
 

 

 University of Groningen

Functionalization of DNA by electrostatic bonding
Chen, Wei

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

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

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Chen, W. (2019). Functionalization of DNA by electrostatic bonding. [Thesis fully internal (DIV), University
of Groningen]. University of Groningen.

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

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

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

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

Download date: 24-05-2023

https://research.rug.nl/en/publications/8544f16e-939a-4e5a-8e04-5b3b18ed4765


 
 

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.  
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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]

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

concentration. 
[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.  
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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) 3
2+

 

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 
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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 
o
C 

and behavior as Newtonian fluid at 50
 o
C. 
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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 
o
C, 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 
o
C, 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 
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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 
o
C to its 95% original secondary structure at 30 

o
C, 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 
o
C 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 
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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 
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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.  
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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 
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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 
o
C to 
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65 
o
C (crystal to LC), and the transition temperature from LC to isotropic liquid 

ranged between 41 
o
C and ~ 130 

o
C (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 
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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 
o
C and the clearning temperature was at 58 

o
C.  

 

 

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.  
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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 
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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 
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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 
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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. 

 

References 

1. Watson, J., Crick, F., Nature, 1953, 171, 737. 

2. Peruts, M.F., Kendrew, J.C., Watson, H.C., J. Mol. Biol. 1965, 13, 669. 

3. Annunziato, A., Nature Education, 2008, 1, 26. 



Chapter 1  

20 
 

4. Hayakawa, K., Ayub, A. L., Kwak, J. C. T., Colloids and Surfaces, 1982, 4, 389. 

5. Wang, C., Tam, K. C., J. Phys. Chem. B, 2004, 108, 8976. 

6. Mezei, A., Ábrahám, Á., Pojják, K., Mészáros, R., Langmuir, 2009, 25, 7304.  

7. Pojják, K., Bertalanits, E., Mészáros, R., Langmuir, 2011, 27, 9139.  

8. Bajaj, A., Paul, B., Indi, S. S., Kondaiah, P., Bhattacharya, S., Bioconjugate 

Chem., 2007, 18, 2144. 

9. Golan, S., Aytar, B. S., Muller, J. P. E., Kondo, Y., Lynn, D. M., Abbott, N. L., 

Talmon, Y., Langmuir, 2011, 27, 6615. 

10. Tanaka, K., Okahata, Y., J. Am. Chem. Soc., 1996, 118, 10679.  

11. Sun H., Li, W., Wu, L. Langmuir, 2009, 25, 10466. 

12. Kwon, Y. W., Lee, C. H., Choi D. H., Jin, J. I., J. Mater. Chem., 2009, 19, 1353.   

13. Leone, A. M., Weatherly, S. C., Williams, M. E., Thorp, H. H., Murray, R. W., J. 

Am. Chem. Soc., 2001, 123, 218. 

14. Bourlinos, A. B., Chowdhury, S. R., Herrera, R., Jiang, D. D., Zhang, Q., Archer, 

L. A., Giannelis, E. P., Adv. Funct. Mater., 2005, 15, 1285. 

15. Perriman, A. W., Colfen, H., Hughes, R.W., Barrie, C. L. Mann, S., Angew. Chem. 

Int. Ed. 2009, 48, 6242. 

16. Perriman, A. W., Brogan, A. P. S., Colfen, H., Tsoureas, N., Owen, G. R., Mann, S., 

Nat. Chem., 2010, 2, 622. 

17. Brogan, A. P. S., Siligardi, G., Hussain, R., Perriman, A. W., Mann, S., Chem. Sci., 

2012, 3, 1839. 

18. Sharma, K. P., Zhang, Y., Thomas, M. R., Brogan, A. P. S., Perriman, A. W., Mann, 

S., J. Phys. Chem. B, 2014, 118, 11573. 

19. Patil, A. J., McGrath, N., Barclay, J. E., Evans, D. J., Cölfen, H., Manners, I., 

Perriman, A. W., Mann, S. Angew. Chem. Int. Ed. 2012, 24, 4557.   

20. Okahata, Y., Kobayashi, T., Tanaka, K., Shimomura, M., J. Am. Chem. Soc. 1998, 

120, 6165. 

21. Leslie, A. G. W., Arnott, S., Chandrasekaran, R., Ratliff, R., J. Mol. Biol. 1980, 

143, 49. 

https://www.sciencedirect.com/science/article/pii/0166662282800310#!
https://www.sciencedirect.com/science/article/pii/0166662282800310#!


Biomacromolecule-lipid Complexes and their Applications 

21 
 

22. Fuller, W., J. Mol. Biol. 1967, 27, 507.  

23. Wanapun, D., Hall, V. J., Begue, N. J., Grote, J. G., Simpson, G. J., 

ChemPhysChem, 2009, 10, 2674. 

24. Heckman, E. M., Grote, J. G., Hopkins, F. K., Yaney, P. P., Appl. Phys. Lett. 2006, 

89, 181116. 

25. Nishimura, N., Nomura, Y., Nakamura, N., Ohno, H., Biomaterials, 2005, 26, 

5558. 

26. Liu, K., Chen, D., Marcozzi, A., Zheng, L., Su, J., Pesce, D., Zajaczkowski, W., 

Kolbe, A., Pisula, W., Mullen, K., Clark, N. A., Herrmann, A. Pro. Natl. Acad. Sci. 

U.S.A., 2014, 111, 18596. 

27. Liu, K., Shuai, M., Chen, D., Tuchband, M., Gerasimov, J. Y., Su, J. J., Liu, Q., 

Zajaczkowski, W., Pisula, W., Mullen, K., Clark, N. A., Herrmann, A., Chem. Eur. 

J., 2015, 21, 4898. 

28. Liu, K., Varghese, J., Gerasimov, J. Y., Polyakov, A. O., Shuai, M., Su, J. J., Chen, 

D., Zajaczkowski, W., Marcozzi, A., Pisula, W., Noheda, B., Palstra, T. T. M., 

Clark, N. A., Herrmann, A., Nat. Commun., 2016, 7, 11476. 

29. Candeias, L. P., Steenken, S., J. Am. Chem. Soc., 1989, 111, 1094. 

30. Rokhlenko, Y., Cadet, J., Geacintov, N. E., Shafirovich, V., J. Am. Chem. Soc., 

2014, 136, 5956. 

31. Liu. K., Pesce, D., Ma, C., Tuchband, M., Shuai, M., Chen, D., Su, J. J., Liu, Q., 

Gerasimov, J. Y., Kolbe, A., Zajaczkowski, W., Pisula, W., Mullen, K., Clark, N. 

A., Herrmann, A., Adv. Mater., 2015, 27, 2459. 

32. Melnikov, M., Sergeyev, V. G., Yoshikawa, K., J. Am. Chem. Soc. 1995, 117, 

9951. 

33. Melnikov, A. b., Sergeyev, V. G., Yoshikawa, K., J. Am. Chem. Soc. 1995, 117, 

2401.  

34. Matulis, D., Rouzina, I., Bloomfield, V. A., J. Am. Chem. Soc. 2002, 124, 7331. 

35. Marchetti, S., Onori, G., Cametti, C., J. Phys. Chem. B, 2005, 109, 3676. 

36. Melnikov, S. M., Sergeyev, V. G., Yoshikawa, K., Takahashi, H., Hatta, I., J. Chem. 



Chapter 1  

22 
 

Phys. 1997, 107, 6917. 

37. Dasgupta, A., Das, P. K., Dias, R. S., Miguel, M. G., Lindman, B., Jadhav, V. M., 

Gnanamani, M., Maiti, S., J. Phys. Chem. B, 2007, 111, 8502. 

38. Leal, C., Wadso, L., Olofsson, G., Miguel, M., Wennersrom, H., J. Phys. Chem. B, 

2004, 108, 3044. 

39. McLoughlin, D., Imperor-Clerc, M., Langevin, D., Chem. Phys. Chem., 2004, 5, 

1619. 

  


	Chapter 1

