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DNA meets synthetic polymers—highly versatile hybrid materials
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The combination of synthetic polymers and DNA has provided biologists, chemists and materials
scientists with a fascinating new hybrid material. The challenges in preparing these molecular chimeras
were overcome by different synthetic strategies that rely on coupling the nucleic acid moiety and the
organic polymer in solution or on solid supports. The morphologies and functions of the bioorganic
block copolymers can be controlled by the nature of the synthetic polymer segment as well as by the
sequence composition and length of the DNA. Recent developments have expanded the scope and
applications of these hybrid materials in a number of different areas including biology and medicine, as
well as bio- and nanotechnology. Their usage ranges from gene delivery through to DNA detection to
programmable nano-containers for DNA-templated organic reactions.

Introduction

Hybrids are a combination of dissimilar components arranged
at the nanometric and molecular level."* Throughout evolution,
nature has evolved a large variety of hybrid materials, if one
thinks of the post-transcriptional modifications of proteins,
where peptidic structures are functionalized with carbohydrates
or lipids,® and the process of biomineralization,** which com-
bines organic and inorganic materials within biological systems.
Natural hybrids containing nucleic acids as a major class of
biomacromolecules are also known. One important example is
the ribosome which consists of an RNA structure into which
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proteins are interdispersed by non-covalent bonds.® Especially
the complex function of this entity, i.e. the catalysis of protein
biosynthesis, underlines the importance and potency of such
biological hybrids. Involved in this process is another type of
molecular chimera, the so-called tRNAs. They consist of RNA
covalently linked to small organic molecules, the amino acids.”
Beside these naturally occurring examples, chemists have created
artificial nucleic acid hybrid structures. DNA has been combined
with inorganic materials like gold nanoparticles but also with
small organic moieties like organic dyes or electrochemically
active units.*® With such DNA hybrids, new detection strategies'
and nanoelectronic structures,'> as well as nanomechanical
devices," have been realized. In recent years a new type of nucleic
acid hybrid has emerged, which consists of the combination of
synthetic oligonucleotides (ODNs) and organic polymers. As a
consequence of joining these two classes of materials, DNA block
copolymers (DBCs) are formed that maintain the special features
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of the biomacromolecule DNA and at the same time represent
polymeric block type architectures that have attractive material
properties in their own right.

The special features of DNA that are important in regard to
the corresponding polymeric hybrids are the following: 1) Solid-
phase organic synthesis methods allow the preparation of single-
stranded (ss) DNA with almost any desired sequence of more
than 100 bases.* 2) Hybridization of complementary sequences
leads to the formation of a helical, semiflexible double-stranded
(ds) polymer with a diameter of about two nanometres and a
pitch of about 3.4-3.6 nm in the B-form. 3) In addition to the
famous double helix,”*'* DNA can adopt other superstructures
such as triple helices, quadruplexes and sophisticated artificially
created 2D and 3D nanostructures.'”?* 4) Finally, enzymes allow
site specific modifications of the DNA strands.

In contrast, synthetic block copolymers usually self-assemble
into well-ordered periodic structures, a phenomenon called mi-
crophase separation.”’ This process is driven by the enthalpy of
demixing of the constituent components of the block copolymers,
whilst the macroscopic separation is hindered by the connectivity
of the two blocks. Hence, the domain size of the ordered structures
is of similar magnitude to that of the molecular dimensions.
The morphologies which are adopted range from spherical,
through cylindrical and gyroidal, to lamellar structures, and
can be controlled by the block length ratio of the constituent
components. Besides the formation of nanostructures in bulk,
block copolymers also form nano-objects in solution. This is the
case when one of the blocks dissolves in the solvent, while the
other block is insoluble (selective solvents). Polyelectrolyte block
copolymers, which combine structural features of polyelectrolytes,
block copolymers, and surfactants, in particular show a rich

association behaviour. The formation of micelles, strings, and
networks of sometimes quite complicated topology has been
described.” This class of polymers is important to mention in
the context of DNA block copolymers since DNA from a polymer
chemist’s point of view represents a polyelectrolyte.

DNA and synthetic polymers were combined to bring out or
enhance advantageous chemical and biological behaviours and at
the same time to reduce or wholly suppress undesirable properties.
An additional target is the evolution of entirely new material
behaviours.

In this review, we first describe the different routes to prepare
DNA block copolymers. Special attention will be paid to the
synthesis of linear topologies and graft architectures where ODNs
are attached as side chains to a synthetic polymer backbone.
Common to all of these structures is that the nucleic acid segments
and the organic polymer moieties are connected by covalent
bonds. There is a considerable amount of literature describing
electrostatic complexes of DNA with various polycations,??* but
this is beyond the scope of this review. In the second part we focus
on the properties of these materials and discuss their applications
in the fields of biology, biotechnology and nanoscience. Finally,
some of the remaining challenges of these new bioorganic hybrid
materials are highlighted.

Synthesis of DNA block copolymers

For the generation of linear DNA block copolymers, one end
of an ODN needs to be coupled to a terminal functionality of
an organic polymer block. This synthetic goal is achieved by
grafting strategies, either by connecting the biological and the
organic polymer segments in solution (Fig. 1A) or on a solid

A
ODN——NH, o
Polymer.~-COOH —_— Polymervww\&—N—ODN
H
ODN——SH
PolymersannaSH — Polymer~nnn§-8§——0DN
o)
ODN——SH °
Polymeran N | e Polymer~vN S——ODN
o o]
HO
B 0. B (prot.)
]
' 1.
N 0=P-0 o
7/ I a0 Blprot)  Polymer-0—p_g
| 0 B
Ccl. .0 Q
P N i g 0,
Y VA | y
|
Polymer—0O 0=p-0
Polymer-OH E— \P’O - 0 ’n 07/3
| V
W/ N \( 2. Deprotection
OH

Fig. 1

The synthesis of linear DBCs by grafting onto in solution (A) and on the solid support (B).
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support (Fig. 1B). Three different coupling reactions in solution
have been reported: amide*®® and disulfide bond formation® as
well as Michael addition.? When a peptide bond is formed to
join both segments, terminally amino-functionalized ODNs were
coupled to active ester-containing polymers. Several activating
reagents including N,N’-dicyclohexylcarbodiimide (DCC), N-
hydroxysuccinimide ester (NHS) or N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide (EDC) and sulfo- N-hydroxysuccinimide es-
ter (sulfo-NHS) were used for the coupling reaction. The forma-
tion of a disulfide bridge between DNA and the polymer required
a terminal thiol-modification at the ODN as well as at the polymer,
which were reacted under slightly alkaline conditions in an aque-
ous phase. In the case of the Michael addition, thiol-functionalized
ODNs were reacted with a malimido-functionalized polymer at
neutral pH. Attaching the biological and organic segments in
solution is an easy procedure and does not require an expensive
DNA synthesizer. Amino- or thiol-functionalized ODNs are
available from commercial sources, which makes DBCs available
to conventionally equipped laboratories. This coupling strategy
proceeds with high yields as long as water-soluble polymers such
as poly(ethylene oxide) (PEO) and poly(N-isopropylacrylamide)
(PNIPAM) are employed.?®***® However, the yields are drastically
lower when hydrophobic polymers are used. A reason for poor
coupling efficiencies is the incompatibility of the hydrophilic DNA
and the hydrophobic polymers in the solvent. To overcome these
synthetic difficulties, solid-phase synthesis was employed success-
fully for the preparation of amphiphilic DBCs by several groups,
including ours (See Fig. 1B).*** The grafting approach on the
solid support started with hydroxyl-terminated polymers that were
reacted with phosphoramidite chloride to yield the corresponding
phosphoramidite—polymer derivatives. This key reagent was then
coupled to the detritylated 5 hydroxyl-end of the ODN on the
solid support using a DNA-synthesizer. After liberation from the
solid support, removal of the protecting groups and purification
by polyacrylamide gel electrophoresis (PAGE) or by HPLC the
DBCs were obtained in high yields. This synthetic route offers

two advantages in regard to the preparation of amphiphilic DBCs.
First, the incompatibility of the biological and the synthetic moiety
is avoided because the coupling step is carried out in organic
solvents in which the organic polymer is readily soluble. Second,
the amphiphilic DBCs are produced fully automated in a single
process. This is possible because phosphoramidite chemistry was
employed for both the building of the ODN as well as for the
coupling reaction of the polymer. Alternatively, the coupling of
the organic polymer to the ODN can be carried out manually
by the so-called “syringe synthesis technique”.** The latter
method might have some drawbacks because high reproducibility
and efficient exposure of the phosphoramidite polymer to the
solid phase is not guaranteed to the same extent as in a DNA
synthesizer.

Another structurally important class of DBCs consists of graft
architectures where several ODNs are attached to the polymer
backbone to form a comb-like topology (Fig. 2). Three different
synthetic routes were developed to realize these structures. In the
first approach, the synthetic polymer was prefabricated, and in a
subsequent grafting step the ODNs were coupled in solution. One
way to attach the ODNSs to the synthetic backbone is amide bond
formation. Therefore, during the synthesis the polymer backbone
was equipped with active ester groups that were reacted with
terminal amino-modified ODNs.** As in the previous procedure,
a covalent bond between the organic polymer and the nucleic
acid units was realized with the help of amino-modified ODN:ss.
They were reacted with an alternating copolymer consisting of
ethylene and maleic anhydride units representing the backbone.*’
A second route for the preparation of graft architectures relies on
coupling the synthetic polymer to the ODN on a solid support.
This procedure is similar to the one described above for the
fabrication of linear amphiphilic DBCs using phosphoramidite
polymers. A major difference was that several phosphoramidite
groups along the polynorbornene backbone served as attach-
ment points for the ODNs.** A third variant for the prepa-
ration of DNA side chain polymers is based on polymerizable
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Fig. 2 The covalent attachment of terminally functionalized ODNSs to a synthetic polymer backbone.
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ODN-macromonomers. An acrylamide monomer was function-
alized via an alkyl spacer with a phosphoramidite group that can be
reacted with the 5'-end of an ODN. This polymerizable nucleic acid
moiety was transformed into a graft architecture by copolymer-
ization with acrylamide.*** The multimerization of nucleic acid
segments along a single organic macromolecule offers important
advantages in some applications, including DNA detection and
DNA hydrogels, which are discussed later in this review.

DBCs as a new gene delivery system

A wide variety of antisense oligonucleotides (ASOs) have at-
tracted considerable attention due to their specific interaction
with cytoplasmic mRNA, and therefore the blocking of specific
gene products. ASOs are not only a useful experimental tool in
protein target identification and validation for drug development,
but also a highly selective therapeutic strategy for diseases with
dysregulated protein expression.* Practical applications of ASOs
as therapeutic agents encounter two important problems: poor
cellular uptake and enzymatic hydrolysis.** This is the point where
DBCs come into play because cellular uptake of ODNs can be
enhanced and nuclease activity on ODN substrates can be reduced.

Park and co-workers have addressed the issue of poor cellular
uptake by employing micellar aggregates of different DBCs as
ASOs delivery systems. They prepared a DNA-b-poly(D,L-lactic-
co-glycolic acid) (PLGA) block copolymer by reacting amine-
terminated ASO with an activated PLGA. This amphiphilic DBC
formed micelles readily in aqueous solution with PLGA segments
as a hydrophobic core and ODN segments as a surrounding
hydrophilic corona. Atomic force microscopy (AFM) and dynamic
light scattering (DLS) analysis revealed spherical micelles with
a diameter of 80 nm. The in vitro uptake studies with NIH3T3
mouse fibroblast cells showed that the micelles were transported
into the cells more efficiently than the pristine ODN. Due to the
biodegradable nature of the organic polymer, these micelles could
release the ASO in a controlled manner.” The use of micelles as
ASO carriers encouraged the same group to extend their delivery
system to biocompatible DNA-h-PEO block copolymer systems.
In this case, nanoscopic aggregates were prepared by complexation
with polycations such as the positively charged fusogenic peptide
KALA,* and polyethyleneimine (PEI).* Both electrostatic com-
plexes exhibited a core containing the charged moieties, whereas
the corona was composed of PEO. The effective hydrodynamic
diameter of both micelle aggregates was around 70 nm, with a
very narrow size distribution. In the first conjugate, the ODN was
coupled to PEO via an acid-cleavable linkage (phosphoramidate)
so that the ODN could be released in the acidic endosomal
environment and could interact with the target mRNA sequence
to inhibit protein expression. In particular, the cellular uptake
behaviour and antiproliferation effects of the c-myb antisense
ODN-containing polyion complex micelles on smooth muscle cells
were investigated. It was shown that the micelles were incorporated
into the cells far more efficiently than the non-polymer-modified
ODN. Alternatively, the PEI cationic polymer was complexed with
DNA-b-PEO that codes for c-raf antisense, and the corresponding
electrostatic aggregate was applied to tumour-bearing nude mice.
Significant antitumour activities against human lung cancer were
measured. Interestingly, the polyion complex micelles showed a
higher accumulation level in the tumour cells than the pristine

ODN. Kataoka et al. have synthesized electrostatic complexes
of DNA-»-PEO and polycationic moieties such as PEI and
poly(L-lysine) (PLL).*** The micelle systems containing PEI
were designed in such a fashion that the ODN can be released by
hydrolysis from the PEO segment. Moreover, the stability of the
DNA-b-PEO within the polyion complex micelles against deoxy-
ribonuclease (DNase I) was demonstrated. Important findings in
regard to design effective antisense ODN delivery systems were
made with the electrostatically trapped micelles bearing PLL as
the polycation. Structural features of the DNA block copolymer
also included an acid labile linker between the PEO and the
nucleic acid moiety, and a lactose-targeting moiety attached to
the PEO segment. A significant antisense effect against luciferase
gene expression was observed. Micelles with a targeting unit
showed a more pronounced antisense effect than control
complexes without the lactose unit. The acid-labile linkage was
found to be crucial for high antisense activity, since control
experiments with a non-cleavable control DNA block copolymer
showed decreased performance.

Besides targeting mRNA, recently so-called antigene ODNs
that interact with ds DNA have been developed. These ODNs are
designed to bind to polypurine—polypyrimidine sequences through
triple helix formation and, thus manipulate gene function.>*** A
comprehensive study using DNA-b-PEO conjugates as antigene
ODN delivery systems for inhibiting the expression of the Ki-ras
gene and the proliferation of pancreatic cancer cells was carried
out by Xodo and co-workers.** A high molecular weight PEO
was conjugated to a G-rich oligonucleotide as previously reported
by the same group.®*** The uptake of DNA-b-PEO, which was
supposed to form a triplex with the promoter region of the Ki-
ras gene, was investigated by FACS and confocal fluorescence
microscopy, showing that the cells harboured the conjugate at a
concentration 6-7 times higher than the pristine ODN (Fig. 3). Of
equal importance is that the DNA-h-PEO efficiently inhibited the
transcription of Ki-ras mRNA, and the proliferation of pancreatic
cancer cells was reduced by 50%. It is important to mention that
the ODN-PEO conjugate itself did not promote any inhibition of
transcription by the anticipated interaction with the ds DNA. In-
stead, the antiproliferative activity was induced by binding of the
DNA-b-PEO to a nuclear factor recognizing the Ki-ras promotor
sequence by an aptameric mechanism. In this regard, the study
introduced a new antiproliferative strategy based on the use of
aptamers against nuclear proteins. On the other hand, this was the
first report of an aptamer consisting of a DNA block copolymer.

DBC:s used in purification of biomaterials

An important class of DBCs consists of the DNA-»-PNIPAM
conjugates, which are used for purification of biomacromolecules
employing a thermal stimulus. It is well-known that PNIPAM
exhibits a remarkable phase transition in aqueous media in re-
sponse to changes in temperature and therefore exhibiting a lower
critical solution temperature (LCST).**% This fully reversible
temperature-responsive behaviour has found application in the
purification of bioconjugates from reactants and other solutes em-
ploying small temperature increases above the LCST.?¢-28:31:32:67-72
In an important report, Freitag and co-workers synthesized a
DNA-b-PNIPAM conjugate, of which the nucleic acid segment
was capable of recognizing a sequence of plasmid DNA by triple
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Fig. 3 Cellular uptake of pristine ODNs (20-mer) and DBCs consisting
of a PEO and a nucleic acid block (20-mer). (a) FACS analysis of Panc-1
cells untreated and treated with 5pM ODN and MPEO-h-ODN. Cells were
analyzed by FACS 48 hours after the oligonucleotides were delivered to the
cells. Peak i, untreated cells; peak ii, cells treated with ODN-fluorescein
(F); peak iii, cells treated with MPEO-b-ODN-F. (b) Confocal images
of Panc-1 cells treated for 24 hours with 5 pM ODN-F (panels i, ii, iii)
and MPEO-ODN20-F (panels iv, v,vi). Panels i and iv show the nuclei of
Panc-1 cells stained in red with propidium iodide; panels ii and v show the
green fluorescence emitted by the fluorescein-conjugated oligonucleotides;
panels iii and vi are superimposed views obtained from i + ii and iv +
v. (¢) Confocal views of a Panc-1 cell showing that MPEO-A-ODN20-F
is harboured in the nucleus. Note the presence of the conjugate in the
nucleoli. The x—z panel shows a cumulative projection of x—z cross-sections
corresponding to the line depicted in the magnified cell. Reprinted with
permission from Nature Publishing Group (ref. 36).

helix formation (Fig. 4). After complexation below the LCST, the
plasmid target DNA could be precipitated quantitatively from the
solution by raising the temperature to 40 °C. After redissolution
at lower temperatures, DNA-b-PNIPAM was released from the
plasmid by changing the pH of the solution. The target DNA
molecule was obtained in yields of 70 to 90% in good purity.”
Plasmid DNA offers an attractive way to deliver therapeutic genes
for gene therapy and genetic immunization due to its simplicity
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Fig.4 Purification of pharmaceutical-grade plasmid DNA by triplex-he-
lix affinity precipitation procedure. LCST: Lower critical solution temper-
ature. Reprinted with permission from Wiley Interscience (ref. 71).

and excellent safety profile.”™ However, the dosage which has
been used in gene therapy is high,””” and the current purification
techniques will probably not meet the demands if these drugs
are routinely administered in the future. The triple-helix affinity
precipitation of plasmid DNA by DNA-H-PNIPAM conjugates
could serve as a practical system to provide large amounts of
pharmaceutical-grade plasmid DNA.

Besides the isolation of plasmid DNA, DNA-5-PNIPAM conju-
gates have been applied to the affinity precipitation and separation
of DNA-binding proteins.” For that purpose, PNTPAM terminally
functionalized with a psoralene group was photochemically
crosslinked with ds DNA to form a graft architecture. When
this side chain polymer containing a ds DNA backbone was
enzymatically ligated to a non-PNIPAM-modified DNA segment
encoding the so-called TATA-box, the corresponding TATA-box-
binding protein could be selectively separated from a protein
mixture by thermal affinity precipitation. In the future, this elegant
approach might be extended to the detection of unknown DNA
binding proteins such as transcription factors from cell lysates.

DBC:s used in sensitive DNA detection

Sensitive DNA detection is important in the fields of gene analysis,
tissue matching, and forensic applications. The key challenge is to
develop a material that efficiently senses the presence of ss or ds
DNA and converts it to a detectable signal, either electrochemi-
cally or by means of fluorescence. A first approach towards using
DNA block copolymers as probes for DNA detection was un-
dertaken by Haralambidis and co-workers.”® The rationalization
behind the use of employing a block copolymer architecture was
that the nucleic acid part is needed for molecular recognition,
while the polymer block allows the incorporation of multiple
labels along the backbone. A synthetically challenging method
was developed for achieving the linkage between the ODN and
the organic polymer segment, since the polyamide was attached to
the base of the nucleotide at the 5-end.” The polyamide unit was
synthesized employing standard Fmoc chemistry. This allowed the
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incorporation of several pyrenylated amino acid building blocks
into the peptide segment.” Significant excimer fluorescence from
the DNA-b-polyamide was detected due to the close proximity
of the chromophores. The multimerization of labels resulted in
an increase of the emission intensity, proving the concept of
a polylabel strategy. Hybridization of DNA-b-polyamide with
complementary sequences doubled the luminescence intensity of
the probe. This was possibly due to less pronounced stacking
interactions of the pyrene residues with nucleobases in the ds
DNA compared to the ss DNA. However, real DNA detection
was not realized.

Instead of DNA diblock copolymers, we developed a triblock
architecture for DNA detection. This novel structural concept is
based on fluorescence dequenching upon hybridization (Fig. 5A).
The so-called “twin probe” consists of a central fluorene deriva-
tive as fluorophore to which two identical oligonucleotides are
covalently attached.® This probe architecture was applied in a ho-
mogenous hybridization assay with subsequent fluorescence spec-
troscopic analysis. The bioorganic hybrid structure was well-suited
for sequence specific DNA detection, and even single-nucleotide
polymorphisms (SNPs) were identified with high efficiency. The
covalent attachment of two single-stranded oligonucleotides leads
to strong quenching of the central fluorescence dye induced by the
nucleobases, whereas when one oligonucleotide is coupled to the
fluorophore no dequenching upon hybridization occurs. The twin

Fig. 5 DNA block copolymers used in sensitive DNA detection. A) The
twin probe is applied for DNA detection by means of fluorescence in a
homogenous hybridization essay (adapted from ref. 80). B) Electro-
chemical detection of DNA by graft architecture (adapted from ref. 45).
C) Triblock architecture for the reagentless DNA detection (adapted from
ref. 40).

probe is characterized by supramolecular aggregate formation
accompanied by red-shifted emission and broad fluorescence
spectra. In the future, the central emitter unit will be extended
to oligomeric conjugated materials with the aim of increasing the
sensitivity of the probe.

In contrast to linear structures, a graft architecture for sensitive
DNA detection was realized by Mirkin and co-workers, who re-
ported the electrochemical detection of DNA by polynorbornene—
DNA hybrids (Fig. 5B).** Two kinds of DBCs with either
ferrocenyl or dibromoferrocenyl groups as well as ODNs were
prepared by ring-opening metathesis polymerization (ROMP).
With these DBCs, target concentrations as low as 100 pM could
be detected, which is one order of magnitude more sensitive than
the previously reported system based on ferrocene-containing
oligonucleotides.®

A structural alternative to graft architectures of DBCs used for
electrochemical DNA detection is a linear topology (Fig. 5C).
Grinstaff et al. prepared an A-B-A type triblock copolymer
containing two DNA strands linked via a small, flexible PEO
linker.* The capture strand was functionalized with a terminal
thiol for immobilization on a gold electrode. The probe strand
contained a 5'-terminal redox-active reporter group, ferrocene.
Upon binding of the target strand to the immobilized capture
strand the distance between the 5'-terminal ferrocene and the
electrode surface was decreased, resulting in an electrochemical
signal. This DNA triblock copolymer gives rise to a sensitive
reagentless electrochemical assay which is ideally suited for the
continuous, rather than batch, monitoring of a flow of analyte.®
Compared to the above described graft architecture, the estimated
detection limit of the assay was 200 pM of DNA.

DBCs in nanoscience

Nanotechnology has been one of the fastest developing research
areas in recent years. One of the key objectives in this fascinating
multidisciplinary field are nanoparticles, which most commonly
exhibit sizes in the range of 10-100 nm and size-dependent
properties different from the bulk materials. These objects can
either be composed of inorganic*®* or organic materials.®
Synthetic chemists have been extremely creative in finding new
methods for the preparation of nanoparticles. The chemical
synthesis techniques can, in principle, be divided into two general
strategies: 1) the mechanical milling of raw material down to
nanosized particles and 2) the conversion of the products or
educts dissolved in suitable solvents into nanodispersed systems
by precipitation, condensation or chemical synthesis. Especially,
within the chemical routes towards nanoparticles, polymers are
often involved, if one considers the preparation of polymer
dispersions®”® and dendrimers®*' or the aggregation of block
polymers.** When the solvent environment of a linear block
copolymer system is a selective solvent for one of the segments
and the other polymer unit is insoluble, spherical micelles of
nearly uniform size and shape are typically obtained, which can
be regarded as nanoparticle systems.”®

Translated into the context of amphiphilic DNA block copo-
lymers, this means that nanoparticles containing a hydrophobic
polymeric core and a ss DNA corona are obtained. In a previous
paragraph, the advantages of such systems containing a hydro-
phobic core of PLGA and a shell of ss nucleic acids have been
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discussed in regard to delivery of antisense ODNs. However,
amphiphilic DBC systems with polystyrene (PS)* and poly-
(propylene oxide) (PPO)** have also been synthesized.

The organic segment of DNA-h-PS polymers exhibited an M, of
5600 g mol~! while the lengths of the ODNs were adjusted to be a 5-
mer, a 10-mer and a 25-mer. The diameter of the resulting micelles
was measured by AFM and DLS, which are important tools for
the characterization of superstructures formed from amphiphilic
DBCs. The different lengths of the DNA segments resulted in
tailorable diameters of the micelles ranging from 8-30 nm. The
AFM measurements, carried out in tapping mode on a mica sur-
face in air, were consistent with the DLS data. These well-defined
block copolymer micelles were employed to build up sequence-
specific aggregates with DNA-modified gold nanoparticles. The
aggregates could be reversibly disassembled by heating them above
the melting temperature of the double-stranded DNA. This result
paves the way to higher-ordered nanostructures defined by the
recognition properties of DNA and the hydrophobic-hydrophobic
interactions of the water insoluble polymer segments. In such a
fashion, hybrid structures consisting of three classes of materials—
organic polymers, biological entities and inorganic moieties—
were realized. We believe that in the future various functions will
evolve from these materials, especially when the organic polymer
bears additional features like luminescent or semiconducting
properties.

The amphiphilic DBCs mentioned so far contain a hydrophobic
block with high glass transition temperature (7';), thus hindering
the easy dissolution of the amphiphilic structures and investigation
of the micellar properties because the so-called “frozen” micelles
hardly reach a state of thermodynamic equilibrium.? To overcome
these drawbacks, our group has prepared DNA-h-PPO polymers
in which the synthetic polymer block exhibits a low T (=70 °C),
which allows easy preparation of the micelle aggregates by just

dissolving the DBCs in an aqueous medium.** Moreover, the or-
ganic PPO segment has proven to be biocompatible with different
cell types, which might be of importance if such structures are
employed in living systems.”> The DNA-5-PPO formed spherical
micelles, which were characterized in detail by AFM and DLS. In
contrast to the work mentioned above, the AFM visualization
was conducted in buffer by soft-tapping mode. The height of the
micelles ranged from 6 to 18 nm, which was consistent with the
DLS measurements. These nanoparticles were introduced as a
novel template for DNA-templated synthesis (DTS).

DTS has emerged as a tool for nucleic acid sensing, small-
molecule discovery, and reaction discovery with the help of trans-
lation, selection, and amplification methods previously available
only to biomacromolecules like nucleic acids and proteins.” Based
on the effective molarity approach, complex small molecules and
polymer products were generated employing multistep DTS.

As templates, ss DNA strands representing one-dimensional
objects are commonly employed to assemble the reactant
DNA. However, there is also one report in which a two-
dimensional template, a trisoligonucleotide, was used.”” We ex-
panded the scope of DTS to three-dimensional templates using
spherical aggregates of DNA-H-PPO polymers as a platform to run
sequence-specific organic transformations.* Several organic reac-
tions proceeded in a programmable manner either at the corona of
the micelles or at the interface between the biological and organic
polymer blocks (Fig. 6). The yields of the reactions (isoindole
formation, Michael addition and amide bond formation) were
equivalent or better than for existing templates. Furthermore,
hydrophobic reactants can accumulate within the core to produce
higher yields. These templates composed of amphiphilic DBCs
are of great importance for DNA-templated chemistry because
it might allow sequence-specific programmable reactions to occur
while being protected from the environment, as in a cellular system.

Fig. 6 Schematic representation of DNA-templated synthesis applying DNA block copolymers. The micelles resulting from these polymeric architectures
consist of a hydrophobic core and a shell of DNA. Single-stranded micelles can be either hybridized with oligonucleotides which are equipped with
reactants at the 5'- and 3'-ends. The subsequent chemical reaction proceeds at the rim of the micelle (A) or at the hydrophobic/hydrophilic interface (B),

respectively (ref. 42).
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Besides spherical morphologies, amphiphilic block copolymers
self-assemble into a large number of different supramolecular
aggregates of various shapes which have recently been reported
and pioneered by Eisenberg®'™ as well as by other research
groups.'™? These morphologies are important because of their
specific applications in controlled drug delivery, encapsulat-
ing agents for catalysis, emulsifying agents, and in separation
systems.'®* The micelle sizes and shapes can be manipulated by the
chemical nature of the polymer'™ or by changing environmental
conditions like salinity, pH and solvent composition.!”® However, it
is still a challenge to perfectly control the morphologies and dimen-
sions of these aggregates. In our group, this aim was approached
by employing DBCs and exploiting the self-recognition properties
of the nucleic acid segments. DNA-5-PPO micelle morphologies
were altered by hybridization, transforming the ss nucleic acid shell
into ds DNA.** While hybridization of DNA block copolymer
aggregates with complementary short DNA has no significant
impact on the structural properties, base pairing with long DNA
templates induced a transformation from spherical into rod-like
micelles (Fig. 7). The Watson—Crick motif aligned the hydrophobic
polymer segments along the DNA double helix, which resulted
in selective dimer formation. The length of the resulting rod-like
micelles could even be adjusted precisely by varying the number of
nucleotides in the templates. Salient features of this novel strategy
are the sequence specificity and the structural uniformity of the
resulting micelle aggregates. This study, for the first time, demon-
strated that DNA nanostructures, which are usually generated
using base pairing of complementary ss ODN sequences,'”-'#106-110
can be built up by employing hydrophobic interactions, adding
a new tool to the field of DNA nanotechnology with respect to
structure formation.

Fig. 7 Schematic representation of hybridization of ss DNA-H-PPO
micelles with different DNA molecules. (a) Base pairing with a short
complementary sequence yields micelles with a ds corona almost main-
taining the structural properties of the ss aggregates. (b) Hybridization
with long DNA templates results in rod-like micelles consisting of two
parallel aligned double helices (ref. 94).

DNA hydrogels based on DBCs

In general, hydrogels are defined as crosslinked polymer networks.
Two different network architectures containing DNA are known.
The first class of DNA hydrogels was built up by chemically
crosslinking ds DNA strands."" As a crosslinking agent, ethylene
glycol diglcidyl ether was employed. Such DNA gels showed a
discontinuous volume transition when acetone was added to the
network that was swollen in aqueous medium. At a concentration
of 63% acetone, the volume of the gel fell by a factor of
15, and the process was proven to be reversible. Such phase
transitions are one reason why polymer networks have attracted
the attention of many researchers. Recently, several groups have
investigated synthetic polymer hydrogels and tried to induce phase
transitions by external stimuli.'? Gels can expand or contract
when triggered by tiny changes in temperature, light, solvent
composition, or when target molecules are bound. The ability
of the gels to undergo huge but reversible changes in volume
allows unique new systems to be created mainly for the purpose of
encapsulating and releasing materials. Since the synthetic polymer
chains of the gels cannot bind with the target molecules selectively,
conjugates of the receptors and the chain are needed. In contrast,
DNA has inherently a unique chain structure able to bind with
specific bio- and synthetic molecules.!''3 At this point, the
second class of DNA networks is introduced. The characteristic
of these structures is that the crossing points, not the polymer
network, consist of DNA. Nagahara and co-workers prepared
two different kinds of DBCs. Poly(N,N-dimethylacrylamide-co-
N-acryloyloxysuccinimide) was reacted with either an amino-
terminated 10-mer ODN exclusively containing adenine (oligoA)
or thymine bases (oligoT) to form graft architectures.* A first hy-
drogel was realized by hybridizing the side chain polymer carrying
oligoA with the conjugate containing oligoT. In a second route,
a hydrogel was formed by hybridizing two oligoT-derivatized
copolymers with a 20-mer adenine crosslinking strand. Nagahara
et al. prepared films of these hydrogel materials and characterized
the hybridization behaviour by UV-monitored melting curves. The
material exhibits two important properties. First, gel formation is
reversible and the temperature of dissociation can be controlled
by the composition and length of the ODN. Second, during the
gelation process, which can be carried out at room temperature,
the target molecule remains intact because of the mild and selective
hydrogen bond formation between complementary DNA strands.
Release of the target molecule might be achieved by denaturing
the double-stranded DNA crosslinks. Inspired by this approach,
Langrana et al. prepared DNA gels by adding a crosslinking strand
to a mixture of two DNA-polyacrylamide graft architectures.**
This DNA sequence was designed in such a fashion that it
was complementary to both ODNs of the DNA graft polymers.
As described for the previous example, hydrogel formation was
thermoreversible. But it was also possible to dissociate the DNA
crosslinks without a thermal stimulus. This was achieved by
introducing a toehold at the crosslinking strand or so-called
fuel strand consisting of an additional ss DNA segment that
does not hybridize with the DNA sidechains attached to the
polyacrylamide. When a so-called removal strand that is a full
complement to the fuel strand was added, the crosslinks could be
efficiently disintegrated. This change in the degree of crosslinking
was accompanied by a switch of the mechanical properties of the
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hydrogel. It needs to be pointed out here that all environmental
parameters such as temperature and buffer conditions remained
constant, so just the addition of a DNA strand induced a change
in the stiffness of the network. These kind of sequence-responsive
materials with modifiable bulk properties might be promising
candidates for biotechnology applications.

Outlook and perspectives

The combination of DNA and synthetic polymers in a covalent
fashion leads to engineered material properties of the hybrids that
cannot be realized with the polymer or the nucleic acid as single
entities. Several synthetic routes and coupling strategies are now
available to produce ss DNA di- and triblock architectures. These
methods especially allow one to vary the nature of the organic
polymer to exhibit hydrophilic and hydrophobic properties, as
well as thermoresponsive characteristics. However, a synthetic
limitation remains regarding the nucleic acid segments. So far,
the length of the DNA blocks is limited to around 40 nucleotides,
which is rather small in comparison to naturally occurring nucleic
acids like genomic or plasmid DNA. In the future, new synthetic
strategies need to be explored that allow researchers to overcome
this restriction. This could possibly be achieved by combining
polymer synthetic methods with procedures that are applied
in molecular biology. Since ss DNA block copolymers have
been prepared almost exclusively up to now, another remaining
synthetic task is the preparation of DNA multiblock structures
that might be realized by hybridization of already existing ss DNA
block copolymer building blocks.

DBCs have found promising applications in the field of antisense
and antigene delivery, DNA detection, and in nanoscience. In the
future more efforts must be devoted to optimize these applications
and broaden their use in the fields of bio- and nanotechnology.
With the use of DBCs in the context of nucleic acid delivery, a
promising research direction, namely investigating the interaction
of these materials with living cells, has been started. We believe
that these materials are highly promising in this regard, especially
in exploring the interactions of nanoparticles with natural systems.
Morphologies, sizes and surface charges can already be tailored
in micelle systems consisting of amphiphilic DBCs. Now it is
time to study uptake and transport properties of the systems in
cells and through biological barriers in regard to their physical
parameters. Once these relations are understood, one could even
consider using DNA block copolymer micelles for drug delivery.
The high modularity of this micelle platform with regard to
functionalization by just “clicking in” different components by
hybridization has already been demonstrated in the test tube. This
multifunctionalization might allow the targeting and release of
drugs in desired tissues with a precision not yet achieved.
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