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ABSTRACT: Single-molecule techniques allow for the direct
observation of long-chain macromolecules, and these methods can
provide a molecular understanding of chemically heterogeneous
and stimuli-response polymers. In this work, we report the
synthesis and direct observation of thermoresponsive DNA
copolymers using single-molecule techniques. DNA-PNIPAM
copolymers are synthesized using a two-step strategy based on
polymerase chain reaction (PCR) for generating linear DNA
backbones containing non-natural nucleotides (dibenzocyclooc-
tyne-dUTP), followed by grafting thermoresponsive side branches
(poly(IN-isopropylacrylamide), PNIPAM) onto DNA backbones
using copper-free click chemistry. Single-molecule fluorescence
microscopy is used to directly observe the stretching and
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relaxation dynamics of DNA-PNIPAM copolymers both below and above the lower critical solution temperature (LCST) of
PNIPAM. Our results show that the intramolecular conformational dynamics of DNA-PNIPAM copolymers are affected by
temperature, branch density, and branch molecular weight. Single-molecule experiments reveal an underlying molecular
heterogeneity associated with polymer stretching and relaxation behavior, which arises in part due to heterogeneous chemical

identity on DNA copolymer dynamics.

he chemical composition of long-chain macromolecules

plays a key role in determining the emergent physical and
structural properties of polymeric systems." Copolymers and
block polymers with simple linear chain architectures can give
rise to intricate structural ordering and assembly across multiple
length scales.”” In addition to chemical identity, polymer chain
architecture also plays a key role in supramolecular assembly,
with chain topologies and shapes including linear, branched,
ring, and cross-linked polymers.* Synthetic strategies for
controlling polymer composition and architecture have been
used to develop materials for applications including encapsu-
lation for drug delivery,’ gene delivery, catalysis,” and
surfactants for emulsion stabilization.”

In recent years, biohybrid materials containing both synthetic
and natural components have been developed, which has
provided intriguing new materials with increased biocompati-
bility, controlled biodegradation, broad chemical functionality,
and unprecedented levels of sequence control.””"” In particular,
DNA copolymers'>~"” have been shown to self-assemble into
various supramolecular architectures such as micelles,'”
vesicles,'® and tubular structures.'” Despite recent work,
however, we still lack a full understanding of the effects of
chemistry, architecture, and hydrophilicity/hydrophobicity on
the conformational dynamics of DNA-based copolymers.
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Single-molecule techniques offer an ideal strategy to directly
study the conformational dynamics of macromolecules.”’™>* In
recent years, DNA has served as a model polymer for
fundamental studies of nonequilibrium polymer dynamics
ranging from dilute to entangled polymer solutions.”~*"
However, the vast majority of prior single polymer studies
has largely focused on dynamic studies of chemically
homogeneous, linear DNA. Recent work has extended the
field of single polymer dynamics to chains with nonlinear
architectures including ring polymers and comb poly-
mers,”"*>*%* though these macromolecules generally consist
of natural DNA. On the other hand, molecular assembly of
DNA-based materials has been studied using bulk spectroscopic
methods.'® However, the conformational dynamics of chemi-
cally heterogeneous copolymers has not yet been fully explored
at the single-molecule level. From this view, development of
new methods to directly image the triggered response or
assembly of functional copolymers at the single-molecule level
would provide new insights into the molecular-scale dynamics
of these materials. For example, direct imaging of the thermally
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Figure 1. Agarose gel electrophoresis of DNA-PNIPAM copolymers and precursors. Lane 1: 1 kbp DNA ladder. Lane 2: 10 kbp natural DNA. Lane
3: 10 kbp DBCO-DNA with 1% DBCO substitution. Lane 4: 10 kbp natural DNA with 13 kDa PNIPAM-azide. Lane 5: 10 kbp DBCO-DNA with
13 kDa PNIPAM-azide (after reaction). Lane 6: 13 kDa PNIPAM-azide. Lane 7: 10 kbp DBCO-DNA with 13 kDa PNIPAM-azide (before reaction).
Samples are stained with SYBR Gold and electrophoresed in 0.6% agarose in 1X TAE buffer at 120 V for 30 min.

activated response of DNA-PNIPAM copolymers at the single-
chain level could reveal molecular distributions and unexpected
heterogeneous behavior, thereby providing new information
beyond traditional bulk cloud point measurements.

In this work, we report the synthesis and direct observation
of thermoresponsive DNA copolymers consisting of a main
chain DNA backbone with grafted poly(N-isopropylacryla-
mide) (PNIPAM) side branches. PNIPAM is a thermores-
ponsive polymer exhibiting a reversible hydrophilic to hydro-
phobic transition when the temperature is raised above the
lower critical solution temperature (LCST) (32 °C).*>*' From
this perspective, PNIPAM is a suitable material to generate
DNA copolymers with temperature-sensitive properties near or
slightly above room temperature. Following synthesis and
characterization, single-molecule fluorescence microscopy is
used to observe the conformational stretching and relaxation
dynamics of single DNA-PNIPAM copolymers both below and
above the LCST of PNIPAM. Our results show that the
hydrophilic—hydrophobic transition for PNIPAM side branches
results in enhanced intramolecular interactions, leading to
dynamic heterogeneity in single polymer behavior. In particular,
experiments reveal broadly distributed probabilities of polymer
chain extension above the LCST and altered conformational
relaxation dynamics due to PNIPAM side branches. Taken
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together, these results demonstrate the utility of studying the
dynamics of biohybrid copolymers using single-molecule
imaging.

We began by synthesizing thermoresponsive DNA copoly-
mers via strain-promoted [3 + 2] alkyne—azide cycloaddition
(SPAAC) (Scheme 1). Azide-terminated PNIPAM was
synthesized by reversible addition—fragmentation chain transfer
(RAFT) polymerization using a chain transfer agent (CTA)
containing a terminal azide group (Supporting Information).
Using this approach, two samples of azide-terminated PNIPAM
were synthesized with different molecular weights (M, = 13
kDa (PDI = 1.03) and 30 kDa (PDI = 1.01), characterized by
gel permeation chromatography). In a separate reaction, DNA
molecules containing non-natural nucleotides (dibenzocyclooc-
tyne-dUTP, DBCO-dUTP) were synthesized using polymerase
chain reaction (PCR), which allows for the preparation of
perfectly monodisperse DNA backbones (10 or 30 kbp).
During PCR, DBCO loading was controlled by varying the
ratio of natural dTTP to non-natural DBCO-dUTP in the
reaction mixture (Tables S1 and S2). Moreover, a single biotin
group was included at one DNA terminus using a chemically
modified PCR primer, which allows for surface tethering of
DNA-PNIPAM copolymers via biotin—streptavidin interactions
for single-molecule imaging.
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Following PCR, azide-terminated PNIPAM branches were
covalently linked to DNA backbones using a graft-onto reaction
via SPAAC (Supporting Information). Branch density is
controlled by varying the amount of DBCO incorporation in
DNA backbones, with a 1% incorporation of DBCO-dUTP
(1% dTTP replaced with DBCO-dUTP) yielding a relatively
low branch loading (one branch per 400 base pairs) and a 10%
incorporation of DBCO-dUTP yielding a higher branch loading
(one branch per 40 base pairs). Following the copper-free click
reaction, DNA-PNIPAM copolymers were purified using a
microspin centrifuge column (100 kDa MWCO) and
characterized using agarose gel electrophoresis (Figures 1 and
S1). In all cases, the electrophoretic mobility of 10 kbp natural
DNA is similar to DBCO-DNA (with 1% and 10% of dTTP
replaced with DBCO-dUTP). However, branched DNA-
PNIPAM copolymers show a substantial decrease in electro-
phoretic mobility. These results are consistent with prior work
showing reduced electrophoretic mobility for chemically
homogeneous branched DNA such as comb-shaped or star-
shaped DNA in agarose gel networks.”

Following synthesis, we studied the self-assembly behavior of
DNA-PNIPAM copolymers as a function of temperature.
DNA-PNIPAM copolymers were exchanged into an aqueous
buffer (10 mM Tris/Tris-HCL, pH 8.0, 1 mM EDTA, and 300
mM NaCl), and the LCST of DNA-PNIPAM was found to be
30 °C (Figure S2), which is consistent with prior work. >
Reaction products were then dried onto solid surfaces at 45 °C,
significantly above the LCST of PNIPAM, followed by
characterization using scanning electron microscopy (SEM)
(Figure 2). Interestingly, SEM images show self-assembled
structures for DNA-PNIPAM copolymers on the order of a few
microns (Figure 2d) which agrees with dynamic light-scattering
(DLS) experiments (Figure S2), whereas SEM images for
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Figure 2. Representative SEM images of DNA-PNIPAM copolymers
and precursors following drying at 45 °C. (a) DBCO-DNA (10 kbp),
(b) PNIPAM-azide (13 kDa), (c) natural DNA (10 kbp) with
PNIPAM-azide (13 kDa), and (d) DNA-PNIPAM copolymers (10
kbp backbone with 1% DBCO substitution, 13 kDa PNIPAM
branches).
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control samples of DBCO-DNA and PNIPAM-azide showed
much smaller structures on the order of 200 and 50 nm, as
shown in Figures 2a and 2b, respectively. In addition, SEM
images of 10 kbp natural DNA mixed with PNIPAM-azide
(Figure 2c) appear similar to SEM images of 10 kbp DNA.*
These results suggest that copolymer assembly only occurs
when DNA-PNIPAM is treated above the LCST but not in the
cases of DBCO-DNA or natural DNA mixed with PNIPAM-
azide.

We next used single-molecule fluorescence microscopy to
study the effects of temperature, PNIPAM branch density, and
branch molecular weight on the stretching and relaxation
dynamics of thermoresponsive DNA copolymers (Figure 3). In
these experiments, DNA-PNIPAM copolymers are immobilized
on a PEG/PEG-biotin glass coverslip surface in a microfluidic
flow cell via specific biotin—NeutrAvidin interactions** (Figure
3a), thereby generating a field of end-tethered DNA-PNIPAM
copolymers on a passivated surface. Surface-tethered polymer
chains are stretched to high degrees of extension in a simple
shear flow using pressure-driven flow, achieving a fractional
chain extension x/L = 0.75 at high flow strengths (W, ~ 100),
where W, is a dimensionless flow strength known as the
Weissenberg number.”® For polymer stretching experiments in
this work, Weissenberg number is defined as W, = 7y, where 7 is
the longest relaxation time of the natural DNA polymer
backbone and 7 is the shear rate. DNA copolymer stretching
experiments are performed in an aqueous buffer (10 mM Tris/
Tris-HC], pH 8.0, 1 mM EDTA, and S mM NaCl) containing
an intercalating dye (SYTOX Green), which enables direct
imaging of DNA backbones using fluorescence microscopy
(Supporting Information).

Using this approach, we studied the effect of temperature on
the stretched length distribution of 10 kbp DNA-PNIPAM
copolymers (13 kDa PNIPAM) with 1% DBCO substitution
(low branch loading) (Figure 3b and 3c). In this experiment,
shear flow was used to stretch surface-tethered DNA-PNIPAM
copolymers at 25 °C (corresponding to W; &~ 100 for the
natural DNA backbone), followed by heating the microfluidic
device from 25 to 40 °C under no flow conditions. Next, the
stretched length distribution of DNA-PNIPAM copolymers was
again determined in the presence of shear flow at a temperature
(40 °C) above the LCST of PNIPAM. Finally, the microfluidic
device was cooled to 25 °C in the absence of flow, and the
stretched length distribution was again observed at 25 °C. For
each case, stretched length distributions are obtained over at
least 100 molecules.

Single-molecule images of 10 kbp natural DNA and 10 kbp
DNA-PNIPAM (13 kDa PNIPAM branches) copolymers at 25
and 40 °C are shown in Figure 3b. Image analysis is used to
measure the stretched lengths of DNA and DNA-PNIPAM
copolymers in flow, and the stretched length distributions are
shown in Figure 3¢ and Table S3. Here, the theoretical contour
length for fluorescently labeled 10 kbp DNA is 4.3 ym. Initially,
the average stretched extension of 10 kbp DNA-PNIPAM is 3.0
+ 0.6 um at 25 °C. Upon heating the sample to 40 °C, DNA-
PNIPAM copolymers collapse and show much smaller
stretched lengths in shear flow with an average size of 2.1 +
0.7 pm. Finally, upon cooling the microfluidic device to 25 °C,
the DNA-PNIPAM copolymers return to an extended
conformation in flow with an average polymer extension of
3.1 + 0.6 pm. On the other hand, 10 kbp natural DNA exhibits
no appreciable changes in average stretched length with
temperature, with an average extension of 3.3 + 0.2 ym during
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Figure 3. Single-molecule imaging of surface-tethered DNA-PNIPAM copolymers stretched in shear flow. (a) Schematic of experimental setup

showing microfluidic flow cell and surface-tethered DNA-PNIPAM copolymers. (b) Series of single-molecule images of surface-tethered DNA-

PNIPAM copolymers (10 kbp DNA backbones, 1% DBCO, 13 kDa PNIPAM branches) and DNA polymers (10 kbp DNA backbones) stretched in

shear flow. DNA backbones are labeled with SYTOX Green. Scale bar: S ym. (c)—(e) Histograms showing probability of DNA backbone extension

for tethered chains stretched in shear flow (minimum of N = 100 molecules in each histogram), showing (c) the effect of temperature, (d) branch

density, and (e) PNIPAM branch molecular weight. Experiments in (c) and (e) are performed with low PNIPAM branching (10 kbp DNA

backbones, 1% DBCO), whereas experiments in (d) are performed with low PNIPAM branching (10 kbp DNA, 1% DBCO, 13 kDa PNIPAM
branches) and high branching (10 kbp DNA, 10% DBCO, 13 kDa PNIPAM branches).
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Figure 4. Longest relaxation time of surface-tethered DNA-PNIPAM and DNA polymers as a function of temperature. (a) Time-lapse images
showing relaxation of a single DNA-PNIPAM copolymer (30 kbp DNA backbone) at 25 °C after the cessation of shear flow. Time between
snapshots is 0.25 s. (b) Ensemble-averaged relaxation trajectories of single DNA-PNIPAM copolymers and DNA polymers (minimum of N = 20
molecules in each ensemble). (c) Longest relaxation time distribution of single DNA-PNIPAM copolymers and DNA polymers (30 kbp DNA
backbone, minimum of N = 20 molecules in each ensemble).

temperature transitions. These results suggest that PNIPAM the temperature is raised above the LCST, thereby resulting in
side branches transition from hydrophilic to hydrophobic when chain collapse of the DNA-PNIPAM copolymers at 40 °C.

284 DOI: 10.1021/acsmacrolett.8b00016
ACS Macro Lett. 2018, 7, 281-286


http://dx.doi.org/10.1021/acsmacrolett.8b00016

ACS Macro Letters

In a second set of experiments, we studied the effect of
branch density on the DNA-PNIPAM copolymer length
distribution (Figure 3d, Figure S3, and Table S3). For these
experiments, the stretched length distributions of 10 kbp DNA-
PNIPAM samples (13 kDa PNIPAM) with low branch loadings
(1% DBCO-dUTP) and high branch loadings (10% DBCO-
dUTP) were determined in shear flow at 25 and 40 °C. In
general, our results show that samples with higher branch
densities exhibit larger degrees of intramolecular collapse to
shorter size upon increasing temperature to 40 °C. These
results are consistent with the notion that higher levels of
PNIPAM side branches induce stronger degrees of intra-
molecular hydrophobicity when the temperature is raised above
the LCST. We further studied the effect of PNIPAM branch
molecular weight on stretched length distribution of DNA
copolymers in flow (Figure 3e, Figure S4, and Table S3). For
these experiments, we focused on DNA-PNIPAM with 1%
substitution containing PNIPAM side branches with a
molecular weight of 13 kDa or 30 kDa. Single-molecule
experiments show that stretched length distributions for DNA-
PNIPAM copolymers are shifted to slightly smaller sizes using
increasing PNIPAM molecular weight, which is again consistent
with the hypothesis that larger PNIPAM sizes result in stronger
intramolecular hydrophobicity interactions for temperatures
above the LCST.

We next used single-molecule fluorescence microscopy to
study the conformational relaxation dynamics of surface-
tethered thermoresponsive DNA copolymers (Figure 4). In
this experiment, surface-immobilized polymers were first
stretched to high degrees of extension in flow, followed by
abrupt cessation of fluid flow. Single polymer chains are then
allowed to relax back to a thermally equilibrated state, and the
relaxation trajectories of single chains are observed. In this
experiment, we determined the effect of temperature on the
conformational relaxation dynamics of DNA-PNIPAM copoly-
mers. Here, we focus on DNA-PNIPAM with 30 kbp DNA
backbones with 1% substitution with 13 kDa PNIPAM.
Polymer relaxation is studied above and below the LCST (25
and 35 °C, respectively). Interestingly, we found that >70% of
DNA-PNIPAM polymers (30 kbp DNA with 13 kDa PNIPAM
branches) stretch to >80% of the theoretical contour length at
35 °C, which allows for direct measurement of polymer
relaxation trajectories. However, chain extension is greatly
inhibited at 40 °C, such that only <10% of polymer chains
stretch to 80% of the theoretical contour length in tethered
shear flow at 40 °C. For these reasons, we performed polymer
relaxation experiments at 35 °C, which allows for quantification
of polymer relaxation over a large ensemble of molecules.

A series of time-lapse images of a single DNA-PNIPAM
copolymer relaxing from high extension are shown in Figure 4a.
Transient single polymer relaxation data are analyzed to
determine fractional extension of the polymer backbone (x/
L) by normalizing the dimensional chain extension x with the
backbone contour length (L & 13.6 ym for 30 kbp DNA). This
experiment is performed over a large molecular ensemble (N >
20), thereby enabling determination of the longest relaxation
time of each sample by fitting average relaxation data over the
regime 0.14 < x/L < 0.30 to a Rouse-inspired single exponential
decay: (x/L)* = a exp(—t/t) + b, where t is time, 7 is the
longest relaxation time of the polymer, and a and b are fitting
constants.>*” In this way, we determine the longest relaxation
time for DNA (7pya s oc = 045 & 0.11 s, Tpyassoc = 042 +
0.14 s) and DNA-PNIPAM (7pna pnianis «c = 0.36 % 0.08 s,
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TpnapNpams °c = 027 & 0.09 s), respectively (Figure 4b and
Figure 4c). However, we note that these experiments are
performed in an aqueous buffer (10 mM Tris/Tris-HCl, pH
80, 1 mM EDTA, and 5 mM NaCl) that exhibits a
temperature-dependent viscosity. In order to isolate the effects
of changes in longest polymer relaxation time due to
hydrophilic/hydrophobic interactions of PNIPAM, we rescale
the longest relaxation times with solvent viscosity at a given
temperature. In this way, we determine a normalized longest
relaxation time for DNA and DNA-PNIPAM that arises due to
PNIPAM hydrophobic interactions. In particular, we find
Tonass oc = 032 % 0.08 /cP, Tpya s oc = 033 % 0.11 s/cP for
natural DNA, 7pyapnpamasec = 026 £ 0.06 s/cP, and
Tonarnpamas cc = 021 + 007 s/cP for DNA-PNIPAM
copolymers, respectively. These results show that the PNIPAM
side branches have a direct impact on polymer relaxation.
DNA-PNIPAM copolymers relax faster due to PNIPAM
intramolecular interactions compared to natural DNA without
PNIPAM side branches above the LCST.

In this letter, we report the direct observation of DNA-
PNIPAM copolymer dynamics using single-molecule techni-
ques. Thermoresponsive DNA-PNIPAM copolymers are
synthesized via copper-free click chemistry, and single-molecule
imaging is used to study the effect of PNIPAM branches the
stretched the length distribution of surface-tethered polymers
in shear flow and the conformational relaxation dynamics
following cessation of flow. From a broad perspective, our
results show that DNA-PNIPAM copolymers show a broad
degree of dynamic heterogeneity in relaxation and steady
stretching dynamics due to the presence of PNIPAM side
branches, in particular above the LCST. We observe that higher
branch densities and higher branch molecular weights tend to
induce polymer collapse for temperatures above the LCST. To
our knowledge, this work is one of the first studies to extend
single-molecule imaging to DNA copolymers, with a particular
emphasis on heterogeneous chain dynamics. Future work
aimed at direct observation of hierarchical assembly of DNA-
based copolymers and transient stretching dynamics for
chemically and/or topologically complex polymeric materials
such as stimuli-responsive systems holds the potential to
provide new molecular insights into dynamic supramolecular
assembly processes and could lead to new molecular designs to
serve as drug and gene delivery carriers.
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