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ABSTRACT: Herein, we report the DNA-mediated self-
assembly of bivalent bottlebrush polymers, a process akin to 
the step-growth polymerization of small molecule monomers. 
In these “condensation reactions”, the polymer serves as a 
steric guide to limit DNA hybridization in a fixed direction, 
while the DNA serves as a functional group-equivalent, 
connecting complementary brushes to form well-defined, one-
dimensional nanostructures. The polymerization was studied 
using spectroscopy, microscopy, and scattering techniques, 
and was modeled numerically. The model made predictions of 
the degree of polymerization and size distribution of the 
assembled products, and suggested the potential for branching 
at hybridization junctions, all of which were confirmed 
experimentally. This study serves as a theoretical basis for the 
polymer-assembly approach which has the potential to open 
up new possibilities for suprapolymers with controlled 
architecture, macromonomer sequence, and end-group 
functionalities.

In nature, proteins non-covalently interact with each other 
to form extremely well-defined structures.1,2 There has long 
been an interest in replicating nature’s ability to prepare 
complex mesoscale structures using synthetic materials.3–7 
DNA is an ideal tool for building pre-defined mesoscale 
structures from nanoscale building blocks, owing to the highly 
predictable, programmable, and precise base-pairing, both 
canonical and non-canonical.8,9 Since the 1990s, advances in 
DNA nanotechnology have established the fundamental rules 
for directional DNA assembly, which involves rigidified DNA 
building blocks.10,11 

Currently, two chemically and conceptually distinct 
pathways are employed to provide the necessary rigidity to the 
DNA building blocks. In one approach, rigidity is derived from 
multiple strand crossovers stabilized by hybridization, which 
create a conformationally restricted DNA scaffold.12–14 To date, 
a vast range of highly complex two- and three-dimensional 
structures have been reported using this method.15–20 However, 
while enjoying near-complete freedom in structural diversity, 
this approach is limited to a chemical composition of pure 

nucleic acid. In the second approach, a rigid, non-nucleic acid 
nanoparticle (inorganic or organic) is employed as a template 
to organize functionalized DNA strands in a surface-normal 
orientation.21–25 This method opens up a great deal of 
compositional diversity, but the accessible structures are 
limited to the repeating patterns of crystal lattices. Directional 
assembly of these spherical building blocks to even the 
simplest form, one-dimensional structures (i.e., lines), 
represents a significant challenge, because spherical particles 
uniformly interact across their surfaces, leading to 
omnidirectional, three-dimensional growth. Therefore, an 
opportunity exists to use DNA as a functional group equivalent 
to create a series of limited-valency macromonomers for 
topologically defined supramolecular assembly, which will 
accomplish both structural and compositional diversities.
Scheme 1. (A) Synthesis of DNA-brush macromonomer. (B) 
DNA sequence design.

A small number of methods have been reported to control 
the bonding directions of DNA-containing building blocks. 
Mirkin et al. reported a bivalent DNA-protein conjugate, of 
which the DNA strands were attached to two opposite 
surfaces.26,27 A similar approach was also reported by Gang et 
al., who utilized the rigid octahedra DNA frame to direct DNA 
hybridization.28 Our group first reported a class of DNA-brush 
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polymer conjugate that restricted the bonding directionality of 
spherical building blocks to one dimension.29 These conjugates 
consist of a bottlebrush polymer with DNA strands tethered at 
both ends of the polymer backbone. The sterically congested 
polymer create an entropic force that pre-orients the 
embedded DNA strands and allows the conjugate to adopt a 
unidirectional bonding character.30–32 Despite the successful 
proof of concept, there still lacks an understanding of the 
kinetics for the assembly process, which prevents any means of 
predicting the assembled structures, including the chain length, 
polydispersity, and branching. Herein, we report the first two-
monomer (AA+BB) reaction system based on DNA-brush 
polymer conjugates, for which we generate a numerical model 
with predictive capabilities.

Figure 1. (A) Gel electrophoresis of F-brush, Q-brush, and F-
DNA. The emissions from fluorescein and Cy5.5 are colored 
green and red, respectively. (B) UV-Vis spectra of F- and Q-
brushes. (C) Negatively stained TEM image and (D) number-
average hydrodynamic size distribution of the F-brush.

A pair of macromonomers with mutually complementary 
sequences (AA+BB) were synthesized to mimic the typical bi-
functional monomers in step-growth polymerization (Scheme 
1A). The brush polymer was synthesized by one-pot, sequential 
ring opening metathesis polymerization (ROMP) of norbornyl-
bromide (N-Br) and norbornyl polyethylene glycol (N-PEG5k, 
Mn = 5 kDa, PDI = 1.05), to yield a tri-block copolymer p(N-Br)5-
b-p(PEG5k)25-b-p(N-Br)5. The targeted five N-Br units per 
block would ensure >99.3% of all polymers to end up with at 
least one N-Br group under ideal living polymerization 
conditions.33,34 The polymer was then reacted with sodium 
azide to yield p(N-N3)5-b-p(PEG5k)25-b-p(N-N3)5. Gel 
permeation chromatography (GPC) shows that triblock brush 
polymer has a number-average molecular weight (Mn) of 128 
kDa and narrow molecular weight distribution (PDI = 1.1, 
Figure S1). Infrared spectroscopy shows characteristic 
vibration of the azide groups at ~2094 cm-1 (Figure S2). Before 
DNA conjugation, the brush polymer was labeled with a 
cyanine 5.5 (Cy5.5) tag through copper-catalyzed click 
chemistry (Cy5.5:polymer = 1:1 mol:mol) to enable accurate 
quantification.

The remaining terminal azide groups were used to 
conjuguate with DNA strands modified with 

dibenzylcyclooctane (DBCO). The two complementary DNA 
strands were labeled with either fluorescein (F-DNA) or dabcyl 
(a fluorescence quencher, Q-DNA) at the 3’ (Scheme 1B). The 
DNA strands were conjugated to the brush polymer via copper-
free click chemistry, and unreacted DNA was removed by 
aqueous GPC to yield F-brush and Q-brush (Figure S3). The 
numbers of F-DNA and Q-DNA strands per brush were 
calculated to be ~10 for both F- and Q-brushes by peak 
integration of the GPC chromatograms of reaction mixture at 
260 nm. Multiplex agarose gel electrophoresis showed 
emissions from both fluorescein (green) of the DNA and Cy5.5 
(red) of the polymer as high molecular weight bands where 
expected (Figure 1A). Note that the Q-brush only shows Cy5.5 
emission because the dabcyl-labeled DNA strand is not 
fluorescent. UV-Vis spectra of the two brushes showed 
characteristic absorptions for dabcyl, fluorescein, and Cy5.5 
(Figure 1B and S4). These DNA-brush conjugates exhibit a 
circular shape with a diameter of 11.0±1.7 nm as determined 
by transmission electron microscopy (TEM, Figure 1C), which 
is indicative of a spheroidal or discoidal morpology. The TEM 
result is consistent with dynamic light scattering (DLS) 
measurements, which show a number-average hydrodynamic 
diameter of 17.8±5.1 nm (Figure 1D). Collectively, these results 
confirm the successful synthesis of a pair of mutually reactive 
macromonomers.

Figure 2. (A) Schematics of the brush polymer self-assembly. 
(B) Hybridization kinetics of F-brush with Q-brush or Q-DNA. 
(C) Model-fitting of the polymerization kinetics at different 
monomer concentrations. (D-E) Predicted number- and 
weight-based size distributions by the kinetic model.

The self-assembly kinetics can be obtained by monitoring 
fluorescence as a function of time. We first tested the 
accessibility of the F-DNA embedded in the F-brush to free Q-
DNA. Upon addition of Q-DNA, fluorescence signals 
immediately dropped and reached equilibrium after ~2 min 
(Figure 2B), indicating rapid hybridization and little steric 
hindrance. When F- and Q-brushes were mixed in 1:1 molar 
ratio (concentration of each brush = 1 nM), the fluorescence 
intensity slowly decreased over time (Figure 2B), suggesting 
that the steric hindrance between the two reacting brushes is 
much greater than that between a brush and a free DNA. 
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In order for the two brushes to be brought into close 
proximity, there would be an increase in PEG density and a 
decrease in the translational freedom of the macromonomers. 
The entropic penalty may be manifested in a decrease in the 
binding affinity between the two complementary DNA.35 
Indeed, for the assembly of F- and Q-brushes, the fluorescence 
level remained relatively high (~52% of F-DNA unquenched) 
even after prolonged reaction times (180 min), suggesting that 
the reaction is reversible. However, the reaction conversion 
cannot be directly interpreted from the percentage of 
quenched DNA because the F-DNA strands on each side of the 
brush polymer do not necessarily all hybridize with the Q-DNA, 
leading to incomplete quenching even when all the brushes 
undergo polymerization. Therefore, to numerically model the 
polymerization kinetics, a concentration-dependent 
polymerization study was performed.36,37 Three 
concentrations of F-brush (0.5, 1, and 2 nM) were mixed in 1:1 
ratio with the Q-brush and the polymerization kinetics were 
recorded by fluorescence spectroscopy. The data were globally 
fitted by numerical methods using a reversible step-growth 
polymerization model (eq. 1), where i-mers (Mi) and j-mers (Mj) 
can reversibly associate and dissociate with rate constants kon 
and koff, respectively (the detailed differential equations are 
shown in SI). In the fitting, we hypothesize that the normalized 
fluorescence is proportional to the sum of the number of 
monomers, oligomers, and a fraction (f) of the connecting 
bonds (eq 2). 

(1)

(2)

where [M]0 is the sum of the starting concentration of F-
brush and Q-brush, [Mi] is the concentration of i-mers, and f is 
the fraction factor of the fluorescent F-DNA at the connecting 
bonds. 

The model fits experimental profiles nicely at all 
concentrations tested (Figure 2C). The dissociation 
equilibrium constant (koff/kon) is determined to be 0.07 nM. 
The model predicts the number-averaged degree of 
polymerization (DPn) for the three tested concentrations (0.5, 
1, and 2 nM) to be 2.9, 3.9, and 5.6, respectively. The f value is 
determined to be 0.35, which means 65% of fluorescence was 
quenched at the connecting bonds.

Figure 3. TEM image (A) and number-based polymer 
distribution (B) of the assembled nanostructure after mixing F-
brush and Q-brush (1 nM) at 1:1 ratio. The dash line represents 
predicted distributions by kinetic model. (C) SAXS scattering 
patterns of F-brush and assembled nanostructure (1 nM).

To validate the modeling data, the assembled structures at 
0.5 and 1 nM were analyzed by TEM. The brushes connected 
head-to-tail linearly to form rod-like structures with a cross-
section diameter of ~8.8 nm and virtually no branching (<1% 
by number, Figures 3A, S5-6), indicating good control over the 
bonding directionality. The DPn (PDI ) were estimated by 
measuring the length/width ratio of >2000 particles to be 2.9 
(1.34) at 0.5 nM, and 4.0 (1.43) at 1 nM, respectively (Figure 
3B, S5, and S7), agreeing well with predicted values (DPn = 2.9, 
PDI = 1.56 at 0.5 nM; DPn = 3.9, PDI = 1.65 at 1 nM). The rod-
like morphology was also confirmed by small angle X-ray 
scattering (SAXS, Figure 3C). While the scattering patterns of 
the F-brush suggest a discoidal morphology with a diameter of 
~17 nm and a height of ~4.5 nm, the assembled structure of 1 
nM shows a scattering pattern of a rod-like shape, with an 
degree of polymerization of ~4.1, which is consistent with the 
TEM and the modeling analyses. Collectively, these results 
suggest that the DNA-mediated self-assembly of mesoscopic 
polymers follows the same general rules established for small 
molecule polymerization.

𝑀𝑖 +𝑀𝑗
𝑘𝑜𝑛
⇌
𝑘𝑜𝑓𝑓
𝑀𝑖+ 𝑗

1 < 𝑖+ 𝑗 ≤ 𝑁max

Normalized Fluorescence =

100
[𝑀]0

∗ (𝑁𝑚𝑎𝑥∑
𝑖= 1

[𝑀𝑖] + 𝑓 ∗
𝑁𝑚𝑎𝑥

∑
𝑖= 1

(𝑖 ― 1) ∗ [𝑀𝑖]) (0 < 𝑓< 1)
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Figure 4. Hybridization kinetics (A), number-based polymer 
distribution (B), and TEM images (C and D) of assembled 
nanostructure after mixing F-brush and Q-brush at 1:1.6 ratio. 
Scale bars are 30 nm. 

The modeling results confirm our hypothesis that not all 
DNA strands form duplexes at the connecting bonds. We were 
curious to know the accessibility of the remaining F-DNA at 
those junctions to additional Q-brushes. Therefore, we 
deliberately introduced a stoichiometric imbalance to the 
assembly system by using an excess of Q-brush (F:Q brush = 
1:1.6, mol:mol, total 2.6 nM). Fluorescence monitoring showed 
a decrease in normalized fluorescence than the reaction at 1:1 
ratio (Figure 4A), indicating more bond formation. The  classic 
Carothers equation would predict a sharp decrease in the 
degree of polymerization due to the stoichiometry imbalance. 
Surprisingly, TEM imaging showed the formation of rod-like, 
branched, and cyclic structures, with a similar DPn (~3.8) but a 
higher PDI (1.79) compared with the reaction at 1:1 monomer 
ratio. One interpretation is that the excess Q-brushes 
hybridized to the F-DNA at the bonding junctions, deviating 
from the directional assembly (Figure 4C, D and S8). These 
results imply that the brush polymer cannot fully restrict the 
embedded DNA to bind to a fixed direction. Instead, the 
unidimensional DNA binding may be slightly more favorable 
over branching thermodynamically.

In summary, we studied DNA hybridization-mediated self-
assembly of bottlebrush polymers into one-dimensional 
suprapolymers. The directionality is achieved by the steric 
congestion of the bottlebrush polymer, which disfavors non-
linear connectivity, likely via thermodynamics. We modeled 
the assembly process assuming the reaction is similar to small 
molecule-based, reversible step-growth polymerization, which 
accurately predicted the length and dispersity of the assembled 
structures that are visualized by TEM and further 
characterized by SAXS. The methods developed herein should 
offer insights for other designer materials (including non-DNA 
systems that utilize hydrogen bonding, hydrophobic 
interactions, etc.) to be developed from the bottom up with 
principles borrowed from polymer chemistry.
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