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Abstract: Inspired by biological polymers, sequence-con-
trolled synthetic polymers are highly promising materials that
integrate the robustness of synthetic systems with the informa-
tion-derived activity of biological counterparts. Polymer—
biopolymer conjugates are often targeted to achieve this
union; however, their synthesis remains challenging. We
report a stepwise solid-phase approach for the generation of
completely monodisperse and sequence-defined DNA-poly-
mer conjugates using readily available reagents. These poly-
meric modifications to DNA display self-assembly and encap-
sulation behavior—as evidenced by HPLC, dynamic light
scattering, and fluorescence studies—which is highly depen-
dent on sequence order. The method is general and has the
potential to make DNA-polymer conjugates and sequence-
defined polymers widely available.

The control of monomer sequence in synthetic polymers is
a major challenge for modern polymer chemistry. The key
processes in molecular biology are executed by proteins and
nucleic acids—natural sequenced polymers capable of storing
data and generating complex structure and function. Syn-
thetic sequence-controlled polymers may find applications in
the fields of data storage and biomedicine, and in the creation
of materials with precisely tunable bulk properties and
function."! To date, a number of strategies have been
proposed for the synthesis of sequence-defined polymers,”
ranging from solid-phase sequential addition of monomers
through peptide coupling or other coupling reactions,”! to
biomolecule-templated polymerization,*! to control of the
polymerization mechanism such that addition of a one or few
monomers to a growing polymer chain is possible.”! Solid-
phase synthesis is especially powerful, as it allows for the
introduction of a variety of residues at specific positions on
a polymer chain.[®!
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An alternative method to introduce molecular recognition
elements into synthetic polymers is through biomolecule—
polymer conjugation,”’ where a conventional synthetic poly-
mer and an information-rich DNA or peptide/protein portion
are covalently connected.® DNA amphiphiles in particular
are especially attractive, because they can self-assemble into
a variety of morphologies through microphase separation
while retaining the “smart” and addressable biomolecule
component;[g] this can result in attractive platforms for
functional nucleic acids that can serve as aptamers and
silencing RNA,"! and as membrane anchoring and function-
alization tools."!! However, the synthesis of amphiphilic
DNA-polymer conjugates is fundamentally challenging, as
it requires the end-to-end coupling of a highly charged DNA
strand with a hydrophobic polymer chain. Polymers can be
attached to DNA by solid-phase synthesis; however, the
yields are suboptimal as these methods and materials are
designed for small-molecule attachment.

Herein we report a simple and versatile method for the
synthesis of sequence-defined polymers attached to oligonu-
cleotides. Our approach involves the sequential coupling of
short, well-defined oligomers to a DNA strand on a solid
support. We report the synthesis of monodisperse DNA—
polymer conjugates with hydrophilic and hydrophobic units
attached to a DNA strand in high yields and complete control
over the length and sequence of the monomer units in the
final structure.

Scheme 1 illustrates the general synthetic route for DNA-
polymer conjugates using phosphoramidite chemistry.'" In
each case, an oligonucleotide of mixed sequence, comprising
19 nucleotides, was first synthesized on the solid support using
standard automated procedures (SI-IIla, Supporting Infor-
mation (SI)). Next, short oligomers of well-known polymers
were appended to the oligonucleotide chain, using the same
automated phosphoramidite chemistry.

Initially, we used a commercially available dimethoxytri-
tyl (DMT)-protected dodecanediol phosphoramidite, which
corresponds to a hexameric section of poly(ethylene)—
referred to as hexaethylene (HE)—for the subsequent
coupling steps. The resulting DNA-polymer conjugate
would therefore consist of a DNA portion functionalized at
its 5' terminus with a series of HE units punctuated by
phosphate moieties. To probe the synthetic limit of the length
of these polymeric modifications to the 5’ terminus of the
DNA strand, molecules with 1 to 12 successive additions of
HE units were first synthesized.

Since the coupling efficiency remains excellent (>97 %),
it is surely possible to generate much longer polymers;
however, in this work we chose to stop at twelve units, due to
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Scheme 1. Synthetic methodology for DNA—polymer conjugates. Monomer phosphoramidites (blue and red squares) are coupled to the 5’ end of
the oligonucleotide on the controlled-pore glass support (CPG) in a stepwise fashion. This produces sequence-defined products with repeat units
HE and HEG (blue and red spheres). [a] Detailed synthetic protocol can be found in the Supporting Information.

the ease of division into blocks for sequence definition (vide
infra). The synthesized block copolymers were cleaved from
the solid support and the protecting groups were removed
under basic conditions (28% ammonia solution, room
temperature, overnight). Analysis of the crude mixtures by
reverse-phase HPLC (Figure SF2 (SI)) revealed a narrow
product distribution where the target molecule constituted
74-89 % of the isolated DNA, a much greater yield than that
generally found in couplings of full-length polymers to DNA
strands. In the analysis of the products by reverse-phase
HPLC (Figure 1) the retention time increased with number of
HE blocks, consistent with an increase in hydrophobicity with
each HE block added. The identity of the modified oligonu-
cleotides was confirmed by electrospray mass spectrometry
(ESI-MS) (Table 1) and matrix-assisted laser desorption
ionization mass spectrometry (MALDI-MS) (Table ST3
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Figure 1. Reverse-phase HPLC traces of purified HE,~-DNA conjugates.
Bold numbers above each peak refer to the number of HE units
appended to the 5’ terminus of the oligonucleotide. The relationship
between number of HE units and retention time is logarithmic
(Figure SF2 (SI)).
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Table 1: ESI-MS characterization and yields of DNA-HE conjugates.

Conjugatel® Product Calculated Mass
distribution [%] mass [Da] found [Da]

HE, 89 6029.14 6029.13
HE, 85 6293.29 6293.29
HE; 86 6557.44 6557.45
HE, 84 6821.59 6821.61
HE; 83 7085.74 7085.69
HEg 83 7349.88 7349.83
HE,, 74 8934.78 8934.68

[a] Attached to the 5" terminus of DNA sequence TTTTTCAGTTGACCA-
TATA [b] Percentage of total DNA isolated. See SI-1llb (SI) for further
details.

With the HE,~DNA molecules characterized, we were
interested in the self-assembly behavior of these block-
copolymer-like DNA amphiphiles to confirm whether the
phosphate-punctuated HE section would behave like a hydro-
phobic polymer. To probe the self-assembly in solution,
dynamic light scattering (DLS) was used to determine the
presence and hydrodynamic radius of micellar aggregates. It
was found that HE,-DNA containing five or fewer HE units
existed as discrete molecules at a concentration of 10 um in
Mg**-containing buffer, as indicated by poor scattering
intensities (Figure SF7 (SI)). However, for HE.-DNA, scat-
tering was observed which correlated to a sphere with
a hydrodynamic radius (R,) of 6.5+ 0.4 nm (Table 2). This
size correlates with DNA-based spherical micelles and is
consistent with the tight packing of the HE chains in
a hydrophobic core surrounded by a charged corona made
up of DNA.P®l Assuming a linear DNA geometry (6.1 nm),
this result suggests that the HE, chain (1.9 nm per unit if
stretched) is folded on itself multiple times and potentially
adopts a “concertina” structure analogous to that of phos-
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Table 2: ESI-MS characterization and percent yields of sequence-defined
HE-HEG polymers.

Conjugatel Product Calculated Mass
distribution [%]® mass [Da] found [Da]
(HE-HEG), 51 9414.63 9414.60
(HE,-HEG,), 62 9414.63 9414.58
(HE,-HEG,), 56 9414.63 9414.58
HEgHEG, 67 9414.63 9414.58
HEG-HE, 78 9414.63 9414.60

[a] Attached to the 5" terminus of DNA sequence CAGTTGACCA-
TATA [b] Percentage of total DNA isolated. See SI-1lIb (SI) for further
details.

pholipid bilayers. For HE,—~DNA under the same conditions
R,=11.340.1 nm, implying that the HE,, chain is more
extended. The spherical morphology, monodispersity, and
relative size of micelles were confirmed by atomic force
microscopy (AFM; Figure 2). Thermal and electrophoretic
hybridization studies (Figures SF3 and SF6 (SI)) concluded
that all of the HE,~DNA molecules retained their ability to
hybridize to a complementary DNA strand, highlighting the
orthogonal nature of these modes of intermolecular self-
assembly.

10nm

-2.5nm [8 -10nm

Figure 2. Atomic force microscopy image of a) HE;—DNA micelles and
b) HE,,—DNA micelles in air; for details see SI-IvVd (SI).

To further show that the behavior of the conjugates was in
line with block copolymer assembly, encapsulation of guest
molecules within the hydrophobic core of the micelles was
performed using Nile Red, a fluorescent dye that displays
significant fluorescence in hydrophobic media but negligible
emission in aqueous solution.™™ An increase in fluorescence
was observed with increasing number of HE units in a 10 pm
aqueous solution of the DNA conjugates; the self-assembled
macromolecular structure showed the expected dependence
on the component molecular structure (Figure 3).

We can therefore conclude that through phosphoramidite
coupling, we have produced DNA-poly(ethylene) conjugate
mimics in good yields with total control over the degree of
polymerization (up to 72 units), leading to molecularly
monodisperse products. The presence of phosphate moieties
in the polymer backbone does not hinder the hydrophobic
properties of the polymer section and spherical micelles
capable of encapsulating guests are produced.

Since the stepwise synthesis is inherently sequential, we
decided to explore whether a mixed system of hydrophobic
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Figure 3. Fluorescence of Nile Red in the presence of 10 pm HE-
modified DNA. Dark circles are HE blocks; fluorescence increases with
the number of blocks.

HE blocks and hydrophilic hexaethylene glycol blocks (HEG,
also available as a commercial DMT-protected phosphora-
midite reagent) could be synthesized, and what self-assembly
properties the resultant sequence polymers might exhibit.
Five different modified oligonucleotides each containing a 5’
modification 12 units in length (six HE, six HEG units) were
successfully synthesized. Each of these DNA strands differs in
the pattern of the HE and HEG units, which were grouped
into blocks of one, two, three, and six oligomers. For the
blocks of six oligomers, the position with respect to the DNA
was also varied, producing two triblock architectures, HEG-
HE(-DNA and HE--HEG4-DNA. These modifications were
synthesized under the same conditions as those described for
the HE,—~DNA versions and reverse-phase HPLC ascertained
that one major product was obtained for all sequences, in
contrast to a nonsequenced control (Figure SF1 (SI)). Typi-
cally, the best coupling efficiency occurs when the added
monomer is the same as the one preceding it. We anticipate
that coupling protocols for monomer crossover can be
optimized through longer coupling times, increased monomer
concentration, and solvent choice. A gradual increase in
retention time on the HPLC column was observed as the
block size increased from one in (HE-HEG); to six in HE,-
HEGg (Figure 4a), indicating a gradual increase in overall
hydrophobicity. This may be due to the fact that a minimum
number of adjacent HE units are needed to create a hydro-
phobic pocket that is available for interaction with the
stationary phase, whereas hydrophilic groups flanking each
HE, block may diminish strong interactions with the sta-
tionary phase.

Another variable in the block pattern that affects the
hydrophobic behavior is the position of the HE and HEG
blocks with respect to the hydrophilic oligonucleotide; this is
evident in the comparison of the molecules HE;-HEG-DNA
and HEG4,-HE¢-DNA (Figure 4b). In terms of the amphiphi-
licity of the different block patterns, HE,-HEG4-DNA is
a typical amphiphile with a distinct hydrophilic DNA-HEG
block and a hydrophobic HE terminus. The bola-amphiphilic
HEG¢-HE(-DNA may adopt a structure in which the
oligonucleotide and the HEG blocks provide better shielding
of the HE portion from the aqueous medium.

To investigate the effect of block pattern on the amphi-
philic self-assembly in solution, DLS measurements were
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Figure 4. Reverse-phase HPLC traces of sequence-defined HE-HEG
polymers. a) HE/HEG block sizes from 1 to 6. b) HE/HEG block
positions for HE-HEG;-DNA and HEG¢-HE-DNA with respect to the
DNA portion.

carried out for the HE/HEG series. We found that the trends
in hydrophobicity observed by HPLC were amplified under
self-assembly conditions. The strands with polymer sequences
(HE-HEG),, (HE,-HEG:,);, and (HE;-HEG:j;), did not exhibit
self-assembly at this concentration (10 um). However, strong
scattering was seen for HE,-HEG4-DNA with an associated
Ry, of 9.7+ 0.9 nm, although not for HEG,-HE-DNA. AFM
characterization was also attempted for HE,-HEG4-DNA but
was less conclusive than for the HE system; this is likely due
to different surface adsorption properties which may be
mediated by the addition of HEG blocks (SI-IVd (SI)).
Firstly, the DLS observations lend further weight to the
hypothesis that a minimum block size of HE is required for
significant hydrophobic character to be exhibited. Further-
more, the effect of the positioning of the blocks with respect
to the oligonucleotide portion is also a major factor in the self-
assembly: the terminal HE, block results in micellization,
whereas a central HE block prevents aggregation. Thermal
and electrophoretic hybridization experiments confirmed the
availability of the DNA (Figures SF3 and SF6 (SI)).

The sequence-specific self-assembly was also assessed
using the encapsulation of Nile Red (Figure 5). In this case
a small increase in fluorescence was seen as the block size
increased from one to three HE units. This is consistent with
a degree of intramolecular collapse of adjacent HE units, such
that progressively larger hydrophobic domains are generated
as the block size increases. At a block size of six, both of the
DNA-sequence polymers displayed a similar level of Nile
Red fluorescence, although that of HEG-HE-DNA was
slightly lower. A small, but reproducible, red shift of the
maximum emission from the bola-amphiphile (640 nm) with
respect to the linear amphiphile (645 nm) was also observed,
which indicates that Nile Red is in a more polar environ-
ment." This is consistent with an intermolecular spherical
micelle being formed by HE,-HEG¢-DNA, and an intra-
molecular hydrophobic domain being formed in HEG4HEg-
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Figure 5. Fluorescence of Nile Red in the presence of 10 pm HE/HEG-
sequenced modifications. Increasing intensity is observed with increas-
ing block size. Filled circles: hydrophobic HE; empty circles: hydro-
philic HEG.

DNA, resulting in a lower volume-to-surface area ratio and
greater exposure of the dye to the solvent.

Finally the reversibility of the self-assembly process was
investigated using DLS. It was found that the presence of
Mg** ions was required for micelle formation and could be
used to “switch on” and “off” the aggregation. Upon addition
of Mg** to a solution of discrete HE,-DNA, HE,-DNA, or
HEHEG¢-DNA strands, assembly was observed by DLS
within 45 seconds. Furthermore, addition of EDTA to seques-
ter Mg®" ions was found to cause deaggregation within
30 seconds. In both cases, the nonassembling sequence HEG-
HE,-DNA showed no change (Figures SF8-SF10 (SI)).

In conclusion, we have demonstrated a facile and high-
yielding procedure for the production of monodisperse
amphiphilic DNA block copolymers using standard auto-
mated techniques and commercially available materials. Such
materials have been previously extremely difficult to obtain in
good purity and yield, and with reliable characterization.
Secondly, we have further shown that the same procedure can
easily be used to create synthetic sequence-defined polymers,
and that the variation in the overall hydrophobicity, self-
assembly, and encapsulation properties can be logically
altered by variation of the sequence. Control of sequence-
specific hydrophobic intra- or intermolecular aggregation
within a polymer is an important result: the same process is
a major determinant of protein folding, and by mirroring that
assembly here, the stage is set for synthetic mimics of the
complex structures and functions exhibited by biological
sequenced polymers.” The methods reported are accessible
to any researcher with the capacity for oligonucleotide
synthesis, and in principle the scope extends far beyond the
HE and HEG components used here—other diols can be
converted into a DMT-phosphoramidite reagent and used
similarly. Importantly, many functional groups, such as
amides, aryl halides, ethers, disulfides, maleimides, alkenes,
alkynes, and protected amines are compatible with phosphor-
amidite coupling. Oligonucleotide strands of up to 100
additions can typically be produced with standard equipment,
and since the coupling efficiency is excellent, similar max-
imum lengths can be expected. This synthetic method has the
potential to produce new oligonucleotide conjugates for use
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in therapeutics and as supramolecular foldamers or simple
protein mimics for the study of complex self-assembly
mediated by hydrophobic and other supramolecular inter-
actions.
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