strands in absence of water molecules. [21, 22] Due to the preserved
double strand structure and the alignment of DNA-surfactant along the stretched
direction in the films, DNA-surfactant film can soak ethidium bromide (EB) in
aqueous solution and exhibited 3.3 times larger UV absorption of EB from the
perpendicular direction than from the parallel direction in polarized absorption spectra,
indicating that the EB intercalated in the DNA groove in an aligned fashion
perpendicular to the stretching direction of the film. X-ray diffraction clearly showed
two spots of 41Å on the equator, meaning the DNA-surfactant was indeed aligned
parallel to the stretching direction with a distance of 41Å between the helices.

8
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Because of the preserved double helix structure of DNA and its base-pair stacking
within 3.4 Å resulting in the stacking of π electron clouds, the stretched film of
DNA-lipid complexes exhibited anisotropic electric conductivity

[20]

along the

stretching direction. After the intercalation of acridine orange, the film was equipped
with the capability of photoinduced electron transfer. Other cationic surfactants with
double alkyl chains were employed to fabricate aligned dsDNA-surfactant films, but it
turned out that the film can hardly absorb ethidium from aqueous environment, and no
anisotropy was observed in polarized absorption spectra. [10]

Based on this understanding, the cationic surfactant with single alkyl tail,
cetyltrimethylammonium (CTMA, Figure 4b), was employed to maintain the
double-stranded structure of DNA in second-order nonlinear optical (NLO) materials
[23]

and electro-optic (EO) waveguide modulators.

[24]

To fabricate DNA based

nonlinear optical materials, DNA-CTMA complex was obtained by simply mixing
these two components, and then dissolving the resultant product in ethanol with
crystal violet (NLO-active dye). The casted film exhibited a 10 times higher second
harmonic generation compared to the native DNA-CTMA resulting from the chiral
scaffold of DNA to template chiral-specific orientation of the dye molecules. By
addition of cross-linker and Disperse Red 1, DNA-CTMA complex was applicable as
electro-optic waveguide modulator. The cross-linked membrane was used in both core
and cladding layers. The device was found to exhibit enhanced EO activity owing to
the alignment of chromophores within DNA structure. [24]

Except from surfactants with cationic ammonium head group, surfactants with the
positively charged ionic liquid moiety, imidazolium (Figure 4c), were able to complex
with DNA and improve its ionic conductivity.

[25]

Accordingly, the surfactant

1-alkyl-3-methyl-imidazolium (CnMI, n is the carbon number of the alkyl chain = 2, 4,
8 and 12) was synthesized. The obtained DNA-CnMI complexes exhibited different
solubility. DNA-C2MI dissolved in ethyl acetate. C8MI-DNA dissolved in both
9
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1-butanol and chloroform, whereas C12MI-DNA was soluble in chloroform and
dichloromethane, which indicated the influence of hydrophobicity of alkyl chains on
the solubility of the complexes. The casted film could be stretched three times of its
original length with good flexibility, differing from the rigid DNA films obtained from
ammonium-alkyl complexes. The conductivity of these films was increasing as the
length of alkyl chains was decreasing.

1.3.2. Complexes fabricated from cationic surfactant with double alkyl chains.
Recently, our group discovered a generic approach to produce a series of DNA
smectic liquid crystals (LCs) and isotropic liquids through mixing single stranded
DNA (6, 14, 22, 50 and 110 nucleotides) with double alkyl surfactants. Three cationic
surfactants (Figure 5) varying in length of the aliphatic tails, i.e., dioctyldimethyl
ammonium bromide (DOAB, Figure 5a), didecyldimethylammonium bromide (DEAB,
Figure 5b), and didodecyldimethylammonium bromide (DDAB, Figure 5c), were
explored.

[26, 27]

It was found that DNA LCs exhibited typical focal-conic textures

characteristic of smectic lamellar structures (Figure 6a and b) under polarized optical
microscopy (POM).

Figure 5. The chemical structure of cationic liquids. a) Dioctyldimethylammonium
bromide (DOAB), b) didecyldimethylammonium bromide (DEAB), and c)
didodecyldimethyl ammonium bromide (DDAB)

After heating above the clearing temperature, the texture melted completely, resulting
in a transparent isotropic fluid lacking any ordering of the oligonuclotide-surfactant
hybrids (Figure 6c and d). Through complexing DNA with mixtures of surfactants in
different ratios, the melting temperatures of the complexes were tuned from -20 oC to

10
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65 oC (crystal to LC), and the transition temperature from LC to isotropic liquid
ranged between 41 oC and ~ 130 oC (Figure 6e), indicating that the surfactants have
significant influence on the thermal stability of various phases, and the melting and
clearing points were proportional to the length of the aliphatic chains. Small-angle
X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) revealed
long-range ordered smectic layers in which DNA intercalated between the ordered
aliphatic hydrocarbon sub-layers without preferential orientation. The topography of
the lamellar structure was visualized directly by freeze -fracture transmission electron
microscopy (FF-TEM). The flat and smooth layers of the DNA-surfactant liquid
crystal showed long-range ordering and were separated by distinct and continuous
steps. This confirmed liquid-crystalline smectic layer ordering.

Figure 6. Scheme of the transition of DNA liquid crystal to DNA isotropic liquid and
the adjustable transition temperature range. (a) Lamellar structure in the LC phase
with tail-to-tail interaction of alkyl chain. (b) POM image of the DNA−surfactant
mesophases. (c) Schematic of isotropic DNA liquid phase, and (d) POM image of the
isotropic liquid (scale bar is 100 μm). (e) Adjustable phase-transition temperatures of
DNA−surfactant complexes composed of different ratios of surfactants.

Because of fluidity of the DNA-surfactant complexes, the materials were easily
introduced into electrochromic devices which were switchable between a colored and
colorless state. Through adjusting the phase of DNA-surfactant complex, length of

11
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DNA oligomer and alkyl chains, the color can be preserved from few seconds to
several hours.

[28]

As shown in Figure 7, DNA-surfactant complexes can be colorized

(magenta) by voltage at liquid state (Figure 7a) and bleached (transparent) by
removing the electric field (Figure 7b). The color originated from formation of the
radical cations of the nucleobases,

[29, 30]

which can be conserved for 24 hours by

cooling the complex to LC phase (Figure 7c and d) and for 30 hours in the crystalline
state (Figure 7e and f). The mechanism of color retention was unraveled by POM. It
was found that reorientation of the oxidized DNA-surfactant layers takes place under
the applied voltage during the phase transition from the isotropic to the mesophase.
Because the aligned surfactant sub-layers acted as insulating barrier to prevent
electron hopping, the reduction process of DNA radical cations was slowed down and
prolonged the color state for hours.

Figure

7.

Phase-dependent

electrochromic

device

based

on

solvent-free

DNA−surfactant complexes. (a, b) Switchable electrochromism in the isotropic liquid
phase occurring in seconds. (c, d) Optical memory of the liquid crystal as a persistent
colored state. (e, f) optical memory in the crystal state.
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Not limited to DNA, the double-tail surfactants (DOAB, DEAB and DDAB) were
able to complex with supercharged polypeptides (SUPs)

[31]

and bacteriophages

[26]

through co-operative precipitation as well. The resulting SUP-lipid complexes
exhibited non-Newtonian and Newtonian fluid behaviors, and showed the typical
focal-conic textures characteristic of smectic structures. SAXS confirmed this ordered
structure where the repeating lipid layer consists of tail-to-tail interacting cationic
surfactant. Moreover, the phase transition temperatures and clearing points of SUPs
can be adjusted through mixing the complexed surfactants in different ratios.
Bacteriophage M13 complexed with a mixture of DOAB and DDAB was transformed
into a liquid crystal as well. Because of the monodisperse and anisotropic rod-like
structure of the phage (1 μm in length and 7 nm in width), the aligned phages were
adopting nematic orientation in the phage sublayer, as shown by FF-TEM (Figure 8).
The repeating lipid sublayer exhibited a smectic mesophase and interacted with each
other tail-to-tail (Figure 8a, inset). The melting temperature was within room
temperature at 14 oC and the clearning temperature was at 58 oC.

Figure 8. Images of the phage-surfactant liquid crystal from FF-TEM. (a) Long-range
ordered lamellar structure of the phage-surfactant mesophase. The inset sketch
indicated the model of LC structure. (b) The magnification image of FF-TEM where
the individual phages were identified at the layer edges.

13

Chapter 1

1.4 Mechanism of the co-operative precipitation
Co-operative precipitation is a simple and efficient approach to complex cationic
surfactants with oppositely charged bio-macromolecules. The process takes place
immediately once these two compounds mix together, resulting in stoichiometric
complexes. Several techniques including potentiometry [32], fluorescent microscopy [33]
and isothermal titration calorimetry [34] have been carried out to closely investigate the
process, which was believed as a sum of two steps, i) cationic headgroup electrostatic
interaction with negatively charged bio-macromolecules, i.e., DNA phosphate, by
displacing sodium cation from counterion atmosphere, and ii) a stoichiometric number
of cationic surfactants bind to the bio-macromolecule and finally the electrically
neutral biomacromolecule-lipid complexes condense.

The potentiometry study [32] of the cationic surfactants complexing with DNA showed
that the binding occurs at surfactant concentrations significantly lower than the critical
micelle concentration (CMC). The binding degree (occupation of a DNA
macromolecule by surfactant ions) was plotted against the equilibrium concentration
of surfactant as an S-shaped pattern with a sharp increase in binding degree at certain
range of surfactant concentration. When the value of binding degree was to unity, a
stoichiometric insoluble DNA-surfactant complex was formed. Although this
experiment proved the cooperative binding of cationic surfactant with DNA
macromolecules, it is unable to clarify if the cooperative transition of DNA to
complex occurs at the level of individual macromolecules or at the level of larger
aggregates formed during phase separation.

To answer this question, fluorescence microscopy was carried out to visualize the
condensation of individual DNA molecules in the presence of different surfactant
concentrations. [33] It was found that DNA adopted the form of an unfolded-coil at low
concentration of surfactant, but transformed to a compacted conformation as
individual globules when the concentration causes cooperative condensation. Through
14
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statistical analysis of the dimension of DNA, it was found that the size distribution
showed a bimodal pattern corresponding to the coexistence of coil and globule state of
DNA without intermediate size. In addition, light scattering techniques exhibited the
bimodality in the size distribution at this surfactant concentration,

[35]

which

demonstrated that the DNA to complex occurs at the level of individual molecules and
obeys the principle of first-order phase transition. Thermodynamic studies by
isothermal titration calorimetry

[34]

further unraveled that the co-operative

precipitation was dependent on alkyl chain length, salt concentration and type of
cationic head group. Every additional methylene group of the aliphatic lipid chain
increases the association constant about 4-fold by increasing the binding
co-operativity. High salt concentration can weaken the binding because of reduced
electrostatic entropy. The binding of tetramethylammonium to DNA is poorer than
ammonium cation.

Although there is a debate on structure of DNA-surfactant complexes in solution, it is
quite accepted that the structure of the complex is determined by the structure of the
surfactant. When a surfactant with a long alkyl chain was used, the DNA-surfactant
was characterized by hexagonal packing. [36-38] A decrease in the length leads to cubic
structures.

[39]

Surfactants with two hydrocarbon chains result in a lamellar structure,

where surfactant molecules are organized in double layers and DNA molecules are
situated between the planes of the double layers.

The

approach

of

co-operative

precipitation

is

convenient

to

fabricate

biomacromolecules surfactant complexes, and allows to adjust different parameters
(i.e., phase transition temperature and compacting structure). However, the choices of
surfactants is limited. To complex cationic lipids on the DNA backbone, the lipid
moiety needs to be sufficiently hydrophilic to interact with DNA in aqueous phase and
hydrophobic enough to cause DNA aggregation, which constrained the cationic lipids
to the ones with linear alkyl chains with 8 to 16 carbons. [34]
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Figure 9. Chemical structures of ligands with different length of aliphatic chains.
As summarized in Figure 9, single-, double- and triplet-tailed ligands are listed in the
first, second and third column respectively, the quadruple-tailed ligands are on the
right with shorter tail on top. Ligands that are above the upper dashed line do not
induce the co-operative precipitation due to their good water solubility. Ligands below
the lower dashed line are too insoluble to interact with negatively charged DNA. Only
the ligands in the middle with proper solubility properties can induce co-operative
precipitation.

1.5 Conclusion
Biomacromolecules including DNA and proteins as well as viruses can be
manufactured into complexes by electrostatic interaction with oppositely charged
ligands. These complexes introduce good solubility in organic solvents beneficial to
further integration into technological systems. Two approaches have been introduced
to fabricate these complexes. One is ion exchange in the aqueous phase, which can
hardly reach high degree of complexation and requires extensive dialysis to remove
the exceeding ligands. However, this procedure follows a mild process, and enzymes
and viruses maintain nearly native structures to realize their biological functions in
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solvent-free state. Myoglobin-PEG complex retained its ability to bind dioxygen and
other molecules (CO, SO2) when exposed to a dry environment. The cowpea mosaic
virus (CPMV)-PEG complexes are still able to infect plants efficiently. Moreover, all
of these complexes exhibited improved thermal stability, which is attributed to the
entropic

(reduced

conformational

freedom,

molecular

crowding),

enthalpic

(dielectric-mediated) and quasi-solvation (transfer and re-organizational energies)
properties of the ligand corona.

Another way of complexation relies on co-operative precipitation, which required the
ligands having proper water solubility to interact with biomacromolecules but enough
hydrophobicity to precipitate them from the aqueous phase. The advantage of this
method over ion exchange in solution is the simple and efficient process to obtain
stoichiometric complexes without extensive purification. The complex properties, like
transition temperature, compacting structure and viscosity, can be readily adjusted by
complexed ligands. It was found that single-tailed surfactants are able to preserve the
double helical structure of DNA to align polynucleotide molecules. These materials
can be used to fabricate second-order nonlinear optical structures and electro-optic
waveguide modulators. Double-tailed surfactants were able to transform DNA, super
charged polypeptides and phages into mesophases and isotropic liquid phase. The
phase transition temperatures are depending on the length of aliphatic chain, which
obeyed the general rule - the longer the aliphatic tail, the higher the melting and
clearing points.

1.6 Outline of this thesis
The successful approach of solubilizing biomacromolecules in organic phase and
maintaining their native structure is a big progress to further integrate them into other
technological systems. Moreover, the realization of biomacromolecular fluids in
absence of water is similarly exciting. It allows to probably study biomacromolecules
without “structural” waters or pursue applications where water is detrimental for
17

Chapter 1

function like in electronics. As discussed in chapter 1, DNA, proteins, viruses have
been successfully manufactured into complexes through electrostatic complexation,
exhibiting good organic solubility and improved thermal stability. Although two
approaches have been introduced, each of them still has some short comings. The
approach of ion exchange requires exceeding amount of ligands and time consuming
dialysis to achieve a reasonable complexation degree. Moreover the exchange has to
take place in aqueous solution to facilitate ion diffusion, which limits the choice of
ligands to water soluble ones. The other method named co-operative precipitation,
although consisting of a straightforward procedure and complete complexation degree,
the charged ligands need to be hydrophilic enough to sufficiently interact with
biomacromolecules in the aqueous solution and to be hydrophobic enough to induce
condensation. As a result the choice of ligands is limited to the ones with aliphatic
tails exhibiting 8 to 16 carbons. To overcome the solubility limitation, we introduced a
two-step method in chapter 2 that relies on a water-soluble surfactant,
4-(hexyloxy)anilinium (ANI), to precipitate DNA from the aqueous solution, then
solubilize it in the organic phase, where ANI can be subsequently exchanged for a
more hydrophobic amine derived surfactant. Primary, secondary and tertiary
alkylamines with diverse length of carbon tails were successfully complexed with
DNA regardless of their water solubility. Functional lipids, like terthiophene and
pyrene containing conjugated π-system were introduced onto DNA as a
multichromophoric light harvesting system that would be unattainable by traditional
methods. The mechanism of high efficient exchange was also discussed.

In chapter 3, we proved the method was also applicable to other negatively charged
molecules, like sulfated cyclodextrin (CD). CD was firstly complexed with ANI in
aqueous solution then subjected to the exchange of tris[2-(2-methoxyethoxy)
ethyl]amine in organic phase. The obtained complexes are characterized by good
fluidity at room temperature with transition temperatures ranging from -5 to 22 °C
and high thermal stability up to 200 °C, which was the first time to obtain CD ionic
18
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liquids at room temperature.

1

H-NMR and other characterization proved the

comprehensive exchange of counterions of CD-ILs. The cavity of CD was still
maintained to incorporate guest molecules. In this chapter, it will be demonstrated that
hydrophobic moieties can be incorporated in this void.

In chapter 4, amine derived PEGs with Mw 350, 500, 750 and 1000 Dalton were
complexed with single stranded DNA through the two-step ligand exchange procedure.
The DNA-PEG complexes were subjected to the characterization by NMR, UV/Vis
and CD which demonstrated the successful binding of PEG onto DNA. Static light
scattering and GPC were carried out to understand the Mw and Mw distribution of
these complexes for the first time. The complexation degree of PEG was calculated,
and its correlation with Mw of PEG was established.

In chapter 5, we developed the two-step ligand exchange method further to
incorporate quaternary ammonium lipids. Through complexing the anion counterion,
acetylacetonate,

with

tetrakis(decyl)ammonium

and

(polyethylene

glycol)-

trimethylammonium (TMA-PEG), tetra-alkyl ammonium compounds were able to be
exchanged with DNA-ANI complex in organic phase. The obtained complexes were
characterized by NMR, UV/Vis and CD, and then its Mw and PDI were analyzed
through static light scattering and GPC. The stability of the DNA-PEG complexes
obtained from chapter 4 and DNA-TMA-PEG were compared in buffers with
different ionic strengths. The overall goal of this thesis is to establish a broad range of
ligands around DNA, which alters the structure and functionality of this
biomacromolecule.
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Chapter 2
High Density and Noncovalent Functionalization of DNA by Electrostatic
Interactions

Abstract
Preserving DNA hybridization in organic solvents could someday serve to
significantly extend the applicability of DNA-based technologies. Here, we present a
method that can be used to solubilize double-stranded DNA at high concentrations in
organic media. This method requires first precipitating a DNA molecule from the
aqueous environment with an anilinium derivative and subsequently exchanging this
moiety with an amine-containing surfactant in an organic solvent. We demonstrate
that this method yields complete exchange of the surfactant and allows for the
modification of DNA with hydrophobic primary, secondary and tertiary alkylamines
and ordered functional

π-systems.

Using

this

approach, we

fabricate

a

multichromophoric light harvesting system that would be unattainable by traditional
methods. Additionally, this method makes it possible to use small, hydrophilic
molecules to solubilize DNA in organic solvents, which reduces the shielding around
the DNA and makes the macromolecule more accessible for further chemical
modification. We believe that this approach will prove tremendously beneficial in
expanding the scope of DNA-based nano- and biotechnologies.

Parts of this chapter were published in : J. Am. Chem. Soc. 2015, 137, 12884.

Chapter 2

2.1 Introduction
Aside from its role as the universal carrier of genetic information, DNA has found
widespread application in directing the bottom-up fabrication of nano-objects and
hybrid assemblies. Due to its rigid structure and its programmable self-recognition
properties,

[1]

double-helical DNA may be implemented as a structural scaffold, or

template, to organize materials in one, two and three dimensions.

[2, 3]

DNA-mediated

scaffolding thus provides the means to exercise spatial control over reactions and
catalytic processes at the nanometer scale.

[2a, 2b, 2c, 3b]

Furthermore, DNA templates

integrate seamlessly into existing DNA technologies, among them, sensors,

[4]

photonic wires, [5] and light-harvesting systems. [6]

While most DNA technologies are developed for use in aqueous environments, the
demonstration that cationic lipids can solubilize DNA in organic solvents has
triggered growing interest in employing DNA in non-aqueous systems.

[7]

Solubilization in nonpolar organic solvents is possible because cationic head groups
electrostatically interact with phosphate groups to displace the charged metal cations.
Subsequently, lipophilic tail groups induce cooperative hydrophobic interactions,
promoting the aggregation of DNA and the entropically driven release of salt. [8a, 8b, 8c]
As a result, the DNA-lipid complex precipitates out of the aqueous solution, but can
be easily dissolved in many organic solvents. In the organic phase, DNA-lipid
complexes have been used to study mechanical
DNA.

[10]

[7, 9]

and conductivity properties of

Apart from these fundamental investigations, DNA-surfactant complexes

have also been utilized to manipulate the mesophase behaviour of liquid crystals, [11,12]
to serve as a scaffold for biomineralization,

[13]

to fabricate organogels,

[14]

and as a

vehicle for gene delivery. [15]

Unfortunately, the broader integration of these materials into functional systems and
devices is limited by the solubility of the surfactant used. As it stands, the solubilizing
surfactant is constrained to having linear alkyl chains with lengths ranging from 8 to
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16 carbons.

[8]

To enable exchange of the metal counter ion on the DNA backbone

with a cationic surfactant, the lipid moiety needs to be sufficiently hydrophilic to be
introduced into the aqueous phase, but hydrophobic enough to cause DNA
aggregation.

[8]

Very few cationic amphiphiles currently meet these requirements,

which impose rather rigid constraints on the innovation of non-aqueous DNA
technologies. [12]

In this contribution, we present a novel method that overcomes solubility limitations
and allows the electrostatically driven decoration of DNA with a much wider range of
functionalities. To introduce DNA-complexing molecules that exhibit poor solubility
in water, we developed a two-step method that relies on a water-soluble surfactant to
solubilize the DNA in the organic phase, where it can subsequently be exchanged for
a more hydrophobic amine-containing surfactant. We found, however, that simple
substitution of surfactants is rather problematic due to the infrequent dissociation of
ion pairs in the organic phase. We therefore introduced an energetically favorable
proton transfer to accompany the surfactant exchange, which drives the reaction to
completion. This strategy is the first reported approach to functionalizing DNA in the
organic phase by ligand exchange. We demonstrate that this approach is compatible
with a broad range of hydrophobic surfactants, including long chain hydrocarbons and
conjugated π-systems as well as hydrophilic alkylamines that would not otherwise
induce the precipitation of DNA in aqueous solutions.

2.2 Results and Discussion
2.2.1 DNA Precipitation
To solubilize DNA in an organic solvent, we introduce 4-(hexyloxy)anilinium (ANI)
into an aqueous solution of double-stranded DNA (dsDNA, 2000 bp). As the cationic
ANI head group electrostatically interacts with the anionic phosphodiester backbone,
a hydrophobic hydrocarbon shell envelops the dsDNA molecules.

[16]

As a result, the

DNA-ANI complex precipitates out of solution and is collected by centrifugation.
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2.2.2 ANI substitution with saturated aliphatic surfactants
As a proof of principle experiment, we investigate the substitution of
DNA-complexed ANI with dodecylamine—a surfactant that is insoluble in water and
thus a poor candidate for traditional methods of DNA modification by cationic
surfactants (Scheme 1). The substitution was carried out in a mixture of methanol and
chloroform (CHCl3/MeOH, 4/1), using a three-fold excess of amine-containing
surfactant in relation to negative charges of the DNA. The final concentration of DNA
is 1 µM and that of surfactant is 12 mM. After mixing and stirring for about five
minutes, the solution was transferred into regenerated cellulose dialysis tubing
(molecular weight cut-off, 10.000 Dalton) and dialyzed against CHCl3/MeOH to
remove excess dodecylamine and ANI.

Scheme 1: Two-step process for the formation of a DNA-surfactant complex with
amine surfactants.

2.2.3 Characterization of DNA-lipid complex
After purification through dialysis, the 1H-NMR spectra of dodecylammonium (DA)
chloride and pristine dodecylamine were compared to the spectrum of the DNA-DA
complex (Figure 1). The peak of the α-methylene group in the spectrum of the
DNA-surfactant complex (2.72 ppm) appears in a position similar to the uncomplexed
DA (2.76 ppm), but is shifted downfield by 0.2 ppm in comparison to the free
dodecylamine. We interpret this as evidence that the DNA-encapsulating surfactant is
present in the charged state. In the spectrum of the protonated DA, the α-methylene
peak is well-resolved as a triplet, whereas the peak appears broad and unresolved
upon interrogation of the DNA-surfactant complex.
26
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Figure 1. 1H-NMR spectrum of the DNA-DA complex (DNA-+NH3C12H25), DA
(Cl-+NH3C12H25) and dodecylamine (NH2C12H25) in d-DMSO.

The signal at 1.15 ppm, assigned to the other methylene groups in DNA-DA, appears
at higher field in relation to uncomplexed DA. The broadening of the signal can be
explained either by the restricted mobility of the surfactant when it is localized around
DNA or the aggregation of DNA lipid complex. To exclude the aggregation of DNA
lipid in organic solution, we examined two kinds of DNA lipid complex DNAdodecylammonium (long lipid) and DNA- triethylammonium (short lipid) complex
through dynamic light scattering in CHCl3/MeOH (4/1) and MeOH respectively. To
avoid any tertiary structure interference, we carried out the synthetic oligomer (22mer)
to prepare the above complex, the concentration of which are 75 µM and 100 µM
respectively, determined by UV absorption after 100 times dilution (See Supporting
Information). The raw correlation data shows no correlation between the Intensity
Autocorrelation Function and Lag-time, which demonstrates neither DNA27
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dodecylammonium (long lipid, Figure S1) nor DNA- triethylammonium (short lipid,
Figure S2) complex have formed aggregation in such high concentration. Also the
broaden NMR spectra only happened to the proton closed to DNA strand, while the
proton at the end of ligand chain (0.8 ppm) doesn’t suffer this phenomenon. So it is
more reasonable to deduce to the restricted mobility rather than aggregation caused
less resolution and broaden line, otherwise the entire proton signals should exhibit
broadening peak in NMR spectra. Thus this behavior can be attributed to a difference
in the environment surrounding the alkyl chains when they are complexed to the DNA
in a brush-like structure, where neighboring chains are in contact with each other, as
opposed to the free state, where the alkyl chains are surrounded by solvent.
Additionally, the peaks at 6.69 ppm, which belong to the benzene ring of ANI, are
absent in the spectrum of the DNA-surfactant complex (Figure S3). Also the proton
integration ratio between the end methyl group (at 0.8 ppm) and α-methylene group
(at 2.72 ppm) is 3/2, which demonstrate that the ANI moieties were completely
replaced by DA. Unexpectedly, no proton signals originating from the DNA were
detected in the spectrum of the complex, indicating a high propensity of DA to screen
DNA proton resonances.

Optical methods were used to further characterize the DNA-DA complex. The
ultraviolet–visible (UV/VIS) spectrum of the complex exhibits the distinctive DNA
absorbance maximum at 260 nm, indicating that DNA is indeed dissolved in
CHCl3/MeOH (Figure 2). Circular dichroism (CD) spectroscopy provides structural
information about the DNA-DA complex in organic media. Positive and negative CD
signals at 289 nm and 258 nm, respectively, are indicative of the right-handed double
helix structure of DNA (Figure 2, inset). Slight peak shifts to longer wavelengths,
compared to double stranded DNA in aqueous solvent, were observed, the
conformation of which differs from the B-form found under physiological conditions.
The DNA-dodecylammonium complex partly adopted a C-form. This could be the
result of the absence of water molecules around DNA that interact with oxygen of
28
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ribose, phosphate and minor or major grooves

[17]

and is in agreement with other

studies on the conformation of DNA-lipid complexes in organic media. [7a]

Figure 2. The UV-VIS and CD (inset) spectra of the DNA-DA complex.
Concentration of DNA is 0.02 µM in organic solvent of CHCl3/MeOH, 4/1

Finally, the successful exchange of the cationic surfactant was verified by Fourier
Transform Infrared (FTIR) spectroscopy. It can be seen from the IR spectrum (Figure
S4) that the DNA-DA complex shows characteristic ammonium bands that absorb in a
range between 3191-3142cm-1 and at 1650 cm-1, corresponding to N-H stretching and
asymmetrical -NH3+ deformation vibrations, respectively.

[18]

The IR-bands at 1058

and 1238 cm-1 are assigned to symmetric and asymmetric stretching vibrations of
PO2- groups of DNA. [19]

Other alkyl amines that cannot be attached to DNA in a direct, single step procedure,
including octadecylamine, dioctadecylamine, and trioctylamine, were also shown to
be compatible with this two-step method of ligand exchange. For characterization,
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please see supporting information (Figure S5 –S10). Also this approach works well
with the medium-length synthetic duplex. We chose two complimentary nucleotides
(48 base pair), oligo 1 and oligo 2, used in DNA origami to demonstrate the feasibility.
[20]

The sequence can be seen in supporting information. Both the hybridized duplex

and single strand oligonucleotides (oligo 1 and 2) have been firstly precipitated by
ANI which was followed by substitution of dodecylamine in a mixture of methanol
and chloroform (CHCl3/MeOH, 4/1). The final concentration of duplex and single
strand oligomers were identified by UV absorption at 260 nm, and the final
concentrations were all adjusted to 1.2 µM. CD data (Figure S13) of oligo 1 in the
DNA region exhibit broad positive ellipticity with a peak maximum at 270 nm. The
maximum negative ellipticity is hardly been identified due to the high noise from
organic solvent below 245 nm. Oligo 2 shows both positive and negative ellipticity at
284 nm and 255 nm. The duplex shows similar profile with positive and negative
ellipticity at 284 nm and 247 nm, but with higher CD intensity at both positive and
negative epplipticity area, since the retaining of double strand helix structure.

2.2.4 ANI substitution with conjugated polycyclic surfactant
DNA has proven to be a very promising template to spatially control the arrangement
of photoactive materials on the nanoscale

[21]

and has been used for the fabrication of

luminescent thin films via precise arrangement of fluorescent donors and acceptors. [22]
Here, we synthesize a terthiophene conjugate with an amine head group, designed to
form a supramolecular assembly of functional π-conjugated systems around a DNA
double helix (Figure 3a). The synthesis and characterization of this compound are
detailed in the supporting information. Terthiophene is soluble in most organic
solvents and can therefore be introduced to encapsulate DNA according to the
procedure described above. After thorough purification of the DNA-terthiophene
complex in organic phase (CHCl3/MeOH, 4/1) obtaining 0.5 µM DNA complex, thin
films were cast and examined by UV/Vis and CD spectroscopy.
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Figure 3. Molecular structure of terthiophene carrying an amine group for
complexation with DNA (a). UV/Vis absorption spectra of films of terthiophene and
the DNA-terthiophene complex prepared from 0.5 µM DNA complex solution (b).
Inset: CD spectrum of the DNA-terthiophene complex.

The UV/Vis absorption spectra of pristine terthiophene and the DNA-terthiophene
complex differ markedly from each other. In the spectrum of DNA-terthiophene a
much larger absorption peak is detected at a wavelength of 260 nm in relation to the
pristine terthiophene moiety, which can be attributed to the presence of the nucleic
acid component. The maximum absorption of terthiophene is located at 356 nm while
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the corresponding maximum of the DNA-terthiophene complex is found at 374 nm,
exhibiting an 18 nm bathochromic shift. This spectral behavior is indicative of the
formation of J-aggregates of the aromatic oligothiophene system. [4e]

CD data in the spectral region of terthiophene absorption exhibit positive ellipticity
with a peak maximum at 415 nm and weak negative ellipticity at 369 nm, with
zero-crossing at 378 nm (Figure 3b, inset). In contrast, for bare terthiophene films, no
CD signal is measured. The CD data suggest that the terthiophene molecules are
assembled in a right-handed helix as a result of being complexed with the DNA
molecule. [23] These experiments demonstrate that through the application of our new
surfactant exchange strategy, it is possible to organize functional molecules in a way
that enables the production of supramolecular π-system architectures that employ
DNA as template. Due to the hydrophobic character of extended aromatic units, such
chromophore ensembles are not attainable via existing methods for formation of
DNA-surfactant complexes.

2.2.5 ANI substitution with pyrene to mimic light harvesting systems
Having demonstrated ligand exchange with an aromatic surfactant, we further explore
this strategy to construct a noncovalent light harvesting system (LHS). Such
complexes play a key role in photosynthesis by funneling electronic excitations,
which are induced by sunlight, toward the reaction center by energy transfer.

[24]

to the importance of this process, several model LHSs have been synthesized.

Due

[25]

To

fabricate a DNA-surfactant complexes that mimics an LHS, a 22mer oligonucleotide
was labelled at one terminus with a chromophore that exhibits a large stokes shift
(490LS, ATTO-TEC). This chromophore is characterized by an optical absorption
ranging from 450-550 nm (absorption maximum 496 nm) and an emission maximum
at 620 nm. Using the novel surfactant exchange method described in the previous
sections, the 490LS-labelled oligonucleotide is complexed with a pyrene-modified
surfactant (Fig 4a).
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Figure 4. a) The illustration of energy transfer from DNA bonded pyrene to 490LS in
the LHS. b) UV/VIS absorption (black) and emission (red) of DNA-490LS-pyrene
complex. The emission of a DNA-pyrene complex in organic solvent (CHCl3/MeOH,
4/1) with concentration 0.4 µM, absent 490LS is presented as a control (blue). The
excitation wavelength for all emission spectra is 350 nm.

The synthesis and characterization of this compound are detailed in the supporting
information. The UV/VIS absorption of DNA-490LS pyrene complex (black curve) is
shown in Figure 4b, which exhibits the characteristic maximum absorption of pyrene
33
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(250 to 280, and 300 to 355 nm) and that of DNA (260 nm). The weak absorption
peak at 496 nm can be assigned to 490LS. As control, we examine the emission
spectrum of a DNA-pyrene surfactant complex that is not labeled with 490LS. Both
DNA-490LS-pyrene (red curve) and DNA-pyrene (blue curve) exhibit a broad
emission peak between 420 and 500 nm, with a maximum at 450 nm (Figure 4b).

These bands are ascribed to excimer fluorescence that is caused by the aggregation of
pyrene along the DNA scaffold. [26] Due to the overlap of pyrene emission and 490LS
absorption, in addition to the close proximity of both types of chromophores within
the DNA-surfactant complex, energy transfer is observed as 490LS emission at 610
nm. Comparing the LHS with the control, the spectrum of DNA-490LS-pyrene
complex exhibits lower pyrene photo luminescence in relation to DNA-pyrene
complex, indicating that the energy is transferred to the acceptor. In a separate
experiment, we determined that when pyrene is introduced, but not complexed with
490LS-labelled DNA, no energy transfer is observed. These photophysical
measurements prove that a simple surfactant exchange method can enable the
successful construction of a functioning LHS.

2.2.6 ANI substitution with water-soluble surfactants
Reducing the steric hindrance of the surfactant shell around the DNA could
potentially have significant impact on the effectiveness of DNA functionalization
and DNA-mediated catalysis in the organic phase.

[28]

[27]

DNA solubilization by small

ligands in organic solvents presents a different set of challenges. Small amine ligands
are more hydrophilic compared to larger surfactant molecules and thus do not evoke
DNA precipitation in aqueous environments, making the complex more difficult to
isolate.

[29]

Since the two-step exchange protocol does not rely on coprecipitation of

DNA with the selected surfactant in an aqueous solvent, we can investigate the lower
size limits of small ligands that keep DNA soluble in the organic phase. While amines
with lower molecular weight, such as diethylammonium and dimethylammonium
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precipitate in most organic solvents, we found that triethylammonium can be used to
replace ANI in the organic phase and solubilize DNA from salmon testes (2000 bp) in
CHCl3/MeOH (For characterization, see Supporting Information Figure S12 and S13).
Because significantly smaller cationic ligands are used here than in the previous
sections, the proton signals from the nucleobase and the pentose are clearly visible in
the NMR spectrum of the DNA-triethylammonium complex (Figure S9). The peaks at
4.74 ppm (H3’), 4.14 ppm (H4’), 3.88 ppm (H5’, H5’’) and 1.78 ppm (H2’) are
attributed to protons on the pentose. By integrating the 1H NMR signals, we determine
that the molecular ratio of pentose to triethylammonium is close to 1:1. This is yet
another strong indicator that one phosphate group is complexed with one cationic
ligand and that the ligand exchange proceeds to completion. Although short,
unmodified DNA strands (10-30 bp) have previously been introduced into
tetrahydrofuran and acetonitrile for DNA-templated reactions, their concentration has
been limited to the nanomolar range.

[27]

In contrast, here, micromolar DNA

concentrations were reached in organic solvents with the small counter ion
triethylammonium.

2.2.7 Exchange mechanism
According to models developed to describe ion-exchange chromatographic
separations, the rate of ion exchange depends on the charge of a given ion and its
mobility in the selected solvent.

[30]

Both of these parameters determine the degree of

ion pair dissociation and are controlled by electrostatic interactions. According to
Coulomb’s law,

[31]

the force between counter ions is inversely proportional to the

dielectric constant of the solvent. To achieve effective substitution of an ion pair, the
exchange process should be carried out in a solvent with a high dielectric constant (εγ),
like water (εγ ~ 80.1), or water mixtures containing polar solvents, like acetonitrile (εγ
~ 37.5). In contrast, we achieved ligand exchange in a non-polar environment
containing chloroform (εγ ~ 4.8), where cation mobility is significantly lower. The
effective, high-yield exchange of the surfactant in a non-polar solvent suggests that a
35

Chapter 2

chemical process contributes to the exchange in addition to the purely physical
diffusion mechanism.

We propose the following mechanism to accommodate our observations. The
DNA-ANI interaction can be characterized as an ionic hydrogen bond between the
phosphate of the DNA backbone and the ammonium group of the ANI. As such, both
electrostatic and acid-base interactions contribute to the stability of the bond. [32] With
the introduction of a primary amine, the acid-base interaction is disrupted because
aniline has a much lower Kb value (~10-10 M) than the primary amine (~10-4 M).
Therefore, amines exhibit a much higher reactivity with phosphoric acid than the
aniline group. We postulate that the substitution of the ANI for the primary amine is
the result of a proton transfer between the two surfactants participating in the
exchange (Scheme 2).

Scheme 2: Schematic representation of the mechanism of exchanging the ANI
component with a primary amine.

This transfer is facilitated by the phosphate anion, which is transiently protonated and
can therefore react with the amine group of the more basic surfactant. After the
transfer, the phosphate anion electrostatically interacts with the cationic ammonium
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group. This leaves the neutral aniline free to dissociate from the DNA-ammonium
complex. In accordance with our theory, the rate of substitution is determined by the
differences in Kb values between the primary amine and aniline. Since the basicity of
primary, secondary, and tertiary amines is orders of magnitude larger than that of
aniline, there is sufficient driving force to ensure complete cation exchange, as
observed in our experiments.

2.3 Conclusion
We have developed a robust and generic protocol for the functionalization of DNA by
ligand exchange in organic solvents. The method requires first precipitating a DNA
molecule with an anilinium compound from the aqueous environment and
subsequently exchanging this moiety with an amine in an organic solvent. This
strategy provides an alternative way to fabricate DNA-lipid complexes, overcoming
the very restricted window of surfactant solubility required for the direct exchange
mechanism. Due to the large driving force of proton exchange between the anilinium
and the amine, the exchange process runs to completion, as proven by NMR studies.
This novel functionalization method allows the fabrication of DNA ensembles in the
organic phase where the double helix is surrounded by primary, secondary and tertiary
hydrophobic alkylamines, ordered functional π-systems, and even small hydrophilic
molecules.

Finally,

we

demonstrate

the

successful

construction

of

a

multichromophoric light harvesting system based on DNA-surfactant complexes. We
believe that this approach may greatly accelerate the fabrication of functional DNA
nanostructures.

2.4 Experimental section
2.4.1 General
All chemicals and reagents were purchased from commercial suppliers and were used
without additional purification unless noted otherwise.

1

H NMR spectra were

recorded at 25 oC on a Varian Mercury NMR spectrometer operating at 400 MHz,
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where chemical shifts (δ) were determined with respect to the non-deuterated solvent
as an internal reference. The splitting parameters were designated as follows: s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br (broad). High
resolution ESI mass spectra (HR-MS) were obtained with a JEOL JMS-600 mass
spectrometer.

All

UV-Vis

spectra

were

measured

on

a

JASCO

V-630

spectrophotometer using 1 cm light-path quartz cuvette. FTIR spectra were obtained
using KBr pellets: around 1 mg of DNA-lipid complex was mixed in an agate mortar
with 300 mg of potassium bromide (Perkin Elmer). Then the mixture was transferred
into a mould and compressed with a pressure of 1 Torr to obtain transparent pellets.
The FTIR spectra were recorded using the BRUKER IFS 88 instrument. The circular
dichroism (CD) measurements were performed on a JASCO J-715 spectropolarimeter.
The DNA consisting of 22 nucleotides (sequence 5’-CCTCGCTCTGCTAATCCTG
TTA-3’) used for the self-assembly of terthiophene was synthesized according to
standard protocols. Solvents and reagents for DNA synthesis were purchased from
SAFC (Sigma-Aldrich, Netherlands) and Novabiochem (Merck, UK). The solid
support was acquired from GE Healthcare (Sweden) (Universal Primer SupportTM
200 µmol/g). After synthesis, each oligonucleotide was purified by High Pressure
Liquid Chromatography (HPLC) system equipped with a C15 RESOURCE RPCTM 1
mL reverse phase column (GE Healthcare) by custom gradients using elution buffers.
The component of buffer A was 100 mM triethylammonium acetate (TEAAc) and 2.5%
acetonitrile. That of B was 100 mM TEAAc and 65% acetonitrile. The fractions were
desalted by desalting column (HiTrapTM desalting, GE Healthcare) followed by
dialysis in a dialysis membrane (cut off range: MWCO 3000, Spectrum Laboratories).
Finally, the two complementary single stranded DNA sequences were hybridized in
TEA (Tris-Acetate-EDTA) buffer (0.2 M, pH 7.5). For the 22mer labelled with 490LS,
the sequence of the oligonucleotide is 5’-CCTCGCTCTGCTAATCCTGTTA-3’
-C6-NH2. The support is from GE Healthcare (C6 ammonia customerized prime solid
support, 200 µmol/g). The synthesis and purification steps are the same as described
above. To couple ATTO 490LS NHS-ester (ATTO-TEC), the 22mer was dissolved in
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H2O/MeOH (1/1). Then, a five-fold excess of 490LS NHS-ester was added in one
portion and stirred overnight. The purification was carried out by reverse phase HPLC
as described above. All other column chromatography was performed using silica gel
60 Å (200-400 Mesh). Medium-length synthetic duplex is obtained from Biomer.net,
which was directly used without further purification. The sequence of the
oligonucleotide (oligo 1) is 5’-GTAAGAGCTCCCAATCCAAATAAGATTACCG
CGCCCAATAAATAATAT-3’. The sequence of the complimentary oligonucleotide
(oligo 2) is 5’- ATATTATTTATTGGGCGCGGTAATCTTATTTGGATTGGGAGCTC
TTAC-3’. The hybridization is performed in TEA (Tris-Acetate-EDTA) buffer (0.2 M,
pH 7.5).

2.4.2 Materials
2-methoxythiophene (97%), 3-bromo-1-propanol (97%), diethylamine (99.5%),
N-bromosuccinimide (99%), 5’-hexyl-2,2’-bithiophene-5-boronic acid pinacol ester
(97%), sodium bisulfate (95%), potassium carbonate (99.0%), potassium iodide
(99.5%), tetrakis(triphenylphosphine)palladium(0) (99%), 4-(hexyloxy)aniline (99%),
4-butoxyaniline (97%), 4-(octyloxy)aniline (98%), deoxyribonucleic acid sodium salt
from salmon testes, dodecylamine (99%), octadecylamine (97%), dioctadecylamine
(99%),

1-pyrenebutyric

acid

N-hydroxysuccinimide

ester

(95%),

N-Boc-1,4-butanediamine (97%) and trioctylamine (98%) were purchased from
Sigma Aldrich. ATTO 490LS NHS-ester was purchased from ATTO-TEC. Sodium
chloride was obtained from Merck KGaA. Sulfuric acid (99.9%), toluene (99.8%),
acetone,

dichloromethane,

chloroform,

hexane,

ethylacetate,

methanol

and

triethylamine were purchased from Lab-Scan and used as received. For all
experiments, ultrapure water (specific resistance > 18.4 MΩ cm) was obtained by a
Milli-Q water purification system (Sartorius).

2.4.3 Confirmation of non-aggregation of DNA lipid complex in organic solution
The dissolution of DNA lipid complex in organic solution has been proved by
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dynamic light scattering technique. The equipment used is Zetasizer Nano-ZS
(Malvern) equipped backscatter detector at 173 o. The temperature of cell holder is 25
o

C. Equilibration time is 120 sec. Number of measurements is 3 times. Delay between

measurements is 5 sec. The cell used is 1 cm light-path quartz cuvette (Hellma). For
the dispersant of CHCl3/MeOH (4/1), the Refractive Index is set as 1.446. And the
Viscosity is 0.563 mPa.s. For the dispersant of MeOH, the Reractive Index is 1.328.
And the Viscosity is 0.544 mPa.s. All the solvents were analytical grade which were
filtered through PVDF 0.2 µm before using. All the sample preparations were
performed in the Laminar Flow Cabinet (Clean Air). The cuvette was flushed with
related solvent for 3 times before measurement.

2.4.4 Determination of DNA concentration
All the DNA concentrations, including DNA from salmon testes, synthetic 22mer,
oligo 1, oligo 2 and hybridized duplex, were determined by the comparison of UV
absorption at 260 nm with that of standard DNA lipid complex solution in organic
solvent. The standard DNA lipid complex was prepared by mixing related DNA with
hexadecyltrimethylammonium bromide (CTAB) with the molar ratio of 1:1.1 between
the negative charged phosphate group of DNA and the positive charged ammonium
group of CTAB, which has been proved stoichiometric combination leads to the
spontaneous formation of DNA-CTAB complex precipitation. After collection and
lyophilizing the precipitation, the complex was dissolved by organic solvent,
including CHCl3/ MeOH (4/1) and MeOH to get standard solution. For DNA from
salmon testes, the standard concentration was diluted to 0.01µM to 0.05µM for
measuring. The shorter oligomers were diluted to 0.2 µM to 2 µM. UV absorption of
DNA solution was measured at 260 nm after extracting the background by JASCO
V-630 spectrophotometer using 1 cm light-path quartz cuvette.

2.4.5 Synthesis of lipid 4-(hexyloxy)anilinium chloride
The synthesis of 4-(hexyloxy)anilinium chloride is shown in scheme S1. A 100 ml
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round bottom flask equipped with a magnetic stir bar was charged with
4-(hexyloxy)aniline (2 g, 10.4 mmol) and 50 ml diethyl ether.

Scheme S1. The synthesis of lipid of 4-(hexyloxy)anilinium chloride.

After the 4-(hexyloxy)aniline was completely dissolved under vigorous stirring,
freshly prepared hydrochloride gas, which was prepared by mixing sodium chloride
with sulfuric acid (98%), was passed into the 4-(hexyloxy)aniline solution. After
stirring for a few minutes the solution became turbid and a precipitate was obtained.
After flushing the solution for additional 30 min with hydrochloride, the reaction was
terminated. The precipitate was collected by filtration and rinsed with diethyl ether
(3×50 ml). Then the purple solid was dried under vacuum overnight (2.12 g, 89%
yield). 1H NMR (DMSO, 400 MHz, ppm) δ: 10.13 (s, 3H), 7.30 (d, 2H), 7.00 (d, 2H),
3.96 (t, 2H), 1.68 (t, 2H), 1.29 (br, 6H), 0.87 (t, 3H).

2.4.6 Synthesis of N,N-diethyl-3-((5''-hexyl-[2,2':5',2''-terthiophen]-5-yl)oxy)
propan-1-amine

Scheme S2. Synthesis of N, N-diethyl-3-((5''-hexyl-[2,2':5',2''-terthiophen]-5-yl)oxy)
propan-1-amine. Reagents and conditions: (a) NaHSO4, toluene, 120 oC; (b) K2CO3,
KI, acetone, reflux overnight; (c) NBS, toluene, -20 oC; (d) Pd(PPh3)4, 2 M aq. K2CO3,
THF, reflux.
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Preparation of 2-(3-bromopropoxy)thiophene (1). To a round bottom flask (250 mL)
equipped with a magnetic stir bar 3-methoxythiophene (2.5 g, 21.9 mmol),
3-bromo-1-propanol (3.4 mL, 44 mmol), NaHSO4 (1.1 g, 9.16 mmol) and 100 mL of
toluene were added. The mixture was heated to 100 °C for 1.5 hour under an
atmosphere of argon. Then 20 mL of toluene was added to the reaction mixture and
the temperature was elevated to 120 °C, to allow approximately 20 mL of an
azeotropic mixture of toluene and methanol to be distilled off. After that, the reaction
mixture was cooled down to room temperature and filtered. The toluene was then
evaporated with a rotary evaporator under vacuum and the product was purified by
column chromatography on silica gel using CH2Cl2 and hexane (1:3 v/v) as mobile
phase to give a colorless oil, which slowly becomes light red upon standing over time
(3.75 g, 76 % yield). 1H NMR (CDCl3, 400 MHz, ppm) δ: 6.72 (t, 1 H), 6.55 (d, 1 H),
6.22 (d, 1 H), 4.16 (t, 2 H), 3.56 (t, 2 H), 2.31 (m, 2 H). 13C-NMR (CDCl3, 50 MHz) δ:
29.74, 32.38, 71.27, 105.23, 112.39, 124.87, 165.33. MS for C7H9BrOS [M+H]+ m/z
= 220.94 and 222.94.

Preparation of N,N-diethyl-3-(thiophen-2-yloxy)propan-1-amine (2). To a 250 mL
round bottom flask equipped with a magnetic stir bar 2-(3-bromo)propoxythiophene
(3.5 g, 15 mmol) (1), diethylamine (8.4 mL, 81.5 mmol), KI (1 g, 6 mmol), K2CO3
(11 g, 80 mmol), and 150 mL of acetone were added. The reaction mixture was heated
to reflux overnight with vigorously stirring. Then the acetone was evaporated with a
rotary evaporator under vacuum. Then the reaction mixture was diluted with 200 mL
of CH2Cl2, followed by extracting with H2O (3 × 100 mL). The organic layer was
dried over MgSO4 and concentrated under vacuum. The residue was transferred onto a
silica gel column and the product was purified with ethylacetate/ methanol/
triethylamine 88:10:2 as mobile phase. Compound 2 was obtained as reddish oil (2.2 g,
65 % yield). 1H NMR (CDCl3, 400 MHz, ppm) δ: 6.73 (t, 1 H), 6.54 (d, 1 H), 6.24 (d,
1 H), 4.04 (t, 2 H), 2.50 (m, 6 H), 1.88 (m, 2 H), 1.00 (m, 6 H). 13C-NMR(CDCl3, 50
MHz) δ: 12.00, 27.24, 47.18, 49.38, 72.50, 104.78, 111.87, 124.79, 165.88. MS for
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C11H19NOS [M+H]+ m/z = 214.12.

Preparation of 3-((5-bromothiophen-2-yl)oxy)-N,N-diethylpropan-1-amine (3). To a
toluene solution (50 mL) of N,N-diethyl-3-(thiophen-2-yloxy)propan-1-amine (2)
(2.56 g, 12 mmol) N-bromosuccinimide (NBS, 2.14 g, 12 mmol) was portionwise
added at 0 °C under an atmosphere of argon. Then the mixture was allowed to warm
up to 25 °C and to react overnight. After that the reaction mixture was poured into an
aqueous solution of KOH (10% by wt, 100 mL) it was extracted with toluene (3× 50
ml). The combined organic layers were washed with brine, dried over anhydrous
MgSO4 and filtered off from an insoluble fraction. The filtrate was evaporated to
dryness with a rotary vacuum evaporator and the residue was subjected to column
chromatography (SiO2, ethylacetate/ methanol/ triethylamine 88/10/2, v/v/v), to allow
isolation of 3 as colorless liquid (3.14 g, 10.8 mmol) in 90% yield. 1H NMR (400
MHz, CDCl3, ppm) δ: 6.65 (d, 1H), 5.96 (d, 1H), 4.04 (t, 2H), 2.51 (m, 6H), 1.88 (m
2H), 1.00 (m, 6H).

13

C-NMR (CDCl3, 50 MHz) δ: 12.03, 27.21, 47.21, 49.26, 72.54,

97.92, 105.55, 127.36, 165.39. MS for C11H18BrNOS [M+H]+ m/z = 292.03 and
294.03.

Preparation of N,N-diethyl-3-((5''-hexyl-[2,2':5',2''-terthiophen]-5-yl)oxy) propan-1
-amine (4). To a mixture of 3 (1.57 g, 5.4 mmol) and 2-(5'-hexyl-[2,2'-bithiophen]
-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.05 g, 8.1 mmol) dissolved in 50 mL
THF, Pd(PPh3)4 (0.213 g, 0.185 mmol) and an aqueous solution of K2CO3 (2 M, 8.5
mL) were quickly added. Then the biphasic system was subjected to a thorough
degassing step including three freeze-pump-thaw cycles and subsequently the mixture
was refluxed under argon overnight. After cooling to room temperature, the dark blue
reaction mixture was poured into water (150 mL) and extracted with CHCl 3 (2× 50
mL). The combined organic layers were washed with brine (3× 50 mL), dried over
anhydrous MgSO4, and filtered off from an insoluble fraction. Then the solvent was
evaporated with a rotary evaporator under vacuum and the residue was subjected to
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column chromatography (SiO2, CHCl3/ triethylamine 98/2), to isolate 4 as yellow
solid (1.87 g, 4.05 mmol) in 75% yield. 1H NMR (400 MHz, CDCl3, ppm) δ: 6.94 (d,
2 H), 6.86 (d, 1 H), 6.77 (d, 1 H), 6.67 (m, 1 H), 4.10 (t, 2 H), 2.78 (t, 2 H), 2.56 (m,
6H), 1.92 (m, 2 H), 1.69 (m, 2 H), 1.37 (br, 6 H), 0.98 (m, 6 H), 0.86 (t, 3 H).
13

C-NMR (CDCl3, 50 MHz) δ: 11.82, 14.26, 22.75, 27.02, 28.93, 30.35, 31.73, 47.11,

49.27, 72.44, 104.83, 121.33, 122.77, 123.21, 123.52, 124.90, 134.61, 135.50, 136.49,
145.42, 165.83. MS for C25H35NOS3 [M+H]+ m/z = 462.18.

2.4.7 Synthesis of N-(4-aminobutyl)-4-(pyren-1-yl)butanamide

Scheme S3. The synthesis protocol of N-(4-aminobutyl)-4-(pyren-1-yl)butanamide.

The synthesis of N-(4-aminobutyl)-4-(pyren-1-yl)butanamide is shown in scheme S3.
To a round bottom flask (100 ml) with stirring bar and 50 ml CHCl3/MeOH (1:1),
1-pyrenebutyric

acid

N-hydroxysuccinimide

ester

(1

g,

2.6

mmol)

and

N-Boc-1,4-butanediamine (0.98 g, 5.2 mmol) were added. The mixture was stirred at
room temperature overnight. Without purification, freshly prepared HCl gas, obtained
by mixing sodium chloride with sulfuric acid (98%), was passed into the mixture.
After flushing for half hour, the solvent was evaporated via rotary evaporator and a
yellow solid was obtained. This raw product was dissolved in 60 ml CHCl 3 and
washed three times with sodium bicarbonate solution (30 ml, 2 M), followed by
drying with sodium sulphate. The product is yellow solid and was obtained in 88%
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yield. 1H NMR (400 MHz, CDCl3, ppm) δ: 8.32 (d, 1H), 8.17 (d, 1H), 8.15 (d, 1H),
8.12 (d, 1H), 8.10 (s, 1H), 8.03 (br, 2H), 8.00 (br, 1H), 7.86 (d, 1H), 5.78(s, 2H), 3.40
(t, 2H), 3.24 (q, 2H), 2.67 (t, 2H), 2.24 (m, 4H), 1.47 (m, 4H). MS for C 24H26N2O
[M+H]+ m/z = 359.21.

2.4.8 Supplementary figures
The

Correlogram

of

DNA-dodecylammonium

complex

and

DNA-

of

DNA-

triethylammonium complex.

Figure

S1.

Intensity

Autocorrelation

Function

and

Lag-time

dodecylammonium in CH3Cl/MeOH, 4/1.
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Figure

S2.

Intensity

Autocorrelation

Function

and

Lag-time

triethylammonium in MeOH.

NMR spectrum of DNA-ANI complex.

Figure S3. The 1H NMR spectrum of DNA-ANI complex in d-DMSO.
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The Fourier Transform Infrared spectrum of DNA-ANI complex.

Figure S4. The Fourier Transform Infrared spectrum of DNA-ANI complex.

Characterization of DNA complexed with octadecylamine, dioctadecylamine,
trioctylamine, and triethylamine
NMR, UV/VIS and CD spectra of DNA-octadecylammonium complex.

Figure

S5.

1

H-NMR

spectrum

of

DNA-octadecylammonium

complex

in

CDCl3/CD3OD (4/1).
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Figure S6. UV-VIS and CD spectra (inset) of DNA-octadecylammonium complex in
organic solvent (CHCl3/MeOH, 4/1) with the concentration of 0.03 µM.

NMR, UV/VIS and CD spectra of DNA-dioctadecylammonium complex.

Figure S7.

1

H-NMR spectrum of DNA-dioctadecylammonium complex in

CDCl3/CD3OD (4/1).
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Figure S8. UV-VIS and CD spectra (inset) of DNA-dioctadecylammonium complex
in organic solvent (CHCl3/MeOH, 4/1) with the concentration 0.035 µM.

NMR, UV/VIS and CD spectra of DNA-trioctylammonium complex

Figure S9. 1H NMR spectrum of DNA-trioctylammonium complex in CDCl3/CD3OD
(4/1).
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Figure S10. UV-VIS and CD spectra (inset) of DNA-trioctylammonium complex in
organic solvent (CHCl3/MeOH, 4/1) with the concentration 0.032 µM.

NMR, UV/VIS and CD spectra of DNA- triethylammonium complex.

Figure S11. 1H NMR spectrum of DNA-triethylammonium complex in d-DMSO.
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Figure S12. UV-VIS and CD spectra (inset) of DNA-triethylammonium complex in
organic solvent (CHCl3/MeOH, 4/1) with the concentration 0.025 µM.

Circular Dichroism of medium-length synthetic oligomer 1, 2 and hybridized
duplex

Figure S13. CD spectra of oligo 1, oligo 2 and hybridized duplex.
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Ionic Liquids with a Cavity Based on Cyclodextrin

Abstract
Over the last decades, researchers in both academia and industry have shown
significant interest in ionic liquids (ILs) because of their unique properties and
applications. Here we present an unprecedented IL exhibiting a high concentration of
the popular cyclodextrin (CD) moiety. Our CD IL exhibits fluidic properties at room
temperature and can be synthesized through a ligand exchange method. We
characterized the resulting IL employing 1H-NMR to identify the chemical structure
and purity, DSC to determine the transition temperature, TGA to evaluate thermal
stability, and rheometry to study viscoelastic behavior. Moreover, we found that our
CD ILs exhibit low transition temperatures ranging from -5 to 22 °C, high thermal
stability up to 200 °C, and maintain a functional cavity to incorporate guest
molecules.

This chapter has been submitted for publication
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3.1 Introduction
Since the first ionic liquid (IL) forming molecule ethylammonium nitrate was
discovered, a variety of ILs has been prepared. Their unique physical properties, i.e.
negligible vapor pressure and inflammability, tunable structure, and low viscosity,

[1-4]

arguably can render them superior to other solvents allowing their application in
certain industrial processes, such as aluminium plating, cellulose dissolution, and
paint formulation. [5] Through the combination of cationic and anionic moieties, chiral,
[6]
[10]

magnetic,

[7]

polymeric,

[8]

coordinated,

[9]

and mesoscopically nanostructured ILs

have been prepared. Particularly, the liquefaction of different materials ranging

from small organic π-systems [11] to biomacromolecules [12] gained significant traction.
This includes the fabrication of porous architectures, especially liquids with a
permanent cavity.

[13]

Although exploiting the properties of confined spaces is an

important research task, a cavity-containing IL has thus far, to the best of our
knowledge, not been reported. This inspired us to investigate cyclodextrin (CD) as the
basis of an unprecedented IL that maintains fluidity at room temperature.

CDs are oligosaccharides derived from the hydrolysis of starch by glycosyltransferase.
[14]

Oligomers (n = 6, 7, 8) of glucopyranose units are connected by α-1,4-glucosidic

linkages to form α-, β-, and γ-CD, respectively. The glucopyranose units align to
resemble a truncated cone, such that the primary hydroxyl groups at the 6-position
form the narrow rim of the structure whereas the secondary hydroxyl groups at the 2and 3-positions form the wide rim. CDs bear a central hydrophobic cavity surrounded
by a hydrophilic exterior, granting the ability to form host-guest complexes with solid,
liquid, and gaseous compounds.
utilized

for

chromatography,

[15-19]

This unique amphiphilic behavior has been

catalysis,

pharmaceutical

formulations,

and

environmental protection. [18-22] Although there have been several attempts to fabricate
CD ILs by introducing imidazolium functionalities, their melting temperatures could
not yet be tuned below 100 °C. [23-26]

56

Ionic Liquids with a Cavity Based on Cyclodextrin

Here we prepare room temperature CD ILs with fully sulfated substituted
α-cyclodextrin and β-cyclodextrin (α- and β-full-CD), as well as heptakis
(6-O-sulfo)-β-cyclodextrin heptasodium salt (β-half-CD) (Scheme 1a and b). The CDs
are complexed with tris[2-(2-methoxyethoxy)ethyl]amine (trisamine) through a
two-step ion exchange method to form an IL with high CD concentrations. The ILs’
chemical structure, transition temperature, viscosity, thermal stability, and the ability
to include guest molecules have been examined.

Scheme 1. a) The fully sulfated substituted α-full-CD (n = 6) and β-full-CD (n = 7)
and b) β-half-CD (n = 7). c) The ligand exchange process. Na+ is first exchanged by
ANI to form a precipitate in aqueous solution. The precipitate is then exposed to
trisamine replacing ANI to form CD ILs.

3.2 Results and Discussion
The CD ILs are fabricated by a two-step process that relies on the proton transfer
between a Brønsted acid and a base (Scheme 1c).

[27]

The process is initiated by the

precipitation of CD from an aqueous environment through the substitution of the
sodium counterion with 4-(hexyloxy) anilinium (ANI). By electrostatic interactions,
the hydrocarbon chains form a hydrophobic shell enveloping the CD molecules.

[28-30]
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The complex is then transferred to an organic solvent whereupon the ligand is
exchanged to trisamine by proton transfer thus forming a complex with CD exhibiting
IL properties. The detailed synthetic procedures can be found in the experimental
section.

Proton nuclear magnetic resonance (1H-NMR) spectroscopy was carried out to
compare the differences in chemical structure and environment between CD and CD
IL and to determine their respective purities (Figure 1).

Figure 1. Exerts from the 1H-NMR spectrum in D2O of β-half-CD (curve a) and its IL
complex (curve b).

In contrast to CD, the CD IL spectrum exhibits additional peaks at 3.87 (peak b) and
3.53 ppm (peak a), which belong to the α-methylene group and methyl group of
trisammonium, respectively. Further peaks at 3.70, 3.63 and 3.53 ppm are assigned to
the remaining methylene groups. The peak H-6 from 4.25-4.36 ppm is attributed to
the methylene group of CD. Peak H-6, peak a, and peak b integrate at a ratio of 2:6:9
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demonstrating the stoichiometric exchange of ANI against trisamine and the high
concentration of CD moieties. Additionally, the signals of H-1, H-3, H-5 and H-6
from CD IL move to higher field in comparison to pristine CD, which we attribute to
the screening effect of the surrounding trisammonium. The 1H-NMR spectrum of
full-CD IL cannot be resolved properly and integrated due to the high propensity of
the complexed ligand to screen CD proton resonances,

[27]

but can be found in the

supporting information.

The resulting CD ILs exhibit moderate fluidity at room temperature and turn brown
during long-term storage, which we attribute to trace degradation products of
trisamine as the NMR spectra do not change measurably. [31] On this basis we estimate
the purity of the compounds to be at least 99%; however, we cannot exclude the
possibility of trace impurities. The significant change in melting temperature of the
CD-fluids is revealed by differential scanning calorimetry (DSC). Samples were
subjected to 3 thermal cycles from -70 to 80 °C with a temperature ramping rate of
10 °C∙min-1. As shown in Figure 2a, the transition temperature of α-full-CD ILs is
located at 5 °C, while β-full-CD is at -5 °C. The low transition temperatures can be
explained by the absence of external polar groups on the CD-trisammonium complex
which minimizes the intermolecular interactions. Moreover, the large tertiary amine
hinders coordination with the sulfate groups and the flexible C-O-C group further
improves the molecular mobility. While α-full-CD and β-full-CD ILs have identical
repeating units, their transition temperatures notably vary by 10 °C. This deviation
mainly results from the rigidity in α-full-CD, which has one glucose unit fewer than
β-full-CD, probably resulting in a more compact oxyethylene structure producing
higher intermolecular friction. In contrast, the β-half-CD IL shows a higher transition
temperature of 22 °C, which might originate from the accessible hydroxyl groups on
the wide rim undergoing intermolecular hydrogen bonding. Subsequently, the thermal
stability was examined by thermogravimetric analysis (TGA) (Figure 2b). α-Full-CD
begins to degrade at 223 °C, β-full-CD at 230 °C, and β-half-CD at 248 °C indicating
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that the ILs are thermally stable and suitable for high-temperature applications.

Figure 2. a) DSC and b) TGA measurements of α-full-CD IL (black), β-full-CD IL
(blue), and β-half-CD IL (red). Decomposition temperatures Td10%: α-full-CD IL
(223 °C), β-full-CD IL (230 °C), and β-half-CD IL (248 °C).

Quantitative evaluation of the viscosity of all CD ILs was conducted by rheometry.
All CD-ILs exhibited Newtonian flow properties (Figure 3). The α-full-CD IL (Figure
3a),

β-full-CD

IL

(Figure 3b)

and

the

commercial

ionic

liquid

1-hexyl-3-methylimidazolium chloride (imidazolium IL, Figure 3d) were analyzed
employing a cone-plate rheometer configuration with a 5° cone angle and a shear rate
ramp from 0 to 1000 s-1. The β-half-CD IL (Figure 3c) was measured using a tooth
rheometer [32] with oscillating shear frequency that can measure small sample volumes.
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A summary of the rheometry results is presented in Table 1. The reduced viscosity of
the CD-ILs at elevated temperature is most likely caused by the higher mobility of the
chains and segments and is comparable to that of glycerol at 25 °C and to olive oil at
75 °C.

[33]

The α-full-CD is more viscous than β-full-CD which is mainly due to the

larger internal friction between the molecules. The β-half-CD has the highest viscosity
across the temperature range, comparable to that of liquid honey. We attribute this to
intermolecular hydrogen bonding. In comparison to the imidazolium IL, the full-CD
ILs exhibit lower viscosity throughout the interrogated temperature range. While the
half-substituted cyclodextrin ionic liquid exhibited higher viscosity at room
temperature, the viscosity decreases significantly at elevated temperatures.

Figure 3. The viscosity η of a) α-full-CD IL, b) β-full-CD IL, c) β-half-CD IL, and d)
the control ionic liquid 1-hexyl-3-methylimidazolium chloride measured at 25 (black),
50 (red), and 75 °C (blue).
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Table 1. Viscosities of α-full-CD, β-full-CD, β-half-CD, and imidazolium ILs at
temperatures of 25, 50, and 75 °C.

Viscosity η / Pa∙s
T / °C

α-full-CD β-full-CD

β-half-CD Imidazolium

25

3.26±0.11 0.71±0.05

2900±51

14.78±2.3

50

0.60±0.01 0.28±0.02

50.5±0.9

1.14±0.14

75

0.21±0.01 0.098±0.02 10.6±2.1

0.45±0.03

Not limited to α- and β-CD, we also attempted to produce ionic liquids with γ-CD
phosphate Na salt (substitution of all hydroxyl groups with phosphate groups,
γ-full-CD). Unlike α- and β-CD ILs, the γ-CD ammonium complex forms an
amorphous compound. We believe this effect is mainly caused by the lower ionicity
between the ammonium and the phosphate group rather than the sulfate group.
Because the proton transfer between acid and base is incomplete, the species
containing neutral acid and base remain, leading to the aggregation and association of
either ions or neutral species. To obtain good ionicity of protic ILs, the pKa values of
the components have to be taken into consideration. According to the investigation by
Angell and co-workers

[34, 35]

conditions that fulfill the equation pKa (base) – pKa

(acid) > 8 produce very good ILs. In the case of α and β-CD ILs, the pKa of tertiary
amine is around 10 and the pKa of the methyl sulfate group is around 2 fulfilling this
criterion.

[36]

For the γ-cyclodextrin phosphate ammonium compound, the pKa of

methyl phosphate group is around 6 producing an insufficient pKa difference of 4 thus
leading to aggregation and the formation of an amorphous compound.

To prove the lack of aggregation of CD IL in water (c = 165 µm), the complexes were
analyzed by dynamic light scattering (DLS) (Figure 4a). DLS reveals negligible size
differences among the CD-incorporating complexes. The sizes of all CD complexes
vary between 1.3 and 1.4 nm, which is within the range of the size of CD. The
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measured size is almost equal to pristine CD which most likely stems from the similar
refractive indices of trisamine and MilliQ water rendering the bonding moieties
DLS-invisible.

To demonstrate the capacity to include guest molecules in the CD cavity, we used
pyrene (Py), which is known to form a 1:1 stoichiometric complex with β-CD, as a
model molecule. The binding of Py in the CD cavity was evaluated by monitoring the
change of Py fluorescence emission when β-CD ILs were added while the Py was
kept below the aggregation concentration. [37]

Figure 4. a) The size distributions of α-full-CD (black), β-full-CD (blue), and
β-half-CD (red) as measured by DLS. b) Normalized (to peak A) fluorescence
intensities of pyrene in water (black), included in β-full-CD IL (blue), and included in
β-half-CD IL (red).
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The fluorescence emission spectrum of Py in MilliQ water (Figure 4b) exhibits a
diminished presence of the broad excimer-like emission when compared to the CD
complexes. [37] The relative intensities I of these bands change in different media, [38-41]
such that the ratio of IA to IC is lower in non-polar than in polar environments.

[42, 43]

Both β-CD ILs produce a decrease in the IA/IC ratio compared to the pristine Py
emission indicating that Py is incorporated into the hydrophobic cavity of CD-ILs.
Moreover, the C band of Py in the presence of β-half-CD IL showed stronger emission
than that of β-full-CD IL hinting towards higher hydrophobicity. This may be
attributed to the lower hydrophilicity of the OH group in β-half-CD compared to the
sulfate group in β-full-CD resulting in a more hydrophobic cavity environment of
β-half-CD.

3.3 Conclusions
Free-flowing structures with permanent cavities comparable to the CD derivatives
presented herein have been reported to the literature,[13] however, lacking any ionic
character. We have successfully fabricated CDs exhibiting IL character by complexing
trisamine with α- and β-CD by a two-step ligand exchange process. Three kinds of
CD ILs containing α-full-CD, β-full-CD, and β-half-CD were produced and their
chemical structure, thermal properties, viscosity, and capability to host a guest Py
molecule thoroughly characterized. Full-CD ILs exhibit low transition temperatures
around 0 °C and outstanding fluidity, comparable to that of glycol and olive oil. All
CD ILs exhibit a high CD concentration as well as high thermal stability rendering
them amenable to potential high-temperature applications. The β-CD ILs additionally
maintain their ability to capture guest molecules, which may be helpful in a wide
range of applications. [15-19]

3.4 Experimental section
3.4.1 General instrumentation
NMR spectra were recorded at 25 °C on a Varian Mercury NMR spectrometer
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operating at 400 MHz, where chemical shifts (δ) were determined with respect to the
non-deuterated solvent as an internal reference. For 1H-NMR spectroscopy, the
splitting parameters were designated as follows: s (singlet), d (doublet), t (triplet), q
(quadruplet), m (multiplet), and br (broad). The dialysis of ionic liquids was
performed in regenerated cellulose RC dialysis membrane, which was firstly cleaned
by MilliQ water for three times to remove the sodium azide, and then washed by pure
methanol to get rid of the water for thorough dialysis in the solution of CHCl3/MeOH
(3/1) up to 5 days. The dialysis solvent was changed at 2, 6, and 24 h during the first
day, then once per day to ensure complete dialysis. Afterwards, the ionic liquid
solution was transferred to a round bottom flask and the solvent was evaporated in
vacuo. Finally, the material was dried overnight in a freeze drier.

3.4.2 Materials
4-(Hexyloxy)aniline (99%), α-cyclodextrin and β-cyclodextrin sulfated sodium salt
(97%), heptakis (6-O-sulfo)-β-cyclodextrin heptasodium salt (97%), γ-cyclodextrin
phosphate

sodium

salt

(98%),

tris[2-(2-methoxyethoxy)ethyl]amine

(99%),

1-hexyl-3-methylimidazolium chloride (98%), NaCl (99%), H2SO4 (98%), and pyrene
(99%) were purchased from Sigma Aldrich. CHCl3, Et2O, and MeOH were obtained
from Lab-Scan and used as received. For all experiments, ultrapure H2O (ρ > 18.4
MΩ∙cm) was obtained by a Milli-Q H2O purification system from Sartorius. The
dialysis membrane (pre-treated RC tubing with MWCO 1 kDa, flat width 38 mm,
diameter 24 mm and V/L = 4.6 mL/cm) was obtained from Spectrum Lab. PVDF
membrane (0.2 µm) was purchased from Millipore.

3.4.3 Synthesis of lipid 4-(hexyloxy)anilinium chloride
4-(Hexyloxy)aniline (2.0 g, 10.4 mmol) was dissolved in Et2O (50 mL) whereupon
freshly prepared HCl gas, generated by mixing NaCl with H2SO4 (98%), was passed
through the 4-(hexyloxy)aniline solution. After stirring for a few minutes,
precipitation was observed and HCl bubbling was continued for 30 min. Afterwards,
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the precipitate was collected by filtration and washed with Et2O (3×50 mL). The
purple solid was dried in vacuum overnight (2.12 g, 89% yield). 1H NMR (400 MHz,
DMSO-d6, δ): 10.13 (s, 3H), 7.30 (d, 2H), 7.00 (d, 2H), 3.96 (t, 2H), 1.68 (t, 2H), 1.29
(br, 6H), 0.87 (t, 3H).

3.4.4 Preparation procedure of CD-IL complexes
The complex was prepared through the substitution of CD-ANI complex with
tris[2-(2-methoxyethoxy) ethyl]amine. Firstly, the CD-ANI complex was prepared:
CD (0.1 mmol in glucopyranose units) was dissolved in MilliQ H2O (10 mL), then
ANI solution (30 mm, 10 mL) was gently added to this solution in one portion. After
shaking and incubation for 10 min at r.t., the formed precipitate was collected by
centrifugation for 15 min at 4500 rpm, washed with MilliQ H2O (3×), and
freeze-dried overnight at 25 °C. After that, CD-ANI complex (0.04 mmol in
glucopyranose units) was re-suspended in a mixture of CHCl3:MeOH = 3:1 (5 mL),
followed by the mixing and stirring of tris[2-(2-methoxyethoxy)ethyl]amine (24 mm,
5 mL) prepared in CHCl3:MeOH = 3:1 as solvent for about 10 min. Then the solution
was transferred into regenerated cellulose dialysis tubing (Mcut-off = 1 kDa) and
dialyzed against CHCl3:MeOH = 3:1 to remove the excess of corresponding amine
and ANI.

3.4.5 Confirmation of the absence of aggregation of DNA lipid complex in
aqueous phase
The solubility of CD-IL complex in water has been proven by dynamic light
scattering measurements. For that purpose, a Zetasizer Nano-ZS (Malvern) instrument
equipped with a backscatter detector at 173° was employed. The temperature of the
cell holder was set to 25 °C. The equilibration time was 120 s and experiments were
carried out in triplicate. Delay between measurements was 5 s. The cell consisted of a
1 cm light-path quartz cuvette (Hellma). For the aqueous medium, the refractive index
was set as 1.33 and the viscosity is 0.89 mPa∙s. All the solvents were filtered through
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PVDF membrane (0.2 µm) before use. All the samples were prepared in a laminar
flow cabinet (Clean Air). The cuvette was flushed with the corresponding solvent
three times before the measurement.

3.4.6 Transition temperature of CD-IL complex was studied by differential
scanning calorimetry (DSC) measurements
Differential scanning calorimetry (DSC) measurements were performed with TA
instrument Q1000 system in a Nitrogen atmosphere. After equilibration at -70 °C, the
samples were heated to 80 °C at a heating rate of 10 °C/min and then cooled down to
-70 °C with the same rate and isolated at low temperature for 15 min to remove
thermal history. Then the sample was reheated to 100 °C at a heating rate of
10 °C/min to obtain the final exothermic curve. All the sample weights were around
10 ± 2 mg to ensure similar thermal transition rates. Then they were placed in a pan
(Tzero Pan Hermetic, TA instrument) of the DSC system. The same empty pan was
used as reference.

3.4.7 Thermal stability of CD-IL complex studied by thermogravimetric analysis
To study the thermal stability of CD-IL complex a TGA instrument, TA Q600 thermal
analyzer, was utilized and experiments were carried out by scanning the samples from
room temperature to 800 °C at a heating rate of 10 °C/min under nitrogen atmosphere.
All the samples were analyzed on the open silicon pan in the instrument.

3.4.8 Rheometry of CD-IL complex
The rheological properties of CD-IL complex were studied by two rheometers. One of
the devices was a shear stress controlled AR 1000 N rheometer (TA Instruments) to
measure the α-full-CD IL, β-full-CD IL and 1-hexyl-3-methylimidazolium chloride
with shear rate ramping from 0.01 to 1000 1/s at temperatures of 25, 50, and 75 °C.
The measurements were performed using an aluminum cone-and-plate fixture of 4.0°
and 20 mm in diameter. The other instrument was a shear strain (or rate) controlled
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Bohlin VOR rheometer (BohlinReologi AB) for the measurement of β-half-CD IL
with fixed strain amplitude γ = 5% and ramping the shear rate from 0.01 to 20 1/s at
temperatures of 25, 50, and 75 °C. The experiments were performed with a stainless
steel fixture of 2.5° and 25 mm in diameter.

3.4.9 Pyrene host-guest fluorescence studies
Fluorescence spectra were measured on a JASCO FP-8500 spectrophotometer using
1 cm quartz cuvettes. After each fluorescence measurement, the cuvette was cleaned
with MeOH (3×) and dried by compressed air.The binding of Py in the CD cavity was
evaluated by monitoring the change of Py fluorescence emission when β-CD ILs were
added. Py was first dissolved in MeOH then transferred to an aqueous medium
containing the different β-CD-ILs (165 µm). The final Py concentration was adjusted
to 0.33 µm. The emission spectra were normalized to the A band to allow for a better
comparison of the change in the IA/IC ratio (Figure 4b).

3.4.10 1H-NMR spectra of α-full-, β-full-, and β-half CD ILs

Figure S1. 1H-NMR spectrum of α-full-CD IL (D2O at 25 °C).
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Figure S2. 1H-NMR spectrum of β-full-CD IL (D2O at 25 °C).

Figure S3. 1H-NMR spectrum of β-half-CD IL (D2O at 25 °C).
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Chapter 4
The Fabrication of DNA-PEG Complexes and their Characterization

Abstract
Since polyethylene glycol (PEG) modified DNA has enormous potential application
in gene delivery, and as liquid as well as liquid crystal material, we introduce a new
way to fabricate DNA-PEG complexes through a ligand exchange approach, in which
the DNA was firstly precipitated by an anilinium derivative in aqueous solution, and
then mixed with amine derived PEG in organic phase to displace anilinium moieties.
After thorough dialysis, the obtained DNA-PEG complexes with different molecular
weight were characterized by NMR, UV/Vis and CD spectroscopy. Moreover, GPC
and static light scattering were carried out to study the Mw and PDI of DNA-PEG
complexes. Moreover, the substitution degree was calculated to unravel the influence
of Mw of PEG on the grafting efficiency.

Chapter 4

4.1 Introduction
New approaches to functionalize DNA, including chemical modification, DNA-lipid
co-precipitation and DNA ligand exchange, have been extensively explored, which
significantly expand the role of DNA from a genetic carrier to functional materials
with special mechanical

[1, 2]

and electronic properties.

[3]

Moreover, covalent and

non-covalent functionalization enabled mesophase behaviour as liquid crystals,
scaffolds for biomineralization,

[6]

Poly(L-lysine) as anti-viral agent,
biodegradable

polymer,

[10]

and

[4, 5]

as well as vehicles for gene delivery.
[8,

9]

[7]

poly(D,L-lactic-co-glycolic acid) as

poly(N-isoproylacrylamide)

as

temperature

-responsive material [11] have been conjugated to DNA backbone by covalent chemical
bonds.

[12]

A variety of cationic lipids has been bound to DNA through a cooperative

mechanism by electrostatic interactions and hydrophobic interactions to achieve
stoichiometric complexation in aqueous conditions.

[13 -

15]

Additionally, we

contributed a two-step approach, lipid-ligand exchange, to significantly enlarge the
scope of lipids to extremely hydrophobic ones. In the method, DNA-ANI complex
was firstly prepared through co-precipitation of 4-(hexyloxy)anilinium (ANI) with
DNA in aqueous phase, then re-suspended in the organic phase where it can be
subsequently exchanged with other amine derived lipids. In our previous study a few
lipids with primary, secondary and tertiary amine were fabricated to DNA-lipid
complexes.

[16]

Here we attempted to introduce polymers to DNA through the same

manner, i.e. attachment by electrostatic bonds. In this study we took amine derived
polyethylene glycol monomethyl ether (amine-PEG) with various Mw, and proved
their complexation by nuclear magnetic resonance (NMR), UV-VIS spectroscopy,
circular dichroism spectroscopy (CD), gel permeation chromatography (GPC) and
static light scattering (SLS).

4.2 Results and Discussion
4.2.1 Fabrication of DNA-PEG complexes. DNA-PEG complexes were fabricated
through the substitution of DNA-ANI complex with the corresponding amine
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functionalized PEG. The procedure was the following. DNA was mixed with ANI in
one portion to realize DNA-ANI precipitation, which was collected by centrifugation
and washed with buffer. The collected precipitate was lyophilized overnight then
re-suspended in organic solvent (4:1, CHCl3 : MeOH), followed by the addition of
excess of amine-PEG. After mixing and stirring overnight, the solution was
transferred to a dialysis tubing to remove the excess of PEG and ANI. Finally,
DNA-PEG complexes were obtained after removing the solvent under vacuum and
were then subjected to characterization.

Figure 1. 1H-NMR spectra of pristine amine-PEG 750 and DNA-PEG complex.

4.2.2 Characterization of DNA-PEG complex
1

H-NMR Spectroscopy was carried out to characterize the chemical structure of

DNA-PEG complex. The results of pristine amine-PEG 750 and DNA-PEG750
complex were compared in Figure 1. The spectrum of PEG 750 exhibits the triplet
peak at 2.88 ppm and a quadruplet one at 3.53 ppm belonging to the α and
75
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β-methylene group (depicted as d and c), respectively, and the amine group is resolved
as a wide broad peak at 2.25 ppm (depicted as a). In contrast, in the spectrum of
DNA-PEG750 the signals of α-methylene and amine group are absent. This can be
interpreted as the evidence of transforming of amine to the charged ammonium, and
the screening effect of PEG750 on α-methylene group after connecting to DNA,
burying methylene group deep in the center. This effect also results in the absence of
DNA signal due to the high propensity of PEG to screen DNA proton resonances
(DNA spectrum not shown). Additionally the β-methylene group of PEG from DNA
complex appears as broad and low resolved peak at 3.53 ppm compared to the pristine
PEG, which can be attributed to the restricted mobility of the compacted PEG winded
around DNA. Differences in the spectra were also detected in comparison to the short
lipid-DNA complexes.

[16]

Normally they show chemical shift of methylene and

methyl group at end of the lipid chain. However, the DNA-PEG complexes do not
experience at significant chemical shift when incorporated in the complex and in
absence of DNA. This can be due to the polydispersed nature of the PEG allowing
free movement and rotation of the methyl group. It is also reasonable to assume
uncompleted exchange, since there might be not sufficient space (~ 3.4 Å between
adjacent base pair) for each PEG 750 binding with every phosphate group on the
DNA backbone. However, the NMR spectrum didn’t exhibit the peaks at 6.69 ppm,
belonging to the benzene ring of ANI, indicating the ANI is fully detached from the
DNA. The successful exchange of PEG was limited to PEG with molecular weights of
350, 500, 750 and 1000 Dalton. The PEG with larger molecular weight like 1500
Dalton was unable to exchange with ANI sufficiently due to the steric effect of
polymer molecule covering the amine to impede the approaching of the DNA
backbone.

To detect the DNA within the complex, ultraviolet–visible (UV/VIS) and circular
dichroism (CD) spectroscopy were applied to characterize the DNA-PEG750 complex.
Prior to the measurement, the complex was dissolved in CHCl3/MeOH (4:1) and then
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transferred to quartz cuvette. There is a maximum UV absorption peak at 260 nm in
figure 2, implying the existence of DNA.

Figure 2. The UV and CD (inset) spectrum of DNA-PEG750 complex in
CHCl3/MeOH (4:1).

The CD spectrum presents both positive and negative CD signals (figure 2, inset) at
275 nm and 258 nm, evidencing that DNA is indeed present in the complex and
soluble in the organic solvent. However, the CD signal of the sum of absorption of the
purine and pyrimidine bases of ssDNA is weak and with high noise, which can be
attributed to the suppressed electron excitation of bases by compacted PEG. Not only
limited to PEG750, the PEG with Mw 350, 500 and 1000 Dalton have been fabricated
in DNA-PEG complex.

To understand the polymer Mw, Mw distribution (PDI) and substitution ratio of
DNA-PEG complex, static light scattering was carried out. Although there are other
sophisticated techniques like mass spectrometry, NMR and GPC for Mw
measurement, they are subject to their own short comings. The mass spectrometry
will lead to the decomposition of the weakly bound complex in the ionization step.
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The NMR can only visualize the wrapped lipids instead of DNA, raising the issue of
integration and Mw calculation. GPC is frequently applied for molecular weight
characterization. The elution time of molecules depends on their hydrodynamic size in
a relation to the Mw. Larger molecules elute earlier than smaller ones. Once a GPC
column has been calibrated with standard polymer, the elution time can be used to
analyze the Mw of unknown polymer. However, the DNA-PEG complex is a highly
branched polymer with more compacted internal volume. The Mw calculation from
the linear standard polymers will lead to high deviation to the absolute Mw. To
overcome these limitations we introduce a new technique, static light scattering, to
determine Mw of samples without referring to any standard.

4.2.3 Static light scattering (SLS)
To understand the analysis of Mw through SLS, it is helpful to explain the theoretical
background beforehand. The absolute molar mass can be calculated from the
following equation,
𝐾∗ ·𝑐

1

=𝑀
𝑅(𝜃)

𝑤 ·𝑃(𝜃)

+ 2 · 𝐴2 ·c

in which:
1.K* is a factor related to the refractive index of the pure solvent (n0), wavelength of
dn

incident light (λ0), specific refractive index increment ( dc ) of the solute in its
corresponding solvent (in mL/g) and Avogadro’s number (NA), which can be
mathematically expressed as,
4· 2 ·n02  dn 
K 
· 
N A·40  dc 

2



2. The R(θ) is defined as excess Rayleigh ratio which is the ratio of the scattered and
incident light intensity corrected by the size of scattering volume and distance, and
depicted as
R(θ) =
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Here I is the scattered light intensity at angle of θ degree. I0 is the intensity of incident
light. The r is the distance between scattering volume and detector.
3. P(θ) is the form factor which relates the scattering intensity in angular variation (θ)
to the mean square radius rg of the molecule, and can be described mathematically as
P   1 

16 2 n02
 
sin 2   rg2  ...
2
3
2

Where λ is the wavelength of incident light in the solvent.
4. C is the concentration of the solute, which can be measured by either UV or
refractive index detector.
5. Mw is molecular weight to be measured.
6. A2 is the second virial coefficient.
Although the whole mathematical calculation is complicated, it can be simplified by
assigning P(θ) = 1, due to the small size of DNA-PEG complex, which results in the
intensity of light scattering is equal in all the direction. Thus the simplified equation is
as
𝐾∗ ·𝑐

1

= 𝑀 + 2 · 𝐴2 ·c
𝑅(𝜃)
𝑤

In the above equation K*, R(θ) and concentration are the only factors to be
dn

determined, which are related to specific refractive index increment ( dc ), scattered
light intensity and sample concentration. The last two factors can be easily measured.
dn

And the ( dc ) can be retrieved from literature. Then the absolute Mw can be calculated.
Here we connected GPC to SLS in order to measure both Mw and PDI simultaneously.
The elution from GPC directly flowing into sample cell of SLS where the vertically
polarized laser beam passes through the sample and generates the scattering light in
all the directions. The detectors around the sample cell receive the intensity of the
scattered light and transfer it to the computer for processing according to the equation
above.
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4.2.4 GPC and SLS suitability test
Prior to the measurement of DNA-PEG complex, the Mw of synthesized pristine
DNA with well-known structure was analyzed by GPC-SLS. The complementary
48mer (denoted as oligo1 and oligo 2) and 22mer (denoted as pb1147 and cpb1147)
were dissolved in MilliQ water in a laminar flow cabinet, filtrated through 0.2 µm
PVDF and then injected into the GPC-SLS. The elution time of the single stranded (ss)
and corresponding double stranded (ds) DNA are compared in the figure 3.

Figure 3. The GPC results of the Oligo1, Oligo2, pb1147 and cpb1147, along with
their corresponding hybridized dsDNA.

Obviously the dsDNA eluted earlier than the ssDNA due to its larger hydrodynamic
size. All the ssDNA eluted as a broad peak starting from 37 to 45 min, resulting from
some extent of hydrogen bonding between ssDNA and GPC matrix. However, the
dsDNA displays a narrow and sharp elution peak indicating the elimination of the
interaction after DNA hybridizing. The ds-22mer (at 33.5 min) was eluted later than
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ds-48mer (at 30 min) due to the smaller hydrodynamic size than that of ds-48mer
complying with the expected behavior. This experiment proved the function of the
GPC system. The data from static light scattering are summarized in Figure 4.

Figure 4. The GPC-SLS chromatograph of ds-48mer and ds-22mer.

The negative peak, at 46 min, in RI curve is ascribed to the injection peak. The peaks
at 30 and 33 min from the SLS curve are belonging to ds-DNA 48mer and 22 mer,
respectively. By assigning the value of dn/dc as 0.168 mL/g according to the literature
81

Chapter 4
[17]

the Mw and PDI were calculated and compared with the theoretical calculation in

table 1.

Table 1. The Mw and PDI of ds-22mer and ds-48mer, together with the theoretical
Mw of corresponding DNA.
Sample name

Calculated Mw (Da)

Measured Mw (Da) PDI

ds-22mer (pb1147 + cpb1147)

13470

15840±300

1.01

ds-48mer (oligo1 + oligo2)

29529

32040±270

1.02

The Mw of ds-22mer (pb1147 + cpb1147) and ds-48mer (oligo1 + oligo2) are 15840
± 300 Da and 32040 ± 270 Da, which are close to their corresponding calculated ones
within ~ 10% deviation. This variation is quite acceptable in SLS technique. The PDI
value shows very narrow distribution of both ds-22mer and ds-48mer as 1.01 and 1.02,
thanks to the well-controlled nucleotide synthesis and purification process. By
analyzing the well-known DNA, we proved the feasibility of GPC-SLS to identify the
absolute Mw in a mild and relatively accurate fashion. Then DNA-PEG complexes
were analyzed according to the same manner.

In this measurement, the freshly prepared DNA-PEG complexes were directly
injected into GPC-SLS system without dialysis, since the exceeding PEG can be
separated from the DNA-PEG complex by GPC. Here we overlaid the GPC and SLS
graph for better comparison. As shown in the chromatograph (Figure 5 and 6), all the
DNA-PEG complexes were eluted around 33.5 min as a narrow and sharp peak, and
the free PEG was eluted after 40 min indicating no interaction of the complex with
GPC column matrix, and the free PEG can be separated from the DNA-PEG complex.
All the signals of RI and SLS have been detected and show intensive signal. The Mw
and PDI were calculated according to equation where the dn/dc is set as 0.136. [18] The
results are summarized in table 2.
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Figure 5. The GPC-SLS chromatograph of pb1147 – PEG complexes, (a) PEG 350,
(b) PEG 500, (c) PEG 750 and (d) PEG 1000.

Figure 6. The GPC-SLS chromatograph of cpb1147 – PEG complexes, (a) PEG 350,
(b) PEG 500, (c) PEG 750 and (d) PEG 1000.
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Table 2. Mw and PDI of DNA-PEG complexes and their calculated substitution
degree, together with the theoretical Mw.
Calculated

Measured Mw

Substitution

Mw (kDa)

(kDa)

degree

pb1147 + PEG 350

14.3

14.5 ± 0.3

22.5

1.14

cpb1147 + PEG 350

14.6

14.0 ± 0.2

20.3

1.11

pb1147 + PEG 500

17.6

13.7 ± 0.2

14.2

1.11

cpb1147 + PEG 500

17.9

14.9 ± 0.3

16.0

1.13

pb1147 + PEG 750

23.1

12.8 ± 0.2

8.3

1.10

cpb1147 + PEG 750

23.4

17.0 ± 0.2

13.5

1.19

pb1147 + PEG 1000

28.6

13.3 ± 0.3

6.7

1.12

cpb1147 + PEG 1000

28.9

14.1 ± 0.3

7.2

1.10

DNA-PEG complex

PDI

According to our measurements, the Mw of DNA-PEG complexes are ranging from
12.8 kDa to 17.0 kDa. The change of Mw is not related to the change of PEG. It can
be seen from the fact that by increasing the Mw of PEG from 350 to 1000 Da in the
pb1147 complexes, the Mw of the complexes changed from 14.5k to 13.3k Da, in
contrary to the calculated Mw increasing from 14.3 kDa to 28.6 kDa. Here the
expected Mw was calculated by assuming one phosphate group binding with one PEG
molecule. The difference of Mw between the calculated and experimentally
determined one is increasing by attaching PEG of higher Mw. For instance, by
complexing DNA with PEG 350, the measured Mw is nearly equal to the theoretical
one around 14k with a substitution degree of 20.3 and 22.5, meaning all phosphate
groups being occupied by PEG. When increasing the Mw the substitution degree
constantly decreases to 6.7 and 7.2 by complexing with PEG1000. We speculate that
this behavior is mainly due to the limited space between the adjacent phosphate
groups unable to accommodate all the PEG polymers. The larger the PEG molecule,
the lower the substitution degree. This is also in line with our experiment in which the
PEG (Mw 1500) failed to form the DNA-PEG complex by the ligand-exchange
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approach. It is worth noting that all the DNA-PEG complexes display a narrow
distribution, PDIs range from 1.1 to 1.2 indicating the very uniform structure.

Additionally, we mixed the complementary ssDNA-PEG complexes and tried to form
double stranded DNA-PEG complexes. However, there is no change of Mw when
comparing this parameter between ssDNA-PEG and dsDNA-PEG. Other trials like
hybridizing the complementary DNA and then complexing with PEG failed as well.
Three different potential explanations can be given: i) The stretched PEG chains along
the DNA prevent the accessibility of the complimentary DNA for hybridization. ii)
The PEG ligands occupy the adjacent space between phosphate groups which is
obligatory for DNA twisting during hybridization. iii) The rigid dsDNA-PEG complex
is deformed in the size exclusion column due to the shear force between the flow and
column matrix. Additional studies are necessary to find the condition to fabricate
dsDNA-PEG complexes.

4.3 Conclusion
PEG with Mw 350, 500, 750 and 1000 Da have been successfully introduced onto
ssDNA to form DNA-PEG complexes through ligand exchange. These materials were
characterized by NMR, UV/Vis and CD spectroscopy. The Mw of DNA-PEG
complexes were studied thoroughly through GPC coupled to SLS. We found that the
substitution degree of PEG can be reached 100% only by small PEG with Mw 350 Da.
The substitution degree decreases to 7 when increasing the Mw of PEG to 1000 Da.
The most reasonable explanation is the limited space between the adjacent phosphate
groups of DNA to accommodate larger PEG molecules.

Additionally, all the

DNA-PEG complexes exhibit narrow PDI ranging from 1.1 to 1.2 indicating a
uniform structure and size. Finally, the electrostatic pegylation of DNA prevents the
doublex formation of complementary oligonucleotides.
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4.4 Experimental section
4.4.1 Materials and Methods
The 22mer DNA sequence (5’-CCTCGCTCTGCTAATCCTGTTA-3’ and the
complementary sequence 5’-TAACAGGATTAGCAGAGCGAGG-3’) used in the
DNA-PEG complexes were synthesized according to standard protocols employing
solid support, Universal Primer Support

TM

200 µmol/g. After automated synthesis,

the 22mer was purified by HPLC equipped with a reverse phase column. The 48mer
DNA sequence (5’-GTAAGA GCTCCCAATCCAAATAAGATTACCGCGCCCA
ATAAATAATAT-3’ and the complementary sequence 5’-ATATTATTTATTGGGCG
CGGTAATCTTATTTGGATTGGGAGCTCTTAC-3’)

were

obtained

from

Biomers.net (Germany) and were directly used without further purification. All the
DNA hybridization experiments were performed in TEA buffer composed of 40 mM
Tris, 40 mM acetate and 1mM EDTA, at pH 7.5. The PEGs with Mw 350, 500 and
1000 Da were from Creative PEGWorks (USA), and the PEG with Mw 750 and 1500
Da were obtained from Sigma Aldrich and were directly used without further
purification. The 4-(hexyloxy)anilinium was synthesized according to our previous
publication[16].

4.4.2 Gel Permeation Chromatography
DNA and DNA-PEG complexes were reconstituted at 5 mg/ml in corresponding
buffers or deionized water, and then filtered through a 0.2 µm filter (Acrodisc®
synringe filter, PTFE membrane, Sigma-Aldrich). The GPC was performed by using 2
size exclusion columns (Asahipak 510HQ and 310HQ, Asahipak) stored at 30 oC and
connected in series with a flow rate of 1 ml/min. 100 µl sample was injected each
time. Light scattering and refractive index measurements were acquired on a Waters
e2695 separations module with a Waters 2414 refractive index detector and a Wyatt
DAWN-HELEOS-II light scattering detector. The software package associated with
the system (ASTRA, version 4.0) was used to calculate the Mw and PDI of DNA and
the corresponding complexes. Data are represented as mean ± deviation of 3 samples.
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4.4.3 DNA precipitation
DNA-PEG complexes were fabricated through the substitution of DNA-ANI complex
with the corresponding amine functionalized PEG. Firstly, 10 mL DNA solution
composed of 0.1 mmol nucleotides and TEA buffer was mixed thoroughly with 10 mL
ANI solution of the concentration of 30 mM within one portion to get DNA-ANI
precipitation. After 10 minutes shaking and incubation at room temperature, the
formed precipitate was separated by centrifugation at 4500 rpm for 10 min, washed
with buffer and freeze-dried overnight at 25 oC.

4.4.4 ANI substitution with amine-PEG
0.04 mmol of nucleotides complex was resuspended into 5 ml organic solvent (4:1
CHCl3 : MeOH), followed by the addition of 5 ml amine-PEG solution (CHCl3 :
MeOH = 4:1, 24 mM). After 12 hours incubation at room temperature, the solution
was transferred to regenerated cellulose dialysis tubing (molecular weight cut-off,
10.000 Dalton) and dialyzed against CHCl3/MeOH in order to remove excess
amine-PEG and ANI. The dialysis process proceeded 5 days to clean the sample
thoroughly. The corresponding DNA-PEG complexes were obtained after removing
the solvent under vacuum.
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Chapter 5
The Fabrication of DNA-Quaternary Ammonium Lipid Complexes and their
Stability

Abstract
DNA-lipid complexes enabled successful transition of DNA from biological materials
to applicable macromolecules in chemical sensors, nonlinear optics and photovoltaics.
In previous chapters we demonstrated that our ligand-exchange approach enables to
electrostatically attach almost all lipids onto DNA in spite of their solubility. However,
this method is merely applicable to amine derived lipids but not quaternary
ammonium compounds due to the absence of a free electron pair for proton transfer.
Here we present a novel method to further extend the scope of cationic surfactants to
the exchange of quaternary ammonium lipids. DNA-tetrakis(decyl)ammonium and
DNA-TMA-PEG750 complexes were fabricated and characterized. The stability
comparison of DNA-TMA-PEG750 and DNA-PEG complexes from chapter 4 was
performed in different buffer solutions.

Chapter 5

5.1 Introduction
The fabrication of DNA-lipid complexes has been extensively discussed in the
previous chapters. The novel functions of DNA-lipid complexes, like the fabrication
of liquid crystals

[1, 2]

, optoelectronic devices

[3, 4]

and solar harvesting system

[5]

have

been realized by approaches of co-precipitation and ligand-exchange, which extend
the application fields of DNA from genetic material to areas where DNA is employed
out of its usual aqueous environment as bulk hybrid material in combination with
other structures. The structure of DNA-lipid complexes has been investigated by
nuclear magnetic resonance (NMR) showing a lipid shell along the DNA backbone.
The existence of DNA in the complex has been visualized by the ultraviolet–visible
(UV/Vis) and circular dichroism (CD) spectroscopy. Moreover, static light scattering
for the first time proved the possibility to introduce polymers onto DNA with various
Mw to form complexes of narrow PDI. Although these manufacturing approaches
expand the choices of lipids and applications, each method has drawbacks. The
method of co-precipitation limits the choices of lipids in water-soluble ones to
precipitate DNA only in aqueous conditions. The ligand-exchange method, although
expanding the scope of lipids from water soluble ones to ones soluble in organic
media, the choice of lipid head group is limited to primary, secondary and tertiary
amines, since the exchange mechanism is based on the proton transfer from the
precursor, DNA-ANI complex, to amine which then turned to be the positively
charged species to interact electrostatically with the negatively charged phosphate of
DNA. [5] Thus for example quaternary alkyl ammonium compounds are not applicable
to the exchange process owing to the absence of free electron pair to take the proton
from ANI.

To broaden the scope of compounds for the exchange of counterions of DNA from
amine derived lipids to quaternary ammonium compounds, we introduced a new
counterion for DNA, i.e. acetylacetonate. The novel approach for introducing
quaternary ammonium groups onto the DNA backbone is shown in Scheme 1.
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Scheme 1. The ligand-exchange process to electrostatically attach quaternary alkyl
ammonium groups onto DNA.

In this procedure, the quaternary ammonium with halogen counterion was firstly
mixed with silver acetylacetonate. As a result the halogen ion and the silver ion
precipitate from the solution. The remaining negatively charged acetylaceonate
interacts with positively charged quaternary ammonium to form a new compound
ready to be exchanged with DNA-ANI complex. Because the conjugated base of
acetylacetonate is very strong with pKb equals 5,
from ANI whose pKb is around 10.

[5]

[6]

it is able to abstract the proton

As a result, ANI becomes neutral and

acetylacetonate accepts the proton to form the neutral keto-enol state.

[7]

The

positively charged quaternary ammonium then binds electrostatically with the
negatively charged phosphate groups of DNA forming the new DNA-lipid complex.
NMR, UV/VIS, CD and static light scattering have been carried out to characterize
the resulting complexes. Moreover, the stability of DNA-PEG complexes in buffers
with different ionic strength has been measured.

5.2 Results and Discussion
5.2.1 Introduction of acetylacetonate to quaternary ammonium lipid
To replace the original counterion of quaternary ammonium lipids by acetylacetonate,
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the corresponding quaternary ammonium compounds, tetrakis(decyl)ammonium and
PEG-trimethylammonium, were dissolved in CHCl3/MeOH (1/1, v/v) with the
suspended powder of silver acetylacetonate. After continuous stirring at room
temperature, the remaining powder was removed by filtration. The solution was
evaporated to obtain the quaternary ammonium lipids containing acetylacetonate as
counterion.

5.2.2 Fabrication of DNA-quaternary ammonium lipid complexes
Without further purification, the obtained quaternary ammonium compounds were
mixed with DNA-ANI complex prepared by a reported method

[5]

(Chapter 2) to

accomplish the lipid exchange. After 2 days incubation, the solution was dialyzed
against CHCl3/MeOH (3/1, v/v) to remove the excess lipids and ANI. The solvent was
evaporated to obtain the corresponding DNA-lipid complexes for further
characterization.

5.2.3 Characterization of DNA-quaternary ammonium complexes
The

1

H-NMR

spectrum

of

tetrakis(decyl)ammonium

acetylacetonate

and

DNA-tetrakis(decyl)ammonium complex in d-DMSO, as well as TMA-PEG750
acetylacetonate and DNA-TMA-PEG750 complex in CDCl3 are compared in Figure 1
and Figure 2, respectively.

In the spectrum of tetrakis(decyl)ammonium acetylacetonate (Figure 1), the methyl
and methine group belonging to acetylacetonate (denoted as a and b) both show
signals at 3.4 ppm and 1.8 ppm as sharp single peaks, evidencing the presence of the
counterion, acetylacetonate, binding successfully with tetrakis(decyl) ammonium. The
α and β-methylene group exhibiting a triplet at 3.3 ppm (denoted as c) and a multiple
at 1.6 ppm (denoted as d) are clearly resolved. After the ligand-exchange with
DNA-ANI, both methyl group (a) and methine group (b) are absent. The triplet peak
of the α-methylene group (c) changed to a broad wide single peak and shifted from
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3.3 ppm to 3.1 ppm. The β-methylene group (d) also shifted slightly to high field. This
can be interpreted as the evidence of transforming acetylacetonate to the neutral
diketone state by accepting the proton from ANI and then being removed during
dialysis.

Figure 1.

1

H-NMR spectra of tetrakis(decyl)ammonium acetylacetonate and

DNA-tetrakis(decyl)ammonium complex in d-DMSO.

Consequently,

the

positively

charged

tetrakis(decyl)ammonium

is

binding

electrostatically to DNA. Because of the compacted tetrakis(decyl)ammonium along
the DNA backbone, the protons of α and β-methylene groups are subjected to
restricted mobility leading to broader and lowly resolved peaks and shift to high field.
The rest of methylene groups from 1.1 ~ 1.4 ppm (denoted as e) exhibits similar
features. However, the terminal methyl group at 0.8 ppm (denoted as f) doesn’t
change remarkably. Before and after complexation it shows a well resolved triplet.
This finding can be explained by the free rotation of methyl group at the end of the
surfactant alkyl tail. Two tiny signals at 1.8 and 1.1 ppm were observed and marked
by asterisk, which might be attributed to the H2’ of pentose of the DNA backbone
and the methyl group of thymine, respectively. [5]
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Figure 2. The 1H-NMR spectra of TMA-PEG acetylacetonate and DNA-TMA-PEG
complex in CDCl3.

In the spectrum of TMA-PEG acetylacetonate (Figure 2), the methyl group (denoted
as a) of acetylacetonate is overlapping with the methylene group (e) of PEG at
chemical shifts in the range of 3.5 to 3.7 ppm. The methine group (denoted as b)
exhibits two single peaks at 2.06 ppm and 2.04 ppm, which might be ascribed to
acetylacetonate complexed with TMA-PEG and remaining acetylacetonate silver
complexed to the PEG polymer. After ligand-exchange, the methine groups (b) are
absent, implying the proton transfer from ANI to acetylacetonate which turns to be
neutral as the diketone form and is removed together with acetylacetonate silver
during dialysis. The positively charged TMA-PEG, according to our model, should
bind the negatively charged phosphate group of DNA. Nevertheless, we can hardly
reveal this just based on the 1H-NMR spectrum of DNA-TMA-PEG complex.
Although the α and β-methylene group (depicted as d and c) are subject to some shift,
and the α-methylene group (d) changed from triplet peak to broad multiple peak, the
peak shifting and shape deformation are too vague to draw final conclusions about the
electrostatic attachment to DNA. This situation also applied to the 1H-NMR analysis
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of DNA-PEG complex in Chapter 4, in which the DNA-PEG complex experienced a
small shift of the methylene group (from 3.8 to 3.5 ppm) in comparison to the pristine
PEG. We believe this is i) due to the free rotation of the irregular polymer chain,
which creates enough room for methyl group rotating, or ii) incomplete complexation,
since there isn’t sufficient space for each PEG binding with every phosphate group on
the DNA backbone. It is worth noting that we haven’t found the proton signal from
benzene of ANI in all cases, meaning that the ANI has been fully consumed in the
ligand-exchange step.

Figure 3. The UV and CD (inset) spectra of DNA-TMA-PEG750 complex in
CHCl3/MeOH (4:1).

To detect DNA, ultraviolet–visible (UV/VIS) and circular dichroism (CD)
spectroscopy were carried out to characterize the DNA-TMA-PEG750 complex
further. Prior to measurements, the complex was dissolved in CHCl3/MeOH (4:1) then
transferred to a quartz cuvette. A maximum UV absorbance peak was detected at 257
nm (figure 3), and a positive CD signal (figure 3, inset) at 280 nm was found,
indicating that DNA is indeed present in the complex and soluble in organic solvent.
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However, the CD signal, the sum of absorption of the purine and pyrimidine bases of
ssDNA, is very weak, which can be attributed to the suppressed electron excitation of
bases when compacted in the TMA-PEG750 complex.

To demonstrate further that the TMA-PEG750 is binding to DNA, gel permeation
chromatography – multi angle light scattering (GPC-MALS) was carried out to assess
the Mw and PDI of the complex. First the DNA-TMA-PEG750 was reconstituted in
MilliQ water in a laminar flow cabinet, and then filtered through 0.2 µm PVDF filter,
followed by the injection in the GPC-MALS instrument. The elution peak of the
complex is shown in Figure 4.

Figure 4. GPC-MALS chromatogram of DNA-TMA-PEG750 complex.

According to our previous understanding (Chapter 4), the DNA-PEG complex eluted
around 33 min. In that range, we can clearly identify the single sharp peak from both
RI signal

and

light

scattering curve, indicating no interaction between

DNA-TMA-PEG750 and GPC column matrix. The peaks eluting after 40 min can be
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ascribed to the injection peak and some unknown substance. The Mw and PDI
together with substitution degree were calculated by assigning the value of dn/dc as
0.136 mL/g

[8]

according to the theory of static light scattering, and the results are

listed in the Table 1.

Table 1. Mw and PDI of DNA-TMA-PEG750 complex and its calculated substitution
degree.
Sample Name
pb1147 +
TMA-PEG750

Calculated Mw

Measured Mw

(kDa)

(kDa)

24.1

14.8± 0.2

PDI

1.16

Substitution
degree
10.2

Obviously, the existence of DNA-TMA-PEG750 complex is confirmed by
GPC-MALS experiments, as judged by the Mw around 14.8 kDa and a narrow
molecular weight distribution, PDI = 1.16. Since pb1147 was employed (nucleotide
composed of 22 nucleic acids), the substitution degree was calculated as 10.2 meaning
nearly 50% of the phosphate groups of pb1147 were electrostatically functionalized
by TMA-PEG750. This result explains why there isn’t an obvious peak shift and
broadening of the peaks in 1H-NMR spectrum (Figure 2). The space between adjacent
phosphate groups is probably not large enough to accommodate two TMA-PEG750
molecules. In the loosely compacted PEG molecules the resonances of protons are
only affected weakly.

So far, the lipids containing both amine and ammonium can be introduced onto the
DNA backbone through ligand-exchange approach regardless of their solubility. But
one question remains: what type of DNA-lipid complex is the most stable one; the
lipid with amine or quaternary ammonium? To answer this question, the DNA-PEG
lipids of Chapter 4 were compared with DNA-TMA-PEG750 by incubation in buffer
of different ionic strength buffer. The results are obtained by monitoring the change of
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Mw through GPC-MALS.

The DNA-PEG complexes including pb1147-PEG 350, 500, 750 and 1000 and
cpb1147-PEG 350, 500, 750 and 1000, together with pb1147-TMA-PEG750 were
incubated in DNAse I buffer (10 mM Tris-HCl (pH 7.5), 2.5 mM MgCl2, 0.1 mM
CaCl2) and 100 mM PBS buffer (140 mM NaCl, 100 mM K2HPO4, pH 7.4) at room
temperature for 24 hours. The incubation in buffer containing DNAse I resembles
conditions are similar to biological media. Since the DNA-PEG complexes are
attractive as a protection shell for therapeutic nucleic acids, this experiment gives
some insights for their future potential in biomedicine. Then each solution was
directly injected into GPC-MALS for Mw measurement. The chromatogram of
pb1147-PEG lipids and cpb1147-PEG lipids in DNAse I buffer were listed in Figure 5
and Figure 6.

Figure 5. The chromatograms of pb1147-PEG 350 (a), 500 (b), 750 (c) and 1000 (d)
in DNAse I buffer.
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Figure 6. The chromatograms of cpb1147-PEG 350 (a), 500 (b), 750 (c) and 1000 (d)
in DNAse I buffer.

As shown in the chromatograms of both pb1147 and cpb1147-PEG complexes, all the
DNA-PEG complexes were eluted around 34.5 min as narrow and sharp peak with
strong signal. The injection peak and some free PEG were eluted after 40 min without
any effect on the elution of DNA-lipid complexes. The chromatogram of pb1147-PEG
lipids and cpb1147-PEG lipids in 100 mM PBS buffer were shown in Figure 7 and
Figure 8.
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Figure 7. The chromatograms of pb1147 – PEG 350 (a), 500 (b), 750 (c) and 1000 (d)
in 100 mM PBS buffer.

Figure 8. The chromatograms of cpb1147 – PEG 350 (a), 500 (b), 750 (c) and 1000 (d)
in 100 mM PBS buffer.
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As shown in the above chromatograms of DNA-PEG complexes in 100 mM PBS
buffer, all the DNA-PEG complexes were eluted around 34.5 min as narrow and sharp
peak with strong signal. The peaks eluted after 40 min are ascribed to the injection
peak and free PEG. However, the additional peak eluting at around 23 min is
unexpected. We concluded this additional stems from PBS buffer, since it is presented
in all chromatograms in Figure 7 and Figure 8, and the only substance in common in
all the samples is the PBS buffer. Furthermore, only the light scattering detector
sensed the signal (blue curve) but the RI detector did not show any response (black
curve), which indicates the substance is in a concentration lower than the detection
limit of RI, but presented as large particles to scatter intensive light, which is most
likely to be some insoluble salts. Thus the elution peak at 23 min should be from PBS
buffer

instead

of

DNA-PEG

complexes.

The

chromatograms

of

pb1147-TMA-PEG750 in DNAse I buffer and 100 mM PBS buffer are shown in
Figure 9.

Figure 9. The chromatograms of pb1147-TMA-PEG750 incubated in DNAse I buffer
(a) and 100 mM PBS buffer (b).

The chromatogram of pb1147-TMA-PEG750 complex is very similar to the other
DNA-PEG complexes, with an elution time around 34.5 min as narrow and sharp
peak. By assigning the value of dn/dc as 0.136 mL/g, the Mw of DNA-PEG
complexes were calculated and listed in Table 2. Here we included the Mw of
DNA-PEG complexes incubated in MilliQ from Chapter 4.
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Table 2. The Mw of DNA-PEG complexes incubated in MilliQ, DNAse I buffer and
100 mM PBS buffer.
100 mM PBS

Sample

MilliQ (kDa)

DNAse I buffer (kDa)

pb1147 + PEG350

14.5 ± 0.3

11.8 ± 0.2

10.9 ± 0.2

cpb1147 + PEG350

14.0 ± 0.2

13.7 ± 0.2

12.0 ± 0.3

pb1147 + PEG500

13.7 ± 0.2

11.4 ± 0.2

10.2 ± 0.3

cpb1147 + PEG500

14.9 ± 0.3

14.6 ± 0.2

12.1 ± 0.3

pb1147 + PEG750

12.8 ± 0.2

12.8 ± 0.3

11.1 ± 0.2

cpb1147 + PEG750

17.0 ± 0.2

15.6 ± 0.3

11.5 ± 0.3

pb1147 + PEG1000

13.3 ± 0.3

13.6 ± 0.2

10.5 ± 0.2

cpb1147 + PEG1000

14.1 ± 0.3

14.4 ± 0.2

9.4 ± 0.2

pb1147 + TMA-PEG750

14.8± 0.2

12.6 ± 0.3

8.7 ± 0.2

(kDa)

Obviously, DNA-PEG complexes remain most intact in MilliQ water, showing the
highest Mw, than in other buffers. By increasing the ionic strength from DNAse I
buffer to 100 mM PBS buffer, the Mw of complex is decreasing remarkably because
of the displacement of lipids by salts. To better compare the displacement of lipids in
DNA-PEG complexes, we listed the change of substitution degree of the complexes in
Table 3.

Table 3. The substitution degree of DNA-PEG complexes incubated in MilliQ,
DNAse I buffer and 100 mM PBS buffer.
Sample

MilliQ

DNAse I buffer

100 mM PBS

pb1147 + PEG350

22.5

14.8

12.3

cpb1147 + PEG350

20.3

19.6

14.7

pb1147 + PEG500

14.2

9.6

7.2

cpb1147 + PEG500

16.0

15.5

10.5
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pb1147 + PEG750

8.3

8.3

5.9

cpb1147 + PEG750

13.5

11.7

6.2

pb1147 + PEG1000

6.7

6.9

3.9

cpb1147 + PEG1000

7.2

7.5

2.6

pb1147 + TMA-PEG750

10.2

7.5

2.6

By calculating the substitution degree of DNA-PEG complexes, we can clearly
observe that the cpb1147-PEG complexes generally contain more PEG lipids than
pb1147-PEG complexes in all the buffer conditions, and appear more stable in high
ionic strength buffer. This indicates that the stability of DNA-PEG complexes is
dependent on DNA sequence to some extent. We state that the sequence of cpb1147, 5’
-TAACAGGATTAGCAGAGCGAGG-3’, contains some AT base domains, which
proved to provide a hydrophobic environment due to its methyl group of thymine.

[9]

Therefore, it is reasonable to assume that because of the hydrophobic environment the
salts in the bulky solution can hardly access the lipids to replace them.

Besides the influence of DNA sequence on the stability of the complexes, we noticed
that the amine-PEG complex is more stable than the quaternary ammonium-PEG
under high ionic strength conditions. Among all the complexes, only the substitution
degree of pb1147-TMA-PEG750 dropped from 10.2 to 2.6, decreased by 75%, while
other DNA-PEG lipids remained stable to a degree of ~ 50% in 100 PBS buffer,
meaning the lipid with quaternary ammonium is more vulnerable to ion displacement
than that of primary amine. We interpreted this as the hydrogen bonding of primary
amine to phosphate group in addition to its electrostatic interaction, whereas
quaternary ammonium only binds with phosphate group by charge interactions. The
binding constant (Ksp) measured by Isothermal Titration Calorimetry (ITC) supported
our experimental result. The Ksp of primary amine to DNA phosphate group is 0.028,
but the Ksp of quaternary ammonium is only 0.0034 meaning it is a poor DNA binder
in comparison to the primary amine lipid. [9]
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5.3 Conclusion
In this chapter, we have further expanded the choices of lipids from amine derivatives
to quaternary ammonium structures through the unprecedented ligand exchange
approach, in which the acetylacetonate was firstly introduced to quaternary
ammonium lipid as counterion and subsequently exchanged with DNA-ANI complex.
Because the proton from ANI is transferred to acetylacetonate, the ANI is neutralized
and acetylaceonate is transformed into the diketone form. The positively charged
lipids interact electrostatically with negatively charged phosphate group of DNA
simultaneously forming a new DNA-lipid complex. The DNA-tetrakis(decyl)
ammonium and DNA-TMA-PEG750 complexes were fabricated and characterized to
prove the successful ligand exchange and the chemical structure of the resembling
materials. The stability of DNA-PEG and DNA-TMA-PEG750 complexes were
compared by incubation in different ionic and DNAse containing strength buffer. The
result indicates amine-PEG is more stable than TMA-PEG due to the additional
hydrogen bonds with the phosphate group. The stability is to some extent related to
the DNA sequence especially to AT bases, which can probably provide a hydrophobic
environment to inhibit the displacement of lipids. However, further sequences need to
be investigated to confirm this finding.

5.4 Experimental section
5.4.1 Materials and Methods
The 22mer DNA pb1147 (5’-CCTCGCTCTGCTAATCCTGTTA-3’) and cpb1147 (5’
-TAACAGGATTAGCAGAGCGAGG-3’) used in the study were synthesized
according to a standard automated synthesis protocol. The whole synthesis procedure
was performed on an AKTA oligopilot plus (GE Healthcare) DNA synthesizer with
Universal Primer Support TM 200 µmol/g as solid support. After synthesis, the 22mer
was purified by HPLC equipped with a C15 RESOURCE RPCTM 1 mL reverse
phase column (GE Healthcare) by custom gradients. The amine derived PEG with
Mw 350, 500 and 1000 Da were purchased from Creative PEGWorks (USA), and the
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amine functionalized PEG with Mw 750 Da was obtained from Sigma Aldrich and
both PEGs were directly used without further purification. The TMA-PEG750 was
custom synthesized by Creative PEGWorks (USA) and directly used without
additional purification. Silver acetylacetonate (98%) and tetrakis(decyl) ammonium
bromide (99%) were purchased from Sigma Aldrich.

5.4.2 GPC-MALS
DNA-PEG complexes were reconstituted at 5 mg/ml in corresponding buffers or
deionized water, then injected into GPC-MALS system equipped with two
consecutively connected size exclusion columns (Asahipak 510HQ and 310HQ,
Asahipak) stored at 30 oC with a flow rate of 1 ml/min. 100 µl sample was injected
each time. Light scattering and refractive index measurements were acquired by
Waters 2414 refractive index detector and a Wyatt DAWN-HELEOS-II light
scattering detector. The software package associated with the system (ASTRA,
version 4.0) was used to calculate the Mw and PDI of DNA and its complex. Data are
represented as mean ± deviation of 3 samples.

5.4.3 Preparation of DNA-ANI complex
Firstly, 10 mL TEA buffer composed of 0.1 mmol nucleotides (22mer, pb1147) was
mixed thoroughly with 10 mL ANI aqueous solution (30 mM) in one portion to induce
DNA-ANI precipitation. After 10 minutes shaking and incubation at room
temperature, the formed precipitate was separated by centrifugation at 4500 rpm for
10 min, followed by 3 times washing, and then lyophilizing at 25 oC overnight.

5.4.4 Preparation of tetrakis(decyl)ammonium acetylacetonate
First 5 mmol tetrakis(decyl) ammonium bromide was dissolved in a mixture of 20 mL
CHCl3/MeOH (1/1, v/v), then mixed thoroughly with 15 mmol powder of silver
acetylacetonate as a suspension at room temperature. After 48h incubation, the
powder was filtrated. The solution was evaporated under vacuum to obtain
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tetrakis(decyl)ammonium

acetylacetonate.

Without

further

purification,

the

tetrakis(decyl) ammonium acetylacetonate was mixed with DNA-ANI complex.

5.4.5 Preparation of (polyethylene glycol)-trimethylammonium acetylacetonate
6 mmol silver acetylacetonate was suspended in a mixture of 20 ml CHCl3/MeOH
(1/1, v/v) containing 2 mmol (polyethylene glycol 750)-trimethylammonium
(TMA-PEG750, the number designates the Mw of PEG in Dalton) iodide at room
temperature. After 48h incubation, the powder was discarded through filtration. The
solution was evaporated under vacuum to obtain TMA-PEG750 acetylacetonate was
directly mixed with DNA-ANI complex without further purification.

5.4.6 Preparation of DNA-lipid complex
The 20 ml CHCl3/MeOH (3/1, v/v) solution containing DNA-ANI complex at a 1
mmol nucleotide concentration was mixed with 3 mmol of tetrakis(decyl)ammonium
acetylacetonate at room temperature. After 48 hours incubation, the solution was
transferred to regenerated cellulose dialysis tubing (molecular weight cut-off, 10.000
Dalton) and dialyzed against CHCl3/MeOH (3/1) to remove the excess
tetrakis(decyl)ammonium acetylacetonate and ANI. After 5 days dialysis, the solution
was collected and evaporated under vacuum and the DNA-lipid was subject to
characterization. The preparation of the DNA-PEG-TMA-PEG750 complex was
doneby employing the same procedure.
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Summary
Functional nanostructures have stimulated the evolution of the fields of nanoscience
and nanotechnology through fabricating unprecedented architectures from the
molecular level to achieve materials with novel properties in the macroscopic world.
In these areas, biomacromolecules, i.e. proteins, DNA and their assemblies, like
viruses, due to their inherent 3D structures, have attracted enormous attention to
transform their biological function into applicable materials in technological systems.
Efforts have been undertaken to overcome their poor structural stability in absence of
an aqueous environment and maintain them in high concentration during
manufacturing processes. By mixing a double-stranded (ds) DNA-surfactant complex
with a NLO-active dye and a second dye, Disperse Red 1, in organic phase,
second-order nonlinear optical (NLO) materials
modulators

[2]

[1]

and electro-optic waveguide

were successfully fabricated. The dsDNA-lipid film was casted from

organic solution, exhibiting anisotropic electric conductivity due to the base-pair
stacking.

[3]

The general approach is to complex these biological entities with

oppositely charged molecules, like surfactants and polymers, to minimize the
aggregation and preserve their native conformation. At the same time the formation of
complexes enables easy processing of the biomacromolecules.

In chapter 1, two manners from the literature have been introduced to form
biomacromolecule complexes through electrostatic interactions. One is through ion
exchange with charged polyethylene glycol (PEG) moieties in aqueous solution.
Another one is co-operative precipitation. Solvent-free nucleic acid-, protein- and
virus-PEG complexes were obtained as liquids at room temperature with intact
structures and exhibiting good solubility in common organic solvents, so that their
biological functions were preserved in water-free state and the materials could be
processed in organic phase. Co-operative precipitation enabled the complexation
between biomacromolecules and cationic lipids in a stoichiometric fashion. The
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properties of the obtained complexes, like phase transition temperature and compact
ordering can be tuned by changing the structure and alkyl chain length of lipids.
Although two approaches have been developed, each of them has some short comings.
The ion exchange requires exceeding amount of ligands and time consuming dialysis
to achieve a reasonable complexation degree. The co-operative precipitation is only
applicable to certain cationic lipids with aliphatic tails exhibiting 8 to 16 carbons. To
broaden the choices of lipids, we developed a two-step method in chapter 2 to
introduce

functional

lipids

like

π-systems

onto

DNA.

Water

soluble

4-(hexyloxy)anilinium (ANI) was synthesized as a key ingredient to precipitate DNA
from the aqueous phase then solubilize it in the organic phase where ANI can
subsequently be exchanged for a more hydrophobic amine-derived surfactant. We
demonstrated that this method yields complete exchange of the surfactant and allows
for the modification of DNA with hydrophobic primary, secondary and tertiary
alkylamines. Even an amine derived from aromatic terthiophene was successfully
complexed with DNA through this way adopting a right-handed helix as a result of
being complexed with the DNA molecule. Starting from such aromatic molecule
architectures, a DNA-based light harvesting system was fabricated through
complexing with amine-derived pyrene units, which absorb light at 350 nm and then
transfer the energy along the DNA to a chromophore at the terminus of the DNA
strand to emit photons at 610 nm.

In chapter 3, we applied the two-step lipid exchange method to negatively charged
sulfated cyclodextrin (CD). CD was complexed with ANI in aqueous solution then
subjected to the exchange of tris[2-(2-methoxyethoxy)ethyl]amine in organic phase.
Fully sulfated substituted α-cyclodextrin and β-cyclodextrin (α- and β-full-CD), as
well as heptakis(6-O-sulfo)-β-cyclodextrin (β-half-CD) were manufactured into
complexes exhibiting fluidic property at room temperature. The viscosity and
transition temperatures are ranging from -5 to 22 °C of the complexes and increase in
the order of β-full-CD < α-full-CD < β-half-CD. All of them are thermally stable up to
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220 °C, behaving as room temperature CD ionic liquid (IL). The cavity of CD was
maintained to incorporate guest molecules like pyrene. The successful incorporation
was demonstrated by the fluorescence change of pyrene before and after mixing with
CD-ILs. This finding indicated the incorporation of pyrene into the hydrophobic
cavity of CD-ILs.

In chapter 4, we applied this lipid exchange method to complex amine-derived PEGs
with DNA. As a standard procedure, ANI was firstly applied to precipitate DNA from
the aqueous phase and was then subjected to the displacement of PEGs with Mw 350,
500, 750, 1000 and 1500 Dalton in organic phase. It was found that only the first four
can be successfully introduced onto DNA electrostatically forming DNA-PEG
complexes. The complexes were characterized by NMR, UV/Vis and CD
spectroscopy. The Mw of DNA-PEG complexes were further studied through GPC
coupled to static light scattering (SLS), which showed that the substitution degree of
PEG can only reach full conversion when low molecular weight PEG with a mass of
350 Da is used. The substitution degree gradually decreased to30% as the Mw of the
PEGs was increased to 1000 Da.

In chapter 5, a new generation of lipid exchange method was developed based on a
similar working principle as the previous one. This allowed the introduction of
quaternary ammonium compounds onto negatively charged DNA by electrostatic
interactions. ANI was used to precipitate DNA from aqueous phase. Then it was
replaced by quaternary ammonium molecules containing acetylacetonate as
counterion. This exchange process can be realized because the conjugated base of
acetylacetonate is very strong allowing to abstract a proton from ANI. As a result,
ANI becomes neutral and acetylacetonate accepts the proton to form the neutral
diketone. The positively charged quaternary ammonium then binds electrostatically
with the negatively charged phosphate groups of DNA forming the new DNA
complexes. (Polyethylene glycol) trimethylammonium (TMA-PEG) and tetra-alkyl
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ammonium compounds were introduced onto DNA in this manner and were
characterized thoroughly. In addition, the stability of DNA-TMA-PEG750 complex
was compared with DNA-PEG complexes made in chapter 4 in different buffer
solutions, which revealed that quaternary ammonium is more vulnerable to ion
displacement than the primary aminePEGs due to the low binding constant of
quaternary ammonium to phosphate groups.

In summary, two new exchange methods have been developed to introduce a wide
variety of cationic moieties as connterions to the anionic DNA backbone. The scope
of counterions ranges from amines carrying long non-water-soluble alkyl chains over
amines with π-systems to quaternary ammonium groups lacking a proton at the
nitrogen center. Moreover, small molecules with low molecular weight were
complexed with DNA up to polymers with a molecular weight of more than 1.5 KDa.
The latter type of molecules leads to DNA bottle brush structures. It is anticipated that
the novel methods introduced in this thesis have an impact on DNA used in technical
applications or the area of biomedicine. For the latter application field nucleic acids
were frequently covalently functionalized with PEG to slow down their degradation
by nucleases in biological media. The new electrostatically bonded DNA-PEG
hybrids might lead to an increase of the stability of the nucleic acid part. Thereby,
laborious chemical functionalization of the DNA could be avoided and at the same
time the novel electrostatic functionalization strategy might help nucleic acid drugs to
be more effective.
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Samenvatting
Functionele nanostructuren hebben de evolutie van de velden van nanowetenschap en
nanotechnologie gestimuleerd, door het fabriceren van ongekende architecturen van
het moleculaire niveau, om materialen met nieuwe eigenschappen in de
macroscopische wereld te bereiken. Op deze gebieden hebben biomacromoleculen,
d.w.z. eiwitten, DNA en hun assemblages, zoals virussen, vanwege hun inherente
3D-structuren, enorme aandacht getrokken om hun biologische functie om te zetten in
toepasbare materialen in technologische systemen. Er zijn pogingen ondernomen om
hun slechte structurele stabiliteit te overwinnen in afwezigheid van een waterige
omgeving en ze in hoge concentratie te handhaven tijdens productieprocessen. Door
een dubbelstrengs (ds) DNA-surfactant complex te mengen in organische fase met
een NLO-actieve kleurstof en een tweede kleurstof, Disperse Red 1, zijn tweed orde
niet-lineaire optische (NLO) materialen
modulatoren

[2]

[1]

en elektro-optische golfgeleider

met succes gefabriceerd. De dsDNA-lipide film werd gegoten van de

organische oplossing, dat anisotroop elektrisch geleidingsvermogen vertoonde, als
gevolg van het basenpaar stapelen. [3] De algemene benadering is om deze biologische
entiteiten te complexeren met moleculen die tegengesteld geladen zijn, zoals
oppervlakteactieve stoffen en polymeren, om de aggregatie te minimaliseren en hun
natuurlijke conformatie te behouden. Tegelijkertijd maakt de vorming van complexen
gemakkelijke verwerking van de biomacromoleculen mogelijk.

In hoofdstuk 1 zijn twee manieren uit de literatuur geïntroduceerd om
biomacromolecuulcomplexen te vormen door elektrostatische interacties. Een manier
daarvan is door ionenuitwisseling met geladen polyethyleenglycol (PEG) delen in een
waterige oplossing. Een andere manier is coöperatieve precipitatie. Oplosmiddelvrije
nucleïnezuur-, eiwit- en virus-PEG-complexen werden verkregen als vloeistoffen bij
kamertemperatuur met intacte structuren en vertoonden een goede oplosbaarheid in
gebruikelijke organische oplosmiddelen, zodat hun biologische functies in watervrije
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toestand werden bewaard en de materialen konden worden verwerkt in organische
fase.

Coöperatieve

precipitatie

maakte

de

complexatie

mogelijk

tussen

biomacromoleculen en kationische lipiden op een stoichiometrische manier. De
eigenschappen van de verkregen complexen, zoals faseovergangstemperatuur en
compacte ordening, kunnen worden afgestemd door de structuur en alkylketenlengte
van lipiden te veranderen. Hoewel er twee benaderingen zijn ontwikkeld, heeft elk
daarvan een aantal tekortkomingen. De ionenuitwisseling vereist een te grote
hoeveelheid liganden en tijdrovende dialyse om een redelijke complexeringsgraad te
bereiken. De coöperatieve precipitatie is alleen van toepassing op bepaalde
kationische lipiden met alifatische staarten met 8 tot 16 koolstofatomen. Om de
keuzes van lipiden te verbreden, hebben we in hoofdstuk 2 een tweestaps methode
ontwikkeld om functionele lipiden zoals π-systemen op DNA te introduceren.
Wateroplosbaar 4- (hexyloxy)anilinium (ANI) werd gesynthetiseerd als een
sleutelingrediënt om DNA uit de waterige fase te precipiteren en vervolgens oplosbaar
te maken in de organische fase, waarbij ANI vervolgens kan worden uitgewisseld
voor een meer hydrofoob van amine verkregen surfactant. We hebben aangetoond dat
deze methode volledige uitwisseling van de surfactant oplevert en de modificatie van
DNA met hydrofobe primaire, secundaire en tertiaire alkylamines mogelijk maakt.
Zelfs een amine afgeleid van aromatisch terthiofeen werd met succes gecomplexeerd
met DNA, door op deze manier een rechtshandige helix aan te nemen als een resultaat
van gecomplexeerd te zijn met het DNA-molecuul. Uitgaande van dergelijke
architecturen

met

aromatische

moleculen,

werd

een

op

DNA gebaseerd

lichtoogstsysteem gefabriceerd door complexeren met van amine afgeleide
pyreeneenheden, die licht absorberen bij 350 nm en vervolgens de energie langs het
DNA naar een chromofoor overbrengen aan het uiteinde van de DNA-streng om
fotonen uit te zenden bij 610 nm.

In hoofdstuk 3 hebben we de tweestaps lipide-uitwisselingsmethode toegepast op
negatief geladen gesulfateerdecyclodextrine (CD). CD werd gecomplexeerd met ANI
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in waterige oplossing en vervolgens onderworpen aan de uitwisseling van
tris[2-(2-methoxyethoxy)ethyl]amine in organische fase. Volledig gesulfateerde
gesubstitueerde a-cyclodextrine en β-cyclodextrine (α- en β-volledige-CD), evenals
heptakis(6-O-sulfo)-β-cyclodextrine (β-half-CD) werden vervaardigd in complexen
die vloeidend eigenschappen vertonen bij kamertemperatuur. De viscositeit en
overgangstemperaturen van de complexen variëren van -5 tot 22 °C en nemen toe in
de volgorde van β-volledige CD < α-volledige CD < β-half-CD. Ze zijn allemaal
thermisch stabiel tot 220°C en gedragen zich als kamertemperatuur CD ionische
vloeistof. De holte van CD werd gehandhaafd om gastmoleculen zoals pyreen op te
nemen. De succesvolle opname werd aangetoond door de fluorescentieverandering
van pyreen voor en na menging met CD- ionischevloeistoffen. Deze vondst duidde op
de opname van pyreen in de hydrofobe holte van CD- ionischevloeistoffen.

In hoofdstuk 4 hebben we deze lipiden uitwisselingsmethode toegepast op complexe
amine-afgeleide PEG's met DNA. Als een standaardprocedure werd eerst ANI
toegepast om DNA uit de waterige fase te precipiteren en werd vervolgens
onderworpen aan de verplaatsing van PEG's met MW 350, 500, 750, 1000 en 1500
Dalton in organische fase. Hieruit kwam, dat alleen de eerste vier met succes
elektrostatisch kunnen worden geïntroduceerd op DNA met DNA-PEG-complexen
vormend. De complexen werden gekarakteriseerd door NMR, UV/Vis en CD
spectroscopie. Het MW van DNA-PEG-complexen werd verder bestudeerd via GPC
gekoppeld aan statische lichtverstrooiing, hetgeen aantoonde dat de substitutiegraad
van PEG alleen volledige omzetting kan bereiken wanneer laagmolecuulgewicht PEG
met een massa van 350 Da wordt gebruikt. De substitutiegraad daalde geleidelijk tot
30% wanneer de MW van de PEG's werd verhoogd tot 1000 Da.

In hoofdstuk 5 werd een nieuwe generatie van lipiden uitwisselingsmethoden
ontwikkeld op basis van een vergelijkbaar werkingsprincipe als de vorige. Dit maakte
de introductie mogelijk van quaternaire ammoniumverbindingen op negatief geladen
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DNA door elektrostatische interacties. ANI werd gebruikt om DNA uit waterige fase
te precipiteren. Daarna werd het vervangen door quaternaire ammoniummoleculen die
acetylacetonaat als tegen ion bevatten. Dit uitwisselingsproces kan worden
gerealiseerd, omdat de geconjugeerde base van acetylacetonaat erg sterk is, waardoor
een proton van ANI kan worden geabstraheerd. Als gevolg wordt ANI neutraal en
aanvaardt acetylacetonaat het proton om het neutrale diketon te vormen. Het positief
geladen quaternaire ammonium bindt vervolgens elektrostatisch met de negatief
geladen fosfaatgroepen van DNA met nieuwe DNA-complexen vormend.
(Polyethyleenglycol) trimethylammonium (TMA-PEG) en tetra-alkylammonium
verbindingen werden op deze wijze op DNA geïntroduceerd en werden grondig
gekarakteriseerd. Bovendien werd de stabiliteit van het DNA-TMA-PEG750-complex
vergeleken met DNA-PEG-complexen gemaakt in hoofdstuk 4 in verschillende
bufferoplossingen, waaruit bleek dat quaternair ammonium kwetsbaarder is voor
ionenverplaatsing dan de primaire amine PEG's, vanwege de lage bindingsconstante
van quaternair ammonium aan fosfaatgroepen.

Samenvattend, twee nieuwe uitwisselingsmethoden zijn ontwikkeld om een grote
verscheidenheid van kationische groepen als tegenionen aan de anionische
DNA-backbone te introduceren. De omvang van tegenionen varieert van aminen die
lange niet in wateroplosbare alkylketens dragen, amines met n-systemen tot
quaternaire ammoniumgroepen die een proton missen in het stikstofcentrum. Verder
werden kleine moleculen met een laag molecuulgewicht gecomplexeerd met DNA tot
polymeren met een molecuulgewicht van meer dan 1,5 KDa. Het laatste type
moleculen leidt tot DNA-flessenborstelstructuren. Verwacht wordt, dat de nieuwe
methoden die in dit proefschrift worden geïntroduceerd, invloed hebben op DNA dat
wordt gebruikt in technische toepassingen of op het gebied van de biogeneeskunde.
Voor

het

laatste

toepassingsveld

werden

nucleïnezuren

vaak

covalent

gefunctionaliseerd met PEG om hun degradatie door nucleasen in biologische media
te vertragen. De nieuwe elektrostatisch gebonden DNA-PEG-hybriden kunnen leiden
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tot een verhoging van de stabiliteit van het nucleïnezuurgedeelte. Bewerkelijke
chemische functionalisering van het DNA zou daardoor kunnen worden vermeden en
tegelijkertijd

zou

de

nieuwe

elektrostatische

functionalisering

strategie

nucleïnezuurmedicijnen kunnen helpen effectiever te zijn.
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