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ABSTRACT: Nucleic acids play key roles in Nature, including the storage of genetic information and the translation into a 
wide variety of proteins that collectively build up cells. Their intrinsic programmability can be utilized to bind specific targets 
for a wide variety of biomedical applications. However, naturally derived nucleic acids are susceptible to degradation and 
their large-scale synthesis is costly. Although artificial polymeric nucleic acids show great promise, they are typically more 
flexible, and therefore their secondary structure hard to control. Here, we designed polymerizable monomers that upon free-
radical polymerization were able to form micrometer-long fibrous structures containing mononucleotide grafts. These fibers 
were a direct result of predesigned non-covalent interactions along the polymer backbone supported by the inclusion of 
peptide linkers installed between polymerizable headgroups and mononucleotides. The resulting hybrid nucleic acid-peptide 
homopolymers exhibited secondary structure signatures analogous to natural RNA but were unfolded and fibrous in 
morphology, in contrast to the collapsed globular structures typically observed for natural RNA in water. The peripheral 
exposed mononucleotides showed capacity to engage in complementary binding to both 1D and more complex 3D nucleic 
acid structures, showing potential to be utilized as templates for biomedical applications.

Built of only four distinct repeatable units, strands of 
deoxynucleic acids (DNA), stored in cellular nuclei, encode 
for all the genetic information that sustains life.1, 2 Next to 
the remarkable ability to be translated into all proteins 
present in cells, its predictable Watson-Crick-Franklin base 
pairing enables reliable binding of targets with extremely 
high precision. RNA displays many structural similarities to 
DNA, e.g., the phosphodiester backbone, carbohydrate 
(ribose instead of deoxyribose) and four distinct 
nucleobases (containing uracil instead of thymine). In 
contrast to DNA, RNA mainly exists as a single stranded 
polymer able to translocate genetic information from the 
nucleus across the cell, and can form complex secondary 
structures allowing binding to specific receptors. However, 
RNA is less stable than DNA due to the extra 2'-hydroxyl 
group present at the ribose carbohydrate.3 Using natural or 

modified DNA or RNA opens up a variety of applications, 
including in the study of fundamental processes in vivo, such 
as disease progression, the ability to alter cellular 
processes, gene therapy, immunity engineering or drug 
delivery, and as probes for biosensing and disease 
diagnosis.4-6

Despite the remarkable properties of nucleic acids, they 
suffer from poor stability. This instability is due to their 
folding and binding being dependent on high salt 
concentrations, typically much higher than is 
physiologically relevant.7 Moreover, the (organic) synthesis 
of micrometer long synthetic nucleotide sequences on the 
milligram-to-gram scale is difficult to achieve. For decades, 
researchers have been exploring different ways to stabilize, 
manipulate and create nucleic acid mimics aiming to unveil 
their full potential for a wide variety of applications. 
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Approaches range from introducing small modifications 
within the backbone or nucleobase,8 to hybrid DNA grafted 
polymers,9 artificial foldamers10 and nucleobase-
functionalized polymers.11 In particular, peptide nucleic 
acids (PNAs), discovered in the early 1990s, have shown 
great potential.12 Since PNAs do not include phosphate in 
the backbone, the absence of charge endows the molecule 
with high binding affinity towards DNA, resulting in 
stronger binding compared to the DNA/DNA interactions 
present in DNA duplex formation. PNAs, however, are very 
short in length (about 15-20 nucleobases), and aside from 
containing nucleobases, they do not display other 
characteristic features of DNA and RNA (phosphates and 
(deoxy) riboses). Also, despite their high stability and 
resistance against nucleases and proteases, their circulation 
time in vivo is only a few minutes, similar to unmodified 
oligonucleotides.13 Additionally, the intrinsic hydrophobic 
nature of PNAs is prone to form globular structures and 
large aggregates, as well as non-sequence-specific 
binding.14

The iterative synthesis of sequence-controlled molecules, 
i.e., utilized during the synthesis of synthetic DNA, RNA and 
PNAs,15, 16 typically results in restricted polymer lengths due 
to the accumulation of near complete yields and side 
product formation (such as deletion sequences). 
Polymerization strategies that have been used to address 
this limitation include living radical polymerization 
techniques, such as reversible addition fragmentation chain 
transfer (RAFT) and atom transfer radical polymerization 
(ATRP).11 This approach allows the fabrication of DNA-
grafted polymers with various architectures, displaying 
oligonucleotide blocks in a linear or branched fashion.17 The 
resulting block-co-polymers produced in this way follow 
similar self-assembly rules as 2D materials, in which the 
packing parameter dictates the subsequent shape they 
form.18 However, the intrinsic negative charges situated on 
the phosphates can create collective repulsion and 
polymeric collapse into densely packed and globular 
structures that likely display limited complementary 
binding capacity even when a high salt concentration is 
used. To prevent such collapse and allow pre-alignment for 
optimal binding, simultaneous tuning of the molecular 
structure, polymerization strategy, and assembly protocol 
is required. For example, DNA bottlebrushes19 and the self-
assembly of amphiphilic DNA polymers into fibrous DNA 
brushes have been developed.20, 21 Similar to spherical 
nucleic acid nanoparticles,22 the high density of 
oligonucleotides displayed on these polymers is expected to 
enhance the performance in e.g., biosensing and gene 
regulatory applications due to gained avidity, though DNA-
grafted polymers still suffer from drawbacks, such as low 
synthesis yields and only small DNA block lengths.9, 23 

Although the native DNA, and also RNA, molecular 
structure is able to fold in double helical or complex tertiary 
structures (such as the coaxial stacking in tRNA), such 
control over the folding of simple artificial polymers with 
pendent mononucleotides is hard to achieve due to the 
inherent flexibility of the polymeric backbone and a lack of 
non-covalent interactions that could aid in supramolecular 
folding.  Here, we have developed a simple polymerization 
platform to create micrometer long and fibrous nucleic acid 

mimicking polymers using free-radical polymerization. 
Both DNA and RNA mimicking homopolymers were 
synthesized and their self-assembly was investigated using 
a variety of experimental techniques (including 
spectroscopy, scattering, and microscopy) and 
computational molecular dynamics simulations. The 
synthesized hybrid polymers assembled into fibrous 
morphologies in aqueous solutions facilitated by non-
covalent interactions lateral to the polymeric backbone. 
This enabled the formation of pre-organized fibers that 
supported transient interactions with complementary 
native and natural RNA and DNA.

RESULTS AND DISCUSSION
Molecular design and synthesis. Radical polymerization is 

a powerful technique to synthesize polymers with repeated 
units.24 Although a controlled length can be obtained when 
a chain transfer agent is used ― e.g., during RAFT 
polymerization25 ― much longer polymer chains can be 
achieved, containing over thousand repeats, in an 
uncontrolled fashion. However, there is a play-off between 
length and polydispersity of the final polymer product. 
Moreover, the molecular structure as well as the solvent 
choice can influence polymerization reactivity and hence 
the outcome. Here we employed uncontrolled free-radical 
polymerization to achieve nucleic acid mimicking polymers 
that are micrometers in length.

Grafting mononucleotides directly to the polymeric 
backbone might result in a polymeric collapse into packed 
structures in an aqueous solution, due to the collective 
repulsive forces between the negatively charged phosphate 
groups that are present in the lateral mononucleotides and 
might create limitations for complementary binding. To 
support a fibrous-like morphology, we introduced a short 
peptide linker between the methacrylate and 
mononucleotide (Scheme 1) to encourage additional non-
covalent interactions to form. Non-covalent interactions, 
such as hydrogen bonds and hydrophobic interactions, can 
overcome the negative repulsive forces by stabilizing the 
polymeric backbone in the lateral direction.

Hydrophobic amino acids were considered for the 
peptide linker design to create a substantial hydrophobic 
pocket that would encourage a hydrophobic collapse, 
thereby protecting the inner non-covalent bonds from 
water penetration and interference. The most utilized 
amino acid in short peptide self-assembly is phenylalanine 
(e.g., in Fmoc-FF26), due to its ability to form strong π–π 
interactions between adjacent aromatic rings. In this 
instance, non-aromatic amino acid alanine was selected for 
use in the peptide linker design as the absorbance of phenyl 
rings (due to the inclusion of phenylalanine) overlaps with 
nucleic acid absorption (at around 260 nm27), thereby 
complicating spectroscopic observations. Moreover, the 
short methyl side-chain of alanine is anticipated to reduce 
steric hindrance between adjacent side-chains. As such, the 
following spacer design was chosen for this study: a peptide 
linker containing two alanine residues to ensure a 
hydrophobic pocket; a flexible glycine to provide spacing 
and bond rotation; and a threonine onto which a 
mononucleotide could be installed (AAGT). A modular 
synthesis platform was developed to fabricate artificial DNA 
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(pAAGT-dN, N=nucleotide) and RNA (pAAGT-rN) 
homopolymers displaying the mononucleotides adenine 
(dA or rA), uracil (rU) or thymine (dT) (r indicates RNA and 
d indicates DNA, Scheme 1).

DNA and RNA mononucleotides were first activated with 
piperidine prior to coupling to an N-terminal methacrylated 
peptide linker (MA-AAGT). Commencing with either DNA or 
RNA mononucleotides (rA, dA, rU or dT, 5’-
monophosphates, where r indicates RNA and d indicates 
DNA), both DNA and RNA mimicking homopolymers were 
obtained by uncontrolled free-radical polymerization. The 
water-soluble initiator VA-04428 was utilized to generate 
radicals at elevated temperature and initiate the radical 
polymerization reaction in a mixture of dioxane/water to 
disrupt potential non-covalent interactions between side-
chains. After 2 h at 80 °C, the reaction was quenched in 
liquid nitrogen and the mixture was dialyzed against water. 
Lyophilization afforded the homopolymeric peptide–
nucleotides. The polymers obtained were characterized 
using proton 1H and phosphorus 31P solution NMR (SI, see 
synthetic procedures), and several spectroscopic, 
scattering, and microscopic techniques (see below and SI). 
Due to the inherent charges, characterization using gel 
permeation chromatography (GPC) to obtain a number 
average molecular weight estimate was unsuccessful as the 
polymers interacted strongly with the column (SI, GPC 
chromatogram section). Matrix assisted laser 
desorption/ionization (MALDI) confirmed polymeric 
species and dynamic light scattering (DLS) the existence of 
aggregated structures (SI, MALDI and DLS, respectively).  

As proof-of-concept, a cytosine dC polymer was also 
synthesized. It should be noted that cytosine- and guanine-

rich sequences typically adopt complex secondary 
structures including i-motifs29 and G-quadruplexes,30 
respectively, and therefore might form complex secondary 
structures. These types of structures were likely apparent 
during the nucleotide activation, in which organo gels 
quickly formed with only a low or negligible amount of the 
desired activated nucleotide species.

Homopolymers contain non-covalent interactions between 
lateral side-chains. First, the assembly and internal order of 
the individual DNA and RNA mimicking homopolymers was 
investigated in water using CD and UV spectrophotometry. 
To reduce kinetically trapped structures, the samples were 
briefly heated to 80 °C for 5 min and subsequently allowed 
to cool to room temperature, followed by overnight 
equilibration prior to analysis.

As a control, the polymeric peptide without any 
mononucleotides attached was used. The control 
polypeptide (pAAGT) showed a negative Cotton band at 
approximately 190 nm in the CD spectra (SI, Figure S1A). To 
investigate whether a free tetrapeptide sequence is capable 
of facilitating supramolecular self-assembly in the lateral 
direction, and omitting the influence of a covalent linkage, 
i.e., stacking of tetrapeptides as a result of non-covalent 
interactions rather than covalent bond fixation, the peptide 
sequence AAGS was investigated in CD as well. Comparing 
this free peptide sequence AAGS to polymeric pAAGT 
revealed a lower stability at elevated temperatures (SI, 
Figure S1B). This might indicate that there are weak lateral 
non-covalent interactions present, though, are easily 
broken as compared to a stable covalent reinforcement. 
Both CD curves resembled a random coil conformation 

Scheme 1. Synthesis of homopolymeric DNA and RNA mimics. DNA and RNA mononucleotides adenine (A), thymine (T, only DNA) 
and uracil (U, only RNA) were pre-activated with piperidine prior to coupling to a methacrylated peptide linker MA-AAGT. The 
obtained monomers were then polymerized using the radical initiator VA-044 for 2 h, at elevated temperature, to afford the 
homopolymers pAAGT-rA, pAAGT-rU, pAAGT-dA and pAAGT-dT (r indicates RNA and d indicates DNA).

Page 3 of 11

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

found in proteins rather than -helical or -sheet 
arrangements.31 This suggests that the lateral peptide side-
chains may only adopt very weak non-covalent interactions 
that are unable to support ordered structures (such as an α-
helix or β-sheet), arising from asymmetric amplification of 
hydrogen bonding between stacked lateral amides (hence 
preference for helicity). The reinforcement of the covalent 
backbone might also hamper optimal lateral peptide 
stacking and ordered secondary structures to form. 
Nevertheless, the absence of CD and UV (SI, Figure S1A) 
signals above 200 nm in the peptide polymer pAAGT 
enables the investigation of non-covalent interactions 
between nucleic acids in the next step (i.e., in the nucleic 
acid homopolymers), that are expected to occur around 260 
nm.27

The synthesized peptide-DNA and peptide-RNA 
homopolymers were first investigated by UV and CD while 
comparing to the free monomeric nucleotides and 
commercially available natural polynucleotides 
(polyadenylic acid, PolyA and polyuridylic acid, PolyU). 
Note that in contrast to natural polynucleotides that have 
the mononucleotides connected via their phosphate 
backbone, the peptide–nucleotide grafts can freely rotate 
around the polymer axis as they are only connected at the 
end of the peptide linker, enriching them with more 
flexibility. All DNA and RNA mimicking homopolymers 
showed distinct CD signals, in combination with similar 
absorbance maxima around 260 nm (SI, Figures S2‒S5). 
The RNA artificial polymers showed a slightly higher CD 
signal, as compared to their DNA equivalents, despite 
having additional hydroxyl groups at the 2'-location in the 
ribose (SI, Figure S2). In particular, the artificial 
homopolymer pAAGT-rA (RNA adenine) displayed a 
substantial CD signal.

Figure 1 (and SI, Figure S3) shows a comparison of 
pAAGT-rA (RNA adenine, Figure 1A) with mononucleotide 
adenine (rAMP, Figure 1B) and native PolyA (Figure 1C). A 
distinct CD spectrum was not expected for mononucleotide 
rAMP (Figure 1B), because of repulsive electrostatic 
interactions that discourage intermolecular non-covalent 
interactions, and hence supramolecular self-assembly, to 
occur. In practice, AMP shows a slight CD effect, possibly 

arising from its rotation relative to the (deoxy)ribose.32 The 
lack of an observable temperature responsiveness further 
confirms a lack in supramolecular assembly. In contrast, 
pAAGT-rA (Figure 1A) did show a distinct CD spectrum, 
significantly different from rAMP, potentially indicating the 
existence of directional non-covalent interactions. The 
pAAGT-rA spectrum was also strikingly similar to the 
spectrum of native PolyA (Figure 1C). However, the CD 
intensity was significantly lower, and the maxima and 
minima bands were slightly shifted (Figure 1A vs 1C, and 
Figure S2-S3). Both pAAGT-rA (Figure 1A) and native PolyA 
(Figure 1C) displayed gradually decreasing CD intensities 
upon increasing temperature. This temperature 
responsiveness indicates a slight change in morphology, 
which is likely due to the gradual disruption of non-covalent 
interactions between the lateral monomers (such as 
nucleobase-nucleobase interactions) upon increasing 
temperature. In contrast, the artificial homopolymer uracil 
(pAAGT-rU) and native PolyU remained stable upon 
increasing temperature, with only modest changes 
observed in the CD spectra (SI, Figure S4), indicating a 
potential lack of non-covalent interactions between lateral 
uracil nucleotides within these polymers.

To investigate whether the non-covalent interactions 
originate from lateral nucleotide–nucleotide interactions 
(hydrogen bonds between the carbohydrates and/or π–π 
between adjacent nucleobases), a “good” solvent 
(acetonitrile, ACN) was gradually added to increase the 
solvation of the slightly hydrophobic nucleobases. Upon 
increasing acetonitrile content any non-covalent 
interactions present are disrupted evidenced by a change in 
CD signal. Indeed, upon the addition of ACN to pAAGT-rA 
(Figure 1D), the CD signal arising from the nucleotides 
decreased and more closely resembled the free monomeric 
rAMP (Figure 1B), whereas the CD signal arising from the 
peptide backbone remained similar. This observation 
confirms the existence of lateral interactions between 
nucleobases in water.

 Additionally, the influence of salt on the secondary 
structures was examined. Salt was found to have a 
negligible influence on the secondary structure of the 
polymers since both the CD and UV spectra of the 

Figure 1. Circular dichroism studies of the artificial homopolymer pAAGT-rA (A and D) as compared to free mononucleotide adenine 
(rAMP, B) and native PolyA (C). CD spectra are depicted with variable temperatures (A-C) or acetonitrile (ACN) content (D). Spectra 
(B) and (D) are 10 points smoothed for clarity. λ = 1 mm and c = 0.35 mg mL-1 in 10 mM phosphate buffer including 100 mM NaCl 
(pH7) or λ = 10 mm and c = 0.035 mg mL-1 in water or water/acetonitrile (D).
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homopolymers dissolved in either water or phosphate 
buffer (with 100 mM NaCl) were similar (SI, Figure S6).

Taking all the CD results together, lateral assembly of the 
structures, in particular pAAGT-rA, and to the lesser extent 
in the other variants, was evidenced by: (1) a significantly 
different CD profile relative to free monomeric nucleotide, 
(2) a gradual decrease in CD signal upon increasing 
temperature indicating morphology changes, and, (3) 
lateral nucleotide–nucleotide interactions were disrupted 
in organic solvent (ACN). The reduced intensity of the CD 
signal and the shift in Cotton bands, compared to native 
poly-RNA, suggests reduced order and potentially a 
decrease in pitch length. The slightly lower CD signal of the 
DNA polymers compared to their RNA equivalents 
underpins the importance of stereochemistry in 
supramolecular self-assembly. The influence of the 
carbohydrate stereochemistry has previously been 
demonstrated to influence supramolecular packing and 
subsequently the helicity.33, 34

Homopolymers assemble into fibrous structures. 
Scattering and microscopy techniques were employed to 
assess the morphology of the structures formed by the 
different homopolymeric variants as compared to native 
polyA. Negative stained transmission electron microscopy 
(TEM) revealed fibrous structures approximately 4 nm in 
diameter for both RNA and DNA artificial homopolymers 
(Figure 2A and B, and SI, Figure S7), whereas collapsed 
globular structures were observed for native PolyA (Figure 
2C). These results complement the spectroscopic data and 
confirm that non-covalent interactions between the 
peptide–nucleotide side-chains led to a lateral alignment 
and to more extended conformations. Synchrotron small 
angle X-ray scattering (SAXS) revealed similar scattering 
curves for the artificial RNA and DNA homopolymers with 
only slight differences with respect to the control 
polypeptide pAAGT and native RNA (SI, Figure S8). The 
scattering profiles were all straight and featureless with a 
slope of –1.60 for the artificial homopolymers, compared to 
–1.45 for the control polypeptide, pAAGT. A negative slope 
of –1 is indicative of cylinders. After fitting the data using a 
flexible cylinder model, the cross-sectional diameter for 
both artificial RNA and DNA polymers were calculated to be 
~3.6 nm, in contrast to 3.0 nm for pAAGT (SI, Table S1). 
These values agree with the fibre diameter of ~4 nm 
observed in TEM (Figure 2A and B).

Additionally, dynamic nuclear polarization (DNP)-
enhanced 31P dephased 15N observed rotational-echo 
double-resonance (REDOR) experiments35 were performed 
on selected samples. This solid-state NMR technique 
extracts information about the distance between the 
nitrogen atoms of the amino acids and nucleotide relative to 
the phosphorous atom of the phosphate group, thereby 
allowing the investigation of the conformation, hence 
folding, of the nucleobase relative to the peptide linker. As a 
model homopolymer, pAAGT-dT was used as pAAGT-rA 
was insufficient (only ~5 mg was used instead of the 
required ~10 mg) to obtain a reliable signal enhancement. 
A significant DNP signal enhancement (DNP) of 94 with a 
build-up time TB of 3.4 s was obtained, upon which each 15N 
signals at natural abundance were observed. pAAGT-dT (SI, 
Figure S9A) showed the expected peaks correlating to 
glycine and threonine (centred at 109 ppm) and alanine (at 
ca. 121 ppm) within the peptide linker and N1 (144 ppm) 
and N3 (154 ppm) of the thymine nucleobase.36 The 
Boltzmann-statistic fitting of the REDOR dephasing curves 
(BS-REDOR)37 afforded the measurement of distances 
between the phosphorous and nitrogen atoms (SI, Figure 
S9B-E) and were determined to be around 7.5 Å (Gly/Thr), 
5.8 Å (N1) and 6.5 Å (N3). It is noteworthy that the 15N signal 
of alanine was not significantly dephased, suggesting that 
the phosphate group was farther than 10 Å, which is the 
upper 31P-15N detection limit in the BS-REDOR analysis. This 
indicates that the pendant peptide-mononucleotide groups 
are mostly in a stretched configuration rather than 
backfolded, with the nucleobase facing outwards. This is 
desired since the mononucleotides should be exposed for 
complementary binding.  

All-atom molecular dynamics simulations were 
performed on the pAAGT-rA and pAAGT-rU homopolymers 
to obtain detailed atomistic insights into their structural 
packing and conformation. Homopolymers containing 32 
grafted (32-mer) adenine or uracil modified peptide side-
chains (pAAGT-rA32 and pAAGT-rU32) were placed in a 
simulation box and simulated in explicit solvent 
commensurate to experimental conditions. Clustering 
analysis, used to determine the most favorable structures, 
showed that both pAAGT-rA32 and pAAGT-rU32 polymers 
adopted unfolded backbone conformations (Figure 3A). The 
pAAGT-rA32 polymer produced 65 clusters in total, where 
the most populated cluster contained 24% of the sampled 

Figure 2. TEM images of pAAGT-rA (A), pAAGT-rU (B) and native polyA (C). All samples were 0.25 mg mL-1 in water and negatively 
stained with 2% uranyl acetate. 
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population. In contrast, a total of 89 clusters and 18% 
population of the most frequently sampled cluster was 
obtained for pAAGT-rU32 (SI, Figure S10), indicating more 
structural variations, and hence higher dynamics, which 
was also apparent from the average root mean square 
fluctuations (SI, Figure S11). Representative structures of 
the most populated clusters of each polymer are shown in 
Figure 3A, which exhibit an unfolded fibre-like morphology, 
in agreement with the structures observed in TEM (Figure 
2A). Furthermore, the approximate cross-sectional 
cylindrical radius of the polymer was estimated by using the 
lateral atom number density profile along the XY-plane 
(width) of the homopolymer (with the Z-axis being the 
molecular axis). Both the pAAGT-rA32 and pAAGT-rU32 
polymers exhibited a diameter of ~3.4 nm (Table S2). This 
agrees with the flexible cylindrical shape determined from 
the SAXS data (SI, Figure S8 and Table S1).

The structures contained within the most populated 
cluster were further interrogated to elucidate the side-
chain arrangement and interactions of the preferred 
polymer conformation. The pAAGT-rA32 polymer was 
stabilized by persistent – stacking between the 
nucleotides (Figure 3B), with adenine moieties stacking in 
dimers up to tetramers, in which the latter contains a 

parallel-offset – stacking arrangement (Figure 3A and C). 
The presence of dimeric adenine interactions rather than 
extended stacking could explain the gradual differences 
seen in the CD upon increasing temperature (Figure 1A). 
The uracil nucleotides in pAAGT-rU32 experienced very little 
stacking (Figure 3B) and were more mobile and solvent 
exposed compared to the adenines (SI, Figure S11). This 
supports the CD results (SI, Figure S4) in which pAAGT-rU 
(and native polyU) were shown to be stable upon increasing 
temperature, which suggested negligible interactions 
between the uracil nucleotides.

The non-covalent interactions between the peptide 
chains were closely examined within the central 16-mer 
core where the polymer showed the highest stability. The 
distance between the phosphate and glycine’s amine within 
the peptide linker (P–Gly), as well as between phosphate 
and the N1 and N3 atoms of adenine and uracil nucleobases 
(P–N1 and P–N3, respectively) were calculated to 
determine side-chain arrangements (SI, Table S2). The 
simulations showed average distances of 7.3 Å (rA) and 7.4 
Å (rU) for P–Gly; 8.3 Å (rA) and 5.6 Å (rU) for P–N1; and 7.1 
Å (rA) and 7.3 Å (rU) for P–N3, which are in agreement with 
respect to the REDOR NMR data for the model pAAGT-dT 
polymer (7.5, 5.8 and 6.5 Å, respectively). The maximum P–

Figure 3. Molecular dynamics simulations of a 32-mer pAAGT-rA (pAAGT32, backbone in green) or pAAGT-rU (pAAGT32, backbone 
in yellow) showed unfolded fibre-like morphologies (A). Nucleobase stacking by - interactions was evident for pAAGT-rA32 in the 
form of dimers up to tetramers (- pairs shown in purple), however, were significantly less prominent in pAAGT-rU32, indicating 
higher dynamics within pAAGT-rU polymers (insets left and right, respectively). The peptide-nucleotide side-chains are highlighted 
based on the atom distribution (grey (C), blue (N), red (O), mustard (P)), with the nucleobase rings filled in green (adenine) and 
yellow (uracil), respectively. The hydrogens were excluded for clarity. A typical peptide side-chain conformation in each polymer is 
shown as inset in all-atom resolution. The existence of more - interactions in pAAGT-rA32 was evident from the probability 
distribution plots of the number of - pairs (B) and the most prominent type of - stacking was parallel offset (C); P (parallel), PO 
(parallel offset), T (T-edge) and I (intermediate).
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N (amine) distance measured for alanine within single side-
chains was 11.9 Å and 11.6 Å for pAAGT-rA32 and pAAGT-
rU32, respectively, demonstrating an elongated peptide 
side-chain conformation (also evident in the insets of Figure 
3A). Hydrogen bond analysis showed minimal interactions 
of the hydroxyl groups between lateral riboses, however, 
are more prominent between amides arising from the 
peptide moieties. The average total number of hydrogen 
bonds for both polymers were similar (SI, Table S2). 

Elucidating complementary binding between mixed 
homopolymers. The ability of the artificial nucleic acid 
polymers to engage in complementary binding (adenine 
with uracil or thymine) was investigated. The “Oligo 
Analyzer Tool” of Integrated DNA Technologies38 which 
uses a nearest-neighbour analysis.39 was utilized to 
calculate melting temperatures and gain an understanding 
of the expected binding strengths for similar, yet naturally, 
derived homo-oligonucleotides. This tool revealed that at a 
5 µM oligonucleotide concentration supplemented with 100 
mM NaCl, a sequence length of at least 10 adenines (A10) 
with the same length of complementary thymines (T10) is 
necessary to yield a double stranded melting temperature 
of around room temperature (SI, Table S3). The binding of 
these complementary homonucleotides is inherently weak 
which is reduced even further when there is a mismatch in 
the antiparallel alignment, as may occur in incorrect spacing 
between the nucleotides due to, e.g., point insertions and 
dilutions, thereby distorting optimal intermolecular 
nucleotide-nucleotide alignment. Despite the low binding 
strength, we further investigated whether complementary 
binding, both with its corresponding artificial variant and 
native RNA or DNA, was still possible.

Firstly, CD and UV spectra of the artificial complementary 
pairs were recorded and compared against the sum of the 
individual spectra (SI, Figure S10), that is, the theoretical 
expected spectra where no or negligible interactions are 
assumed (denoted as calc). The RNA mimicking polymers 
pAAGT-rA and pAAGT-rU were investigated in detail as 
these displayed the highest CD signal and potentially the 

most ordered conformation. Very small differences 
between the theoretically calculated spectra of the 
individual polymers and the experimentally acquired 
spectra of the mixtures were observed in both CD and UV 
spectroscopy (Figure 4A-B, and SI, Figure S12, top). The 
overall CD signal appeared slightly reduced, while the UV 
absorbance at 260 nm appeared slightly increased. This 
might hint to weak and transient interactions even though 
double stranded DNA typically shows a reduction in UV 
absorbance, due to hypochromic shielding of the 
nucleobases from UV absorption, not an increase in 
absorbance. An increase in UV signal might suggest 
bundling and/or intercalation due to hydrophobic effects 
and π–π interactions, and to a lesser extent by traditional 
hydrogen bonding between base pairs. The presence of 
impurities might also affect the binding kinetics, as well as 
a mismatch in (anti)parallel alignment. The highly dynamic 
interactions arising from too few binding events present at 
the same time might therefore not be detectable using UV 
and CD spectroscopy. Molecular dynamics simulations of 
mixed pAAGT-rA32 and pAAGT-rU32 polymers showed 
spontaneous but transient binding between the polymers 
(SI, Figure S13). The association between the 
complementary polymers was stabilized predominantly by 
hydrophobic and π–π interactions between the pendant 
nucleobases, demonstrating weak hybridization. Similarly, 
small differences were observed in both CD and UV spectra 
upon mixing pAAGT-rA with native PolyU (SI, Figure S12, 
middle) and pAAGT-rU mixed with native PolyA (SI, Figure 
S12, bottom).

Potential complementary binding was more evident from 
SAXS experiments, in which the mixture of pAAGT-rA with 
pAAGT-rU displayed a deviated scattering curve with an 
altered slope of –1.38 instead of approximately –1.50 
(Figure 4C), indicating differences in morphology. Similarly, 
differences in the slope and shape of the SAXS curves of the 
other mixed variants were also observed (SI, Figure S14). 
Although the scattering curves indicated a higher 
polydispersity and the existence of different species (high 
variation at low Q, and two slopes), which makes 

Figure 4. CD (A), UV (B) and SAXS (C) spectra of artificial homopolymer pAAGT-rA (green), pAAGT-rU (yellow) and the combination 
of the two polymers, pAAGT-rA+pAAGT-rU (turquoise) in 10 mM phosphate buffer with 100 mM NaCl. Slight differences were 
observed between the spectra for the two polymers and the sum of the two individual spectra (dashed lines) indicating potential 
complementary binding. cTotal = 0.35 mg mL-1 (A and B) or 2 mg mL-1 (C).

Page 7 of 11

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

interpretation and data fitting more challenging and less 
reliable, both the radii and flexibility (i.e., the Kuhn length) 
seemed to be altered (Table S4, note that the low Q range 
did not fit well with the flexible cylinder model). Similarly, 
small-angle neutron scattering (SANS) measurements of the 
mixed samples showed a shoulder at higher Q values, which 
was absent in the individual samples (SI, Figure S15). Taken 
together, these results suggest the existence of 
complementary binding, though, considering the small 
differences, this complementary binding might be transient 
and dynamic rather than fixed, as also seen from the 
modelling simulations data.

Visualizing mixed samples revealed complementary 
interactions. Atomic force microscopy (AFM) and direct 
stochastic optical reconstruction microscopy (dSTORM) 
were employed to visualize and investigate the potential 
binding of the mixed samples, pAAGT-rA+pAAGT-rU, and to 
rule out any influence that might have occurred as a 
consequence of nucleotide remnants. Compared to the 
individual homopolymers, altered height profiles were 
observed for the mixed samples in dry AFM (SI, Figure S16) 
suggesting the existence of specific or non-specific 
interactions.

Upon mixing 5 mol% sulfo-cy3 (green) functionalized 
pAAGT-rA (see Figure 5A for a cartoon representation, and 
SI, Figure S17, left for the molecular structure and dSTORM 
representative image) and 5 mol% sulfo-cy5 (red) 
functionalized pAAGT-rU (SI, Figure S17, right), dSTORM 
revealed the existence of intertwined polymers (Figure 5B). 
These observations provide evidence for complementary 
binding. In contrast, Föster resonance energy transfer 
(FRET) between the FRET-pair labelled homopolymers was 
low (SI, Figure S18), indicating the absence of close 
proximity (<10 nm) of the donor (sulfo-cy3 in pAAGT-rA) 
and acceptor (sulfo-cy5 in pAAGT-rU). This might be due to 
the location of the dyes, as the FRET dyes were installed 
directly at the C-terminus of the peptide linker, rather than 
on the mononucleotides themselves. The absence of a 
sufficient hydrophobic pocket and the high-water solubility 

of the sulfo-dyes may also reduce efficient energy transfer. 
Additionally, the intrinsic tendency of the dyes to aggregate 
(i.e., form aggregated blocks) upon increased temperature 
(necessary to form the dye-labelled co-polymers), might 
also have quenched energy transfer. Blocky dye segments 
were observed in dSTORM images, confirming the existence 
of cy3 or cy5 blocks within the structures rather than a 
homogeneous distribution.

Small changes in morphology appearance were also 
observed under TEM (SI, Figure S19). Weak binding was 
also seen in the isothermal titration calorimetry (ITC), 
which measures binding strengths from the heat generation 
of titrated ligands. Only a gradual change in the binding 
isotherm (shallow slope) was observed in the ITC when 
titrating pAAGT-rU to a 20-mer adenine oligonucleotide (SI, 
Figure S20), rather than a cooperative binding (S-curve) 
normally observed in receptor-ligand binding.40 

In addition, a three-dimensional DNA-folded structure, 
with multivalent pendent toeholds was designed to 
investigate whether it could hybridize to the 
complementary artificial RNA polymer pAAGT-rA. 
Previously designed spherical, i.e., icosahedral,41, 42 DNA-
folded structures (~20 nm × 20 nm) were adapted to 
contain 10 pendant oligonucleotides (T10) facing out of the 
folded structure (Figure 5C, blue lines) serving as toeholds 
that can interact with the long artificial template pAAGT-rA 
(Figure 5A). 

The DNA icosahedron, containing the toeholds on the top 
half, and cy5-functionalized oligonucleotide strands on the 
bottom half (SI, Table S5), was assembled using a 3-step 
protocol (SI, Figure S21, left). First, the staple strands that 
make up the building blocks of the icosahedron, i.e., 5-way 
junctions, were separately assembled using slow thermal 
annealing from 80 °C to 20 °C. In the second step, the top 
and bottom halves of the icosahedron were assembled 
separately by isothermal annealing at 30 °C, followed by the 
formation of the full icosahedron through combining the top 
and bottom halves and annealing at 30 °C. The different 
steps in DNA folding were characterized using agarose gel 

Figure 5. Cartoon representations of a dye-labelled pAAGT-rA polymer (A) and DNA icosahedron (C), and the complementary 
binding of pAAGT-rA to pAAGT-rU (B), and of pAAGT-rA to DNA icosahedra (D) as revealed by super resolution microscopy 
(dSTORM). Sulfo-cy3 functionalized pAAGT-rA polymer (green, A for a cartoon representation and B for a dSTORM image) 
intertwined with a pAAGT-rU polymer (red, B), whereas DNA icosahedra (red, C for a cartoon representation and D for a dSTORM 
image) aligned next to a sulfo-cy3 functionalized pAAGT-rA polymer (green). The DNA icosahedron was decorated with five sulfo-
cy5 labels (red) and designed to contain 10 pendant T-sequences (T10, highlighted in blue, C), to allow complementary binding to 
the pAAGT-rA scaffold. The dimensions of the DNA icosahedron are approximately 20 nm × 20 nm and the different 5-way junctions 
making up the DNA icosahedron are indicated in black (2×), light grey (5×) and dark grey (5×) lines, with the centre of the 5-junctions 
being positioned at the corners of the structure (C). For dSTORM imaging (B and D) a concentration of 0.17 mg mL–1 (artificial RNA) 
was used.
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electrophoresis (SI, Figure S21, right). Subsequently, the 
folded icosahedron solution was mixed with a sulfo-cy3 
functionalized pAAGT-rA scaffold and investigated using 
dSTORM. Under super resolution microscopy, the artificial 
scaffold (green) seemed to wrap around the icosahedron 
structures (red), even after the scaffold was first adhered to 
the coverslip before the icosahedron was added (Figure 
5D). This suggests that the complementary binding, 
arguably increased by multivalent interactions, is stronger 
than the adhesive forces onto the coverslip. 

Likewise, a more rigid, DNA origami barrel structure (30 
× 27 nm),43 was adapted to contain 20 oligoadenine (A20) 
sequences facing out of the structure, to investigate 
complementary binding to artificial pAAGT-rU. Origami 
barrels were folded as previously reported43, 44 and purified 
by agarose gel electrophoresis prior to mixing with pAAGT-
rU. After annealing the mixture at room temperature for 
about 68 hours in the presence of 10 mM MgCl2, 
complementary binding was evaluated using TEM. DNA 
origami barrel structures were observed that were located 
next to and on top of pAAGT-rU bundled fibers, a large 
portion of unbound barrels was also observed (SI, Figure 
S22). This observation supplements the above findings; 
complementary binding events are evident, however, are 
weak and transient, and hence highly dynamic. 
Nevertheless, these results demonstrate that RNA 
mimicking polymers can interact with both native RNA and 
DNA, and be used to construct larger (functional) 
structures.

CONCLUSIONS
Here, a modular synthesis platform for the fabrication of 

novel RNA and DNA polypeptide polymers was developed 
and characterized using experimental and computational 
modelling techniques. The incorporation of a peptide linker 
between the polymer backbone (polymethacrylate) and the 
mononucleotides ensured an unfolded conformation of the 
polymers due to predesigned lateral non-covalent 
interactions. By merging the design principles of polymer 
science and supramolecular chemistry, successful fibrous 
single stranded homopolymers could be assembled where 
the mononucleotide side-chains were exposed at their 
periphery, allowing for complementary binding. Despite the 
lack of structural diversity (i.e., containing all 4 nucleotides) 
within the polymer, which dramatically reduced binding 
strengths, complementary binding was demonstrated upon 
combining both single stranded polymers (artificial and 
native) and more complex 3D DNA folded structures. The 
established modular synthesis pathway can be further 
extended to fabricate random and block-copolymers with 
various sequences of extended lengths. These polymers 
open up opportunities to be employed as templates for the 
large-scale synthesis of both artificial and natural nucleic 
acids (e.g., by non-enzymatic primer extension reactions) 
and for various biomedical applications, including 
biosensing and gene delivery.
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