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Towards Biologically Active Self-
assemblies: Model Nucleotide Chimeras
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Abstract: With this article, we wish to give an overview of our main research activities assessing the potential of a 
suitable polymer modification of DNA fragments to self-assemble biologically active nanostructures. Specifically, 
the grafting of a hydrophobic polymer segment on DNA fragments results in amphiphilic nucleotide-based macro-
molecules, which, owing to both chemical and physical incompatibility, organize in self-assembled structures ei-
ther on surfaces or in aqueous solution. Through the combination of the existing know-how in polymer chemistry 
with modern analytical techniques, we are currently focusing on establishing the mechanism of self-assembly of 
the polymer-modified nucleotide sequences in solution and on surfaces prior to the assessment of their hybridiza-
tion capacity once involved in the ensemble. With the evaluation of the potential of the functional nanostructures 
to undergo biological-like adhesion through hybridization one can eventually foresee that the optimal functionality 
of these bio-inspired systems could be fine-tuned for biological applications such as drug delivery, gene therapy, 
tissue engineering and the design of either biomedical devices or biosensors. 
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1. Introduction

Nowadays, there is a major interest in the 
design of bioactive polymeric materials. 
Some of the prominent examples are the 
developments of platforms for tissue engi-
neering and the design of medical devices 
and carriers for drug or gene therapy.[1–3] In 
this context, soft templates based on self-
assembled amphiphilic copolymers present 
a new class of very promising biologically 
functional materials.[1,4,5] Self-assembly is 
a process intrinsic to the amphiphilic char-
acter of the constituent molecules. This is 
a simple and natural design tool to form 
nanometer to micrometer-sized structures 
that retain the characteristics of the origi-
nal components. Since synthetic polymers 
exhibit no specific biological activity, the 
design of self-assembled polymeric struc-
tures that eventually induce a positive bio-
logical response currently remains a chal-
lenge. 

Recently, synthetic polymers have been 
conjugated with peptide sequences.[6–23]  
Block copolymers composed of at least 
one polypeptide segment are usually re-
ferred to as ‘polypeptide hybrid polymers’ 
or ‘molecular chimeras’. A comprehensive 
level of knowledge about the mechanism of 
structure formation of polypeptide hybrid 
copolymers has been achieved. Similar to 
their fully synthetic analogues,[24–36] self-
assembly in dilute aqueous solution yields 
nanostructures of various sizes and mor-
phologies. These properties of the result-
ing self-assembly particularly reflect the 
occurrence of the polypeptide secondary 
structure and the sensitivity toward stim-
uli such as temperature, ionic strength 
and pH. In thin films, structure forma-
tion arises from the competition between 
micro-phase separation and crystallization 
of amphiphilic rod-coil polypeptide-based 
copolymers.[37–46] Recently, a novel ap-
proach to the design of self-assembling 
peptide-based copolymers which induce a 
positive biological response has been re-
ported.[47] It consists in the modification of 
a readily self-assembling copolymer with 
the arginine–glycine–aspartic acid (RGD) 
cell binding peptide motif. In this specific 
case, the delicate hydrophobic to hydro-
philic balance, which drives self-assembly 
in aqueous solution, could be preserved 
upon modification of the copolymer with 
the peptide sequence. 

Besides being the universal carrier 
of the genetic information, DNA plays 
a pivotal role in numerous biological 
mechanisms, such as gene silencing[48] 
and cell recognition,[49] which constantly 
directs research efforts toward applica-

tions in sensor development, gene ther-
apy or targeted drug delivery. Moreover, 
various compositions, lengths and 
structures are synthetically accessible, 
which makes DNA an attractive model 
biologically active macromolecule.[50–54] 

Since the properties of self-assembled 
structures retain the characteristics of 
the original components, grafting syn-
thetic polymers to nucleotide sequences 
to self-assemble biologically active nano-
structures recently opened a new research 
area in the field of polymer science.[55–68] 
However, the general mechanism of struc-
ture formation of these novel nucleotide-
based copolymers needs to be established. 
The inter-molecular interactions between 
the self-assembled macromolecules are 
defined by the characteristics of the nano-
structures, in particular the morphology, 
and rule the potential biological activity of 
the self-assembly. However, nucleotide se-
quences are charged polyelectrolytes[69,70] 
and colloidal forces govern the stability 
of the suspension of the resulting like-
charged self-assembled structures.[71–73] 

In addition, nucleotide sequences in-
teract through several binding modes 
other than electrostatic interactions.[74,75]  
Nevertheless, nucleotide sequences pos-
sess a unique molecular recognition 
property, namely the hybridization of 
complementary sequences according to 
Watson-Crick base pairing. This property 
of hybridization enables the assessment of 
the functionality of self-assembled poly-
mer modified nucleotide sequences using 
the recent theories and modern tools de-
veloped in polymer science prior to any 
biological assays. Based on this assump-
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the nucleotide sequences are cleaved 
from the solid support prior to reaction 
with the synthetic polymers. The reaction 
thus takes place at the interface between 
an aqueous solution of the nucleotide se-
quences and an organic phase, in which 
the hydrophobic polymer segments are dis-
solved (typically dichloromethane, DCM). 
Nucleotide sequences have been modified 
with poly(ethylene glycol) (PEG) (M

w 
= 2000 Da), poly(butadiene) (PB) (M

w 
= 2000 Da, 5000 Da and 10000 Da) and 
poly(isobutylene) (PIB) (M

w 
= 2000 Da). 

PB and PIB were selected for their low 
glass transition temperature, Tg, which 
ensures certain solubility of the polymer-
modified nucleotide sequence in aqueous 
solution as well as self-assembly of non-
kinetically frozen structures. A cross-link-
ing polymerization of the vinyl pendant 
groups along the PB backbones could be 
performed subsequent to self-assembly in 
order to stabilize the structure, which is 
otherwise held together by non-covalent 
hydrophobic interactions.

The following nucleotide sequences 
have been modified so far with synthetic 
polymers (A stands for adenosine, G, 
guanosine, C, cytidine and T, thymidine):
Sequence I: 
5’-GGGGGGGGGGGG-3’, G

12
;  

sequence II (complementary of I):  
5’-CCCCCCCCCCCC-3’, C

12
;  

sequence III:  
5’-AGAGAGAGAGGG-3’, A

5
G

7
;  

sequence IV (complementary of III):  
5’-CCCTCTCTCTCT-3’, C

7
T

5
;  

sequence V:  
5’-TTTCTCTCTCTC-3’, T

7
C

5
; 

sequence VI:  
5’-AGAGAGAGAGGGAGAGAGAGA 
GGG-3’, A

10
G

14
;  

and sequence VII:  
5’-GGAAGTAGGCGGTAGAGTCAA-3’, 
siDNA. Several criteria dictate the choice 
of the nucleotide sequences. Twelve nucle-
otides is the minimal number required to 
ensure a thermodynamically stable double 
helix assembled by Watson-Crick base-
pairing. The composition of the sequenc-
es is chosen such that the temperature at 
which the double helix starts to disassem-
ble is much higher than the temperature at 
which the investigations are carried out (20 
°C). The sequences are linear: no second-
ary structures occur through self-hybrid-
ization. Eventually, sequences I, III and 
VI are readily expected to induce a posi-
tive biological response. Poly(guanosine) 
is recognized by cell-surface receptors[76] 
whereas sequence VII is the DNA ana-
logue of a small interfering ribonucleic 
acid, siRNA that silences a gene involved 
in intracellular trafficking.[77]

Since the resulting polymer-modified 
nucleotide sequences consist of a flexible, 
amorphous hydrophobic polymer segment 

tion, we are conducting investigations to 
establish a general mechanism of the self-
assembly of the polymer-modified nucleo-
tide sequences and quantify the degree of 
functionality of the resulting structures in 
respect with inter-molecular interactions. 
With these investigations, we will dem-
onstrate that the polymer modification of 
nucleotide sequences can eventually be 
fine-tuned to yield self-assembled nano-
structures, which feature optimal biologi-
cal activity.

2. Results and Discussion

2.1 Design and Self-assembly of 
Nucleotide-based Amphiphilic 
Diblock Copolymers

To self-assemble functional nanostruc-
tures in aqueous solution, we grafted a 
synthetic hydrophobic polymer segment 
to a nucleotide sequence (Fig. 1). A sin-
gle-point linkage is created between the 
natural and synthetic polymers, which pre-
serves both the conformational freedom of 
the synthetic polymer and the right-handed 
helical configuration of the nucleotide se-
quence (as assessed through circular di-
chroism). The ability to engage in specific 
and directional inter-molecular interac-
tions of the DNA fragment is preserved.

Two synthesis routes of modification 
of DNA fragments with synthetic poly-
mer segments have been developed so 
far. Single-stranded nucleotide sequences 
were modified with low molecular weight 
polymers through solid phase synthesis.[56]

Briefly, solid-phase synthesis is per-
formed in a 2 mL reaction reactor. The 12 
nucleotide-long single-stranded sequence 
(Microsynth AG, Balgach, Switzerland) is 
functionalized with a carboxylic acid group 
through a C

10
-linker at the 5’-end whereas 

the 3’-terminus is bound to the control 

pore glass resin. Diisopropylcarbodiimide 
(DIC) is used as initiator and dichloro-
methane (DCM) as solvent. DIC activates 
the carboxylic acid group. The resulting 
ester thus undergoes a nucleophilic attack 
by the amino-terminated polymer, leading 
to a stable urea living group. The nucleo-
tide-based amphiphilic diblock copolymer 
is synthesized at room temperature. In a 
typical synthesis, the nucleotide sequence 
(1 equiv.) is added together with DIC (1.2 
equiv.) to a solution of polymer (5 equiv.) 
in 1.5 mL DCM. The solution is shaken 
overnight and subsequently washed sev-
eral times with DCM to get rid of the ini-
tiator and the non-reacted material. At the 
cleavage step, 1.5 mL of a 33% NH

4
OH 

solution is added and transferred to an 
eppendorf tube for overnight shaking at 
a temperature of 40 °C. The ammonium 
hydroxide cleaves the polymer-modified 
nucleotide sequences from the solid sup-
port which is filtered away. To separate the 
nucleotide-based amphiphilic diblock co-
polymer from the non-reacted nucleotide 
sequences, size exclusion chromatography 
(SEC) is carried out using Sephadex©G-50 
in a 150 mM NaCl and 0.01% azide buffer. 
The UV sensitivity of the nucleotide-based 
copolymer further leads to an accurate 
concentration determination through UV 
spectroscopy. The different fractions col-
lected from SEC are therefore lyophilized 
prior to dialysis (M

W
 cut off of 3500 Da) 

to filter out the salt of the buffer as well as 
the remaining ammonium hydroxide from 
the cleavage step. The synthesis yield is in 
average 30%. 

The grafting of polymers of larger 
molecular weight is carried out through 
heterogeneous biphasic chemistry (un-
published data). The slow diffusion of the 
polymer chains through the pores of the 
resin limits the reaction yield achieved 
through solid-phase synthesis. Therefore, 

Fig. 1. Schematic representation of the polymer-modifi ed nucleotide sequence.
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Escherichia Coli in response to substrate 
adhesion.[55]

Initial work on the immobilization of 
polymer-modified nucleotide sequences 
on hydrophobic surfaces by dip coating 
revealed several limitations of the process. 
For instance, immobilization by this process 
at concentrations below the critical micelle 
concentration (cmc) led to adsorption below 
the detection limit of conventional surface 
characterization techniques, such as Fourier 
transform infrared spectroscopy (FTIR) 
and photoelectron spectroscopy (XPS). 
However, in contrary to lipid vesicles, which 
open to form a lipid bilayer on a solid sup-
port,[78] vesicular structures assembled from 
polymer-modified nucleotide sequences re-
tain their morphology as assessed by atomic 
force microscopy as well as frequency and 
dissipation shifts monitoring with the quartz 
crystal microbalance (Q-Sense, Göteborg, 
Sweden). As can be observed in Fig. 4, over 
the time course of the experiment, mass ad-
sorption takes place as monitored through 
a decrease of the oscillation frequency of 
the quartz crystal. Nevertheless, no dissipa-
tion decrease could be detected, indicating 
conformal immobilization of the vesicular 
structures. Their mechanical stability is 
not affected by strong interactions with the 
substrate. Intact PIB-C

7
T

5 
vesicular struc-

tures could be deposited on aminopropyl-
triethoxysilane-, APTES-modified silicon 
wafers. An alternative strategy could be to 
deposit PB

38
-A

10
G

14
 at high ionic strength (1 

M NaCl) on a gold substrate modified with 
a hydrophobic self-assembled monolayer 
of 1-octadecanothiol (C

18
H

38
S). The high 

ionic strength disassembles the structures 
and individual molecules could thus be im-
mobilized. 

2.3 Functionality of Self-assembled 
Polymer-modified Nucleotide 
Sequences

The next stage in our research focused 
primarily on the assessment of the func-

and a stiff, rod-like nucleotide sequence, 
both chemical and physical incompatibili-
ties between the constituting blocks drive 
micro-phase separation.[56] While the com-
position of the nucleotide sequence and the 
characteristics of the aqueous medium such 
as ionic strength affect the size of the self-
assembly, the composition of the nucleo-
tide-based amphiphilic diblock copolymer 
defines the morphology. Self-assembly 
into vesicular structures upon modifica-
tion with either PIB or PB takes place (Fig. 
2). Since nucleotide sequences engage in 
intermolecular interactions, the formation 
of a membrane-like structure which closes 
into hollow spheres is strongly favored. 

Preliminary investigations of the self-
assembly of polymer-modified nucleotide 
sequences provide insights into the role of 
electrostatic interactions in the structure 
formation of nucleotide-based copoly-
mers. In the absence of counter ions in the 
aqueous medium, higher order vesicular 
structures self-assembled from PB

38
C

12
 

are observed by electron microscopy and 
confocal laser scanning microscopy.[56] 
These micrometer-size structures disap-
peared in a 150 mM aqueous solution of 
NaCl. A high ionic strength induces the 
disassembly of PB

38
A

10
G

14
. Although 

UV spectroscopy confirmed the presence 
of PB

38
A

10
G

14
, no signal was monitored 

through light scattering in a 1 M NaCl 
aqueous solution. However, at lower salt 
and similar copolymer concentrations, 100 
nm size self-assembled vesicular struc-
tures were detected. Therefore, the extent 
of shielding of electrostatic interactions by 
the counter-ions significantly influence the 
non-covalent interactions, which in turn 
induce the self-assembly and stabilize the 
suspension. 

2.2 Surface Immobilization of 
Polymer-modified Nucleotide 
Sequences

Ongoing studies focus on the surface 
immobilization of polymer-modified 
nucleotide sequences and self-assembled 
nanostructures (Fig. 3) to prepare pat-
terned surfaces that influence cell-growth. 

Despite no known recognition process, a 
positive response of bacteria was found 
on surfaces coated with nucleotide se-
quences through the over expression of 
curli, which are organelles produced by 

B

C

Fig. 2. A) Scanning electron micrographs of UV reticulated self-assembled structures from 
poly(butadiene)-modified G12. B) The hollow sphere morphology of self-assembled structures 
from poly(butadiene)-modified G12 is clearly evidenced through scanning electron microscopy. 
C) Transmission electron micrograph of 100 nm size vesicles assembled from poly(isobutylene) 
modified G7A5

Fig. 3. Atomic force micrograph of model 
surfaces to study cell response to the 
topography, which were designed by 
immobilizing poly(butadiene)-modified 
nucleotide sequences self-assembled 
into vesicular structures onto a substrate 
functionalized with nucleotide sequences of 
the same composition than those involved 
in the self-assembly. Copyright: Wiley, 
Macromol. Biosci. 2008, 8, 1161, doi: 10.1002/
mabi.200800081.

Fig. 4. Time course 
of both the frequency 
and dissipation 
shifts monitored 
with the quartz 
crystal microbalance 
with dissipation 
monitoring (Q-Sense, 
Göteborg, Sweden) 
upon immobilization 
of vesicles self-
assembled from 
poly(isobutylene)-
modified nucleotide 
sequences (G7A5) 
on surfaces 
modified with their 
complementary 
sequence. 
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tionality of the nucleotide sequences after 
polymer modification and self-assembly. 
The biological activity of the DNA frag-
ment is primarily encoded in its ability to 
assemble a double helix with its comple-
mentary nucleotide sequence through 
hybridization. Since a polymer–poly-
nucleotide interface is created through 
polymer modification and subsequent 
self-assembly, the functionality of the self-
assembled nucleotide-based copolymers 
encounters hindrances similar to those in 
the context of surface tethering of nucleo-
tide sequences.[79–83] The main limitations 
are molecular crowding, impenetrable 
wall effect, and sensitivity towards ionic 
strength. However, using the existing 
theory and tools developed in polymer sci-
ence we demonstrated that the main hin-
drance to hybridization of short, surface-
tethered nucleotide sequences is macro-
molecular crowding.[84] Recent advances 
in the design of surface sensors enable 
real-time tracking of label-free biochemi-
cal events. In collaboration with Dynetix 
AG and CSEM (Landquart, Switzerland), 
we validated the use of a prototype of a 
newly developed wave-guide interrogated 
optical sensor (Bright-Reader®). With this 
technique in combination with the quartz 
crystal microbalance with dissipation 
monitoring (QCM-D), the kinetics and the 
efficiency of the hybridization process on 
surfaces could be accurately quantified. 
To counter macromolecular crowding, im-
mobilization of the double helix was per-
formed prior to de- and re-hybridization. 
The resulting grafting density enabled the 
achievement of 100% hybridization effi-
ciency.[84] Further, this highly efficient im-
mobilization of double helices was tailored 
to design bioactive micro-patterned surfac-
es through micro-contact printing.[85] We 
are currently further adapting this method-
ology to the immobilization of nucleotide 
sequences on a conducting polymer thin 
film. This approach is particularly attrac-
tive for the design of miniaturized surface 
sensors for the in situ detection of hybrid-
ization with electrochemical characteriza-
tion techniques, which are not mandatorily 
dependant on the electrochemical proper-
ties of the polymer.

Investigations of the interaction be-
tween self-assembled polymer-modified 
nucleotide sequences and surfaces modi-
fied with their complementary sequences 
have been instigated. Vesicular structures 
could be immobilized and observed by 
atomic force microscopy (see Fig. 4). 
However, the specificity and strength of 
interaction are difficult to address with 
sub-micrometer size structures and a 
methodology is currently being assessed. 
To demonstrate that the self-assembled 
functional nanostructures will success-
fully undergo recognition through ligand-

receptor interaction we will quantify the 
specificity and efficiency of recognition 
between the self-assembled polymer-
modified nucleotide sequences and their 
complementary sequences bound to a sur-
face through the determination of the ki-
netics and adhesion strength. Toward this 
end, giant unilamellar vesicles will be as-
sembled through electro-formation.[86,87] 
Optical microscopy will be used to assess 
the formation of these micrometer-sized 
structures. Compared to sub-micrometer 
sized structures self-assembled in dilute 
aqueous solution, these micrometer-sized 
vesicles have several advantages. Their 
size range allows the use of light micros-
copy for the investigations. Their reduced 
curvature will enable the comparison of the 
functionality of the nucleotide sequences 
assembled either in giant vesicular struc-
tures or in brushes on a solid support. The 
kinetics of adhesion of polymer-modified 
giant vesicles to surfaces modified with 
the complementary nucleotide sequence 
of the one involved in the self-assembly 
will be then studied. To modify the sub-
strate with the complementary sequence, 
we will make use of the approach that 
we established to immobilize nucleotide 
sequences on a solid support to achieve 
optimal hybridization efficiency.[84]  
Optical microscopy will thus enable the 
indirect observation of the specific inter-
action driven by hybridization between 
self-assembled polymer-modified DNA 
fragments and a substrate modified with 
the complementary nucleotide sequence. 
Moreover, reflection interference contrast 
microscopy (RICM) will provide further 
information on the specificity of the inter-
action between the two interfaces.[88] The 
average membrane-surface distance will 
scale with the length of the rigid double 
helix (8 nm for a 24 nucleotide-long se-
quence). In parallel, micromanipulations 
will enable to correlate the hybridization 
efficiency with the strength of adhesion 
between giant vesicles and either micro-
spheres or surfaces modified with the nu-
cleotide sequence complementary to the 
one involved in the self-assembly. The 
strength of interaction will be character-
ized by the disengagement of the vesicu-
lar structure from the microsphere and/or 
substrate. Combining RICM and micro-
manipulations, we will therefore dem-
onstrate that the nanostructures undergo 
ligand-receptor-like ligation, which is a 
prominent biological interaction. These 
investigations will further prove that the 
functionality of the nucleotide sequence 
is retained in the ensemble. These results 
are of primary importance, since they as-
sess that a positive biological response 
will arise through bioadhesion between 
cell surface receptors and the functional 
nanostructures. 

3. Conclusion and Outlook

To demonstrate that polymer-modified 
DNA fragments can be self-assembled 
in stable, functional nanostructures, the 
realization of the following three objec-
tives is currently in focus: i) design and 
characterization of stable self-assembled 
nanostructures in solution and on sur-
faces; ii) demonstrate the hybridization 
capacity of the self-assembled polymer-
modified nucleotide sequences with their 
complementary sequences; ii) eventually, 
assess the strength and kinetics of interac-
tion between the self-assembled polymer-
modified nucleotide sequences and their 
complementary strands bound to a surface. 
We will have then explored the utility of 
the self-assembly process to develop novel 
biologically active systems with substan-
tial potential for application in gene ther-
apy, sustained, targeted drug delivery, tis-
sue engineering and the design of medical 
devices. Advances in the development of 
sensors for genomics and proteomics are 
equally foreseen. 
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