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O
ver the past two decades, interest
in and, perhaps more importantly,
applications of nanotechnology

have blossomed. One important contribut-
ing factor was the introduction by Seeman
of structural DNA nanotechnology1 and the
further development of techniques such as
Rothemund's DNA origami,2 which have
enabled the facile production of a wide
variety of precisely defined nanoscale ob-
jects. These structures made of biomole-
cules can be engineered using common
biochemical tools and made responsive to
a range of useful stimuli such as pH,3,4

temperature, enzymatic action, and the pre-
sence or absence of small fragments of DNA
or RNA.5,6 DNA nanostructures can exhibit
novel crystallization behavior,7,8 deliver
drug molecules to specified target sites,9

and have the ability to perform complex
computational tasks.10,11

In parallel to the rise of DNA as a nano-
scale building material, the proliferation of
controlled radical polymerization (CRP)
techniques has given materials scientists
an unprecedented degree of control over
the structure and composition of synthetic
polymers.12�14 Amphiphilic diblock copoly-
mers, polymers containing two distinct
domains, one hydrophobic and one hydro-
philic, covalently joined together, are of
particular interest as they are also capable
of self-assembly in aqueous solutions to
form nanoscale structures of precise size
and shape. Spherical, cylindrical15,16 and
vesicular morphologies17 are all readily ac-
cessible. The size of these structures can be
relatively easily tuned by altering the
lengths of the polymer segments. Synthetic
polymers are available that are responsive
to a huge range of stimuli including light,
temperature and pH: the corresponding
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ABSTRACT Copper catalyzed azide�alkyne cycloaddition (CuAAC) was

employed to synthesize DNA block copolymers (DBCs) with a range of

polymer blocks including temperature-responsive poly(N-isoproylacryl-

amide) (poly(NIPAM)) and highly hydrophobic poly(styrene). Exceptionally

high yields were achieved at low DNA concentrations, in organic solvents,

and in the absence of any solid support. The DNA segment of the DBC

remained capable of sequence-specific hybridization: it was used to

assemble a precisely defined nanostructure, a DNA tetrahedron, with pendant poly(NIPAM) segments. In the presence of an excess of poly(NIPAM)

homopolymer, the tetrahedron�poly(NIPAM) conjugate nucleated the formation of large, well-defined nanoparticles at 40 �C, a temperature at which the
homopolymer precipitated from solution. These composite nanoparticles were observed by dynamic light scattering and cryoTEM, and their hybrid nature

was confirmed by AFM imaging. As a result of the large effective surface area of the tetrahedron, only very low concentrations of the conjugate were

required in order for this surfactant-like behavior to be observed.
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nanostructures can therefore also be tailored to re-
spond to these environmental cues.18�20

Both approaches have their drawbacks. DNA is ex-
pensive to produce, and its responsiveness to different
stimuli is limited; polymers lack the structural program-
mability of DNA and its precision of synthesis. Recently,
a number of research groups have explored the pos-
sibility of combining the two, to produce hybrid DNA�
polymer materials. Herrmann et al. have synthesized
amphiphilic DNA block copolymers (DBCs) by attach-
ing poly(propylene oxide) (PPO) to a short piece of
single stranded DNA (ssDNA).21,22 The hydrophobic
PPO segment directs the material to self-assemble in
aqueous solution into well-defined micelles with
ssDNA in the corona. The ssDNA may then hybridize
with a complementary strand, which can be mod-
ified to bear a particular targeting ligand or reac-
tive group, lending the micellar scaffold a modular
character.21,23,24 The Mirkin group has used DNA as a
reversible cross-linker between organic and inorganic
nanostructures.25 Gianneschi et al. have used DBCs to
create nanostructures that can switch morphology in
response to enzymatic action and the addition/re-
moval of complementary ssDNA.26 pH-induced phase
transitions of DBCs between spherical micelles and
nanofibers were realized by Liu et al.27 Most recently,
Sleiman et al. have used DBCs tomake DNA nanofibers
with periodically spaced polymer domains arranged
along them.28,29 Each approach has its own unique
points of interest: Herrmann's work emphasizes how
useful it can be to incorporate a new interaction (that of
DNA hybridization) into a polymer nanostructure;
Gianneschi's demonstrates how incorporation of DNA
allows one to manipulate nanoscale polymeric materi-
als using biological tools; Liu's emphasizes the use of
external stimuli in similar processes; and Sleiman's
approach highlights DNA's ability to impart highly
reproducible, long-range order.
These studies clearly demonstrate the huge poten-

tial that DBCs have for the creation of novel, functional
materials; however, the synthesis of DBCs is typically
nontrivial, especially when the polymer segment has
some degree of hydrophobic character, and yields are
normally low. Because of this, the field is still small. The
variety of polymers in DBCs remains limited, and the
ability of the DNA segment to form complex structures
is relatively under-exploited.
The principal aims of this work were to identify a

fast, efficient and accessible solution-based synthetic

method for the production of DBCs; to use this method
to attach a responsive polymer to aDNA strand; to form
polymer-decorated DNA nanostructures from the re-
sulting DBC conjugate; and to study the temperature-
responsive behavior of this conjugate in solution.
Because of its compatibility with a wide range of

functional groups and its ability to polymerize, with
control, a large variety of different monomers, rever-
sible addition�fragmentation chain transfer (RAFT)
polymerization was chosen to synthesize the polymers
for this study.14 A DNA tetrahedron was identified as
the target nanostructure as it is straightforward to
assemble.30 The aim was to attach polymers to appro-
priate component strands of DNA, and then assemble
the tetrahedron (Figure 1). This approach has the
advantage that only one coupling chemistry is
needed to attach any number of different polymers
to the DNA structure; if the polymers were to be
attached to a preassembled DNA structure, a sepa-
rate, orthogonal conjugation chemistry would be
required for each polymer, which would rapidly
become impractical.

RESULTS AND DISCUSSION

Polymers bearing a terminal azide group were syn-
thesized by RAFT polymerization. Initially, the synthesis
was attempted using an azide-containing chain transfer
agent (CTA) (Figure S1, Supporting Information, 2).
However, FTIR revealed that the azide group had to a
large extent degraded, which was in agreement with a
previous report.31 It was necessary, therefore, to adopt
a postpolymerization functionalization approach,
which afforded polymers with a much higher percen-
tage incorporation of the azide (Figure S2, Supporting
Information). CTA 1 was synthesized and used to
produce poly(NIPAM) with a terminal pentafluorophe-
nyl (PFP) ester group,32 which, following removal of the
trithiocarbonate group with R,R0-azoisobutyronitrile
(AIBN) and lauroyl peroxide (LPO),33 was then available
for substitution with 1-azido-3-aminopropane. 1H NMR
spectroscopy confirmed the formation of the amide:
the CH2 signals adjacent to the azide and amide are
clearly observable, both at around 3.30�3.40 ppm
(see Figure 2). IR analysis further confirmed the pre-
sence of the azide group (see Figure S2, Supporting
Information). Three poly(NIPAM)-N3 samples were pre-
paredwith differentmolecular weights (see Table 1); all
were purified by extensive dialysis (MWCO = 1000 Da)
against 18 MΩ water.

Figure 1. The strategy used to synthesize the tetrahedron�polymer conjugate: attachment of the polymer to one of the
component strands, followed by assembly of the tetrahedron.
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A sample of poly(NIPAM) containing a terminal alkyne
group (Table 1, P2) was also synthesized by RAFT using
a previously reported CTA (Figure S1, Supporting Infor-
mation, 3).34

Poly(NIPAM) is well-known for its temperature-
responsive character: it typically exhibits a cloud point
around 32 �C in aqueous solution.35,36 It has previously
been combined with oligonucleotides and the hybrids
utilized for the thermally induced purification of plas-
mid DNA, PCR amplicons, genotoxins, and DNA bind-
ing proteins.21,37�41 There has also been a recent
report indicating that the cloud point of DBCs contain-
ing poly(NIPAM) can be modulated by the hybridiza-
tion of complementary DNA.42 The cloud point of the
poly(NIPAM)45 (Table 1, P1a) synthesized for this work
was measured to be 42 �C at a concentration of
0.8 mg mL�1 in TEM buffer (100 mM Tris HCl pH 8.0,
1 mM EDTA, 6 mM MgCl2) (see Figure S3, Supporting
Information). This higher value can be attributed to the
lowmolecular weight of the polymer and the relatively
hydrophilic end groups.

One aim of this work was to identify a reliable
method of conjugating polymers to DNA in a princi-
pally organicmilieu. The copper-catalyzed azide alkyne
cycloaddition (CuAAC) has been extensively used in
aqueous media to achieve efficient macromolecular
coupling,43 including DNA�DNA coupling and nucleo-
tide modification (as exemplified by the work of Brown
et al.44,45), but it has been less successful in organic
solvents compatible with hydrophobic polymers. It has
been suggested that the formation of the active
copper species is much more difficult in these systems
because of the strongly coordinating nature of the
solvent,46 so with this is in mind we set out to test a
variety of catalyst combinations in the hope of identi-
fying one that would be effective for DNA�polymer
conjugation. The solvents N,N-dimethylformamide
(DMF), dimethylsulfoxide (DMSO), and tetrahydrofuran
(THF) were all tested. The reaction between a 22 nt
strandwith a 50 azidemodification (s0-azide; see below
for DNA sequences) and P2 (Table 1), which con-
tained a terminal alkyne group, was used for all catalyst
testing.
Of the catalysts tested (Table S1 and Figure S4,

Supporting Information), only one was found to be
effective in producing the desired product: copper
iodide triethylphosphite (CuI 3 P(OEt)3). This species
contained a precomplexed copper(I) center, so the
active catalyst was already formed when the solution
was added to the reaction mixture. In the case of every
other catalyst investigated, the active species was
formed in situ: we believe that the low rate for this
step reduced the efficiency of the reaction.
A number of control experiments were carried out to

confirm that the band due to the conjugate had been
correctly identified (Figure S5, Supporting Information,
lanes 1�5). These showed that there was no association

Figure 2. 1H NMR spectra showing removal of the trithiocarbonate group and subsequent substitution of the PFP activated
ester to introduce an azidemoiety. Reaction conditions: (i) NIPAM (100 equivw.r.t. 1), AIBN (0.1 equiv), 1,4-dioxane (1.5mLper
gram of monomer), N2, 65 �C, 2 h; (ii) AIBN (100 equiv), LPO (4 equiv), toluene, N2, 80 �C, 5 h; (iii) 3-azido-1-aminopropane
(5 equiv), TEA (2.5 equiv), THF, 35 �C to RT, 17 h.

TABLE 1. Properties of the Polymers Synthesized for This

Work

polymer type Mn
NMR/kDaa Mw/Mn

b

P1a poly(NIPAM)45-N3 5.3 1.07
P1b poly(NIPAM)90-N3 10.4 1.09
P1c poly(NIPAM)173-N3 19.8 1.09
P2 poly(NIPAM)-CtCH 7.3 1.16
P3 poly(styrene)-CtCH 4.4 1.12
P4 poly(DMA)-N3 7.2 1.09
P5 poly(4-AM)-N3 13.8 1.11

a Determined from the ratio of the integrated signal from the polymer end groups
and the polymer NHCH signal in the 1H NMR spectrum. b Determined by DMF SEC
using PMMA calibration standards.
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between the polymer and DNA in the absence of
catalyst, that the polymer did not bind the PAGE stain,
that the catalyst did not cause degradation or aggre-
gation of the DNA, and that no reaction occurred
between the DNA and the polymer when the azide
group was missing from the former. These results
conclusively showed that the new bands indicated
in Figures S4 and S5 (Supporting Information) were
indeed due to the DNA�polymer conjugate.
Further optimization of the conjugation conditions

was carried out: it was found that DMF, DMSO, and
1-methyl-2-pyrrolidinone (NMP) were all effective sol-
vents for the reaction. Increasing the equivalents of
catalyst and polymer used also increased the effi-
ciency, with yields for the fully optimized reaction
reaching between 70 and 90% (as assessed by PAGE
densitometry of the crude reaction mixtures, see
Figure S5, Supporting Information). These are some
of the highest yields ever reported for DNA�polymer
conjugation in solution. (In previously reported synthe-
ses of linear DBCs containing the polymer block
poly(NIPAM) in aqueous solution, conjugation efficien-
cies were generally low, ranging from 15 to 40%.37,47)
For internal modifications of DNA with poly(NIPAM),
described below, coupling yields were considerably
lower, only reaching 2.5�6.5%.38 The reaction proce-
dure described above can be carried out at room
temperature (so there is very little solvent evaporation,
important when working with such low volumes), at
highdilution (theDNA in the test reactionswas at 10μM),
and over a relatively short time (incubation overnight).
No DNA synthesis equipment or other specialized
equipment is required.
Having established an effective catalyst system, the

positions of the azide and alkyne groups were switched
(because internal modification of DNA sequences with
an alkyne is more straightforward, and less expensive,
thanwith an azide). As Figure S6 (Supporting Information)
shows, this made no difference to the efficiency of the
reaction. It was found, however, that degassing of the
reaction solvent was necessary to prevent Glaser cou-
plingof the alkyne-functionalizedDNAstrands (Figure S7,
Supporting Information); this was accomplished by
simply bubbling with nitrogen for thirty minutes.
To emphasize the versatility of this coupling chem-

istry, three furtherDBCswere synthesized (P3�5, Table1).
Poly(dimethylacrylamide) (poly(DMA)) and poly(4-acryl-
oylmorpholine) (poly(4-AM)) are both permanently
hydrophilic polymers with potential applications as
biocompatible “stealth” coatings for drug delivery
vehicles. Both were synthesized with a terminal azide
group as described above and conjugated to alkyne-
functionalizedDNA in approximately 50% yieldwith no
further optimization of the reaction conditions (see
Figure S8, Supporting Information). Poly(styrene) is a
highly hydrophobic polymer, and its conjugation to
DNA has previously been realized in only low yields

using solid phase synthesis.48 Using our CuAAC tech-
nique, alkyne-functionalized poly(styrene) was suc-
cessfully conjugated to azide-functionalized DNA in
74% yield (Figure 3), an unprecedented efficiency for
the conjugation of a hydrophobic polymer to DNA in
solution.
It was hypothesized that, in accordance with a

previous report,25 the amphiphilic DNA�poly(styrene)
conjugate may form micellar structures in aqueous
solution. A solution of DNA�poly(styrene) conjugate
in DMF was therefore diluted by a factor of 5 with
18 MΩwater then analyzed by Dynamic Light Scattering
(DLS). After filtration through a 0.22 μm cellulose acetate
membrane to remove insoluble material, nanoparticles
were observed (see Figure S9, Supporting Information).
These particles were imaged by TEM, dry on a graphene
oxide support, without staining.49 Well-defined nanopar-
ticles with diameters around 20 nm were observed, con-
firming the amphiphilic nature of theDNA�poly(styrene)
conjugate (see Figure 4 and Supporting Information).
In order to construct the polymer-functionalized

DNA tetrahedron, it was first necessary to synthesize
DBCs containing an oligonucleotide with the appro-
priate base sequence. The s2 tetrahedron component
strand30was purchased containing an alkyne-modified
U in place of A12, an unhybridized “hinge” base joining
double-stranded edges at a vertex of the assembled
tetrahedron. This internally modified strand (s2-alkyne),
which is more challenging to modify, was conjugated
to P1a�c with efficiencies of up to 74% as shown in
Figure 5. The conjugates were purified by HPLC (see
Figure S10, Supporting Information).
The published procedure for assembly of DNA tetra-

hedra requires that the four component strands (s1�4)
bemixed and heated to 95 �C.30 Since the poly(NIPAM)
used in this study had a lower critical solution tem-
perature (LCST) of 42 �C (see above) it was desirable to
avoid the use of heat as a denaturant. An isothermal
assembly strategywas therefore adopted, as described
previously by Simmel et al.50 Equimolar amounts of s1,
s2-poly(NIPAM)45, s3, and s4 were mixed in 85%
formamide at a concentration of 100 nM. The solution

Figure 3. 2% agarose gel analysis of a poly(styrene)�DNA
conjugate synthesized using CuAAC in DMF (densitometry
plot shown to left of gel).
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was transferred to amicrodialyzer fitted with a 1000 Da
MWCOmembrane and stirred in a large volume of the
assembly buffer (100 mM Tris HCl pH 8.0, 5 mMMgCl2)
overnight. The solution within the microdialyzer was
then removed and analyzed by 8% native PAGE (see
Figure 6). A new, low-mobility band was clearly visible:
control experiments confirmed that this new bandwas
only seen when all four tetrahedron strands were
present, indicating the successful formation of the
polymer-conjugated DNA tetrahedron (see Figure S11,
Supporting Information).
To further confirm that the observed product was

indeed the polymer�tetrahedron conjugate, the pos-
sibility of attaching the polymer to an already assembled
DNA nanostructure was explored. To achieve this, the
s1, s2-alkyne, s3 and s4 strands were first phosphory-
lated using T4 polynucleotide kinase; the tetrahedron
was then assembled using the normal thermal route.
T4 DNA ligase was added to join the 30 and 50 ends of
each strand to form four linked circles that lock the
structure together topologically (this was desirable as
the addition of organic solvents can cause the unli-
gated tetrahedron to disassemble). Analysis by both
native and denaturing PAGE confirmed the successful
formation of the ligated tetrahedra (see Figure S12,
Supporting Information).
Conjugation of the polymer was performed using

standard water-based CuAAC reaction conditions.51

The ligated tetrahedrawereconcentratedtoapproximately
1 μM, mixed with the azide-functionalized polymer

(dissolved in degassed acetonitrile), CuSO4 3 5H2O, (þ)-
sodium L-ascorbate, and tris-(hydroxypropyltriazolyl-
methyl)amine (THPTA) (all dissolved in degassed
18 MΩ water), and left overnight at 26 �C. Analysis of
the reactionmixture by 8%native PAGE clearly showed
the presence of a new band (Figure S13, Supporting
Information), which corresponded exactly with that
attributed to the polymer�tetrahedron conjugate in
Figure 6. Since the ligated tetrahedron was incapable
of disassembly, this confirmed that this band had
been correctly assigned and that the conjugate had
been successfully synthesized. It isworthnoting thatwhen
the polymer was grafted to a preassembled tetrahedron,
the yield of the tetrahedron�polymer conjugatewas low;
by contrast, when the tetrahedron was assembled using
thes2-polymer species, theyieldwasclose toquantitative.
The latter is clearly the superior of the two approaches.
The concentration of the conjugate after assembly is

far below the critical micelle concentration (CMC) usually
observed for poly(NIPAM) nanostructures. However, it
was hypothesized that, by heating the tetrahedron�
poly(NIPAM) conjugate close to the cloud point of the
polymer in the presence of a large background con-
centration of unfunctionalized poly(NIPAM), the col-
lapse and aggregation of the polymer could be made
to drive the formation of micelle-like structures with a
hydrophobic poly(NIPAM) core and a hydrophilic cor-
ona composed of DNA tetrahedra. A solution of
the tetrahedron�poly(NIPAM) (100 nM) was analyzed
by DLS, both at room temperature and at 40 �C.
The solution was cooled to room temperature, an
aliquot of poly(NIPAM) homopolymer solution was
added, and the measurements were repeated; this
process was repeated several times until 10 equiv of
the homopolymer had been added. At this maximum
homopolymer concentration, DLS results indicated the
formation of nanoparticles with a hydrodynamic dia-
meter of around 220 nm at 40 �C, see Figure 7. These
structures were not observed at room temperature,
indicating that the temperature-responsive polymer
was responsible for their formation. Further increasing
the temperature of the solution above 40 �C led to an
increase in the size of the structures (see Figure S14,
Supporting Information). A possible cause of this
phenomenon is the dynamic equilibrium between

Figure 4. TEM micrograph of nanoparticles formed when the DNA�poly(styrene) conjugate was transferred from DMF
(a good solvent for both blocks) to water (a poor solvent for poly(styrene)). The sample was dried directly onto the graphene
oxide-coated TEM grid without staining. Scale bar: 50 nm.

Figure 5. DBCs containing the tetrahedron s2 strand. 15%
native PAGE analysis of crude reaction mixtures from the
synthesis of lane a, s2-PNIPAM45 (densiometry plot shown
to left of gel); lane b, s2-PNIPAM90; lane c, s2-PNIPAM173.
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homopolymer free in solution and trapped in the core
of the nanoparticles: as the temperaturewas increased,
the equilibrium shifted to favor aggregation in the
core, thus increasing the size of the particles. The
homopolymer alone exhibited none of these proper-
ties: upon heating it simply aggregated and precipi-
tated. The s2-poly(NIPAM) conjugate did exhibit the
ability to form large structures under these conditions,
but DLS indicated that they were unstable and the
results were not reproducible. As a final control, un-
conjugated tetrahedra were mixed with poly(NIPAM)
homopolymer and studied by DLS at 40 �C. Again, no
stable structures were observed by DLS.
To corroborate the light scattering data, the nano-

particles were studied by cryogenic transmission elec-
tron microscopy (cryoTEM). Figure 8 shows a typical
electron micrograph of one of the tetrahedron�
poly(NIPAM) nanoparticles, as well as a particle size
histogram (see Figure S15, Supporting Information for
further cryoTEM images). The average particle size
(79 ( 3 nm) is smaller than that observed by DLS
(220 nm). The discrepancy likely arose because the

light scattering method gave undue weight to the
small but significant population of particles above
200 nm in diameter.
The nanoparticles were studied by AFM by drying

them onto either a mica or glass surface to assess
retention of conjugate-polymer associations in the
presence of both a high and low energy substrate. On
mica, DNA tetrahedron�polymer conjugates were
observed both in isolation and in an aggregated state,
with polymer distributed intermittently over the sur-
face (see Supporting Information). In all images, both
the DNA tetrahedron�polymer conjugates and the
aggregates were found primarily on areas of the sub-
strate covered by polymer. These results suggested
that themica induced the large hybrid nanoparticles to
partially disassemble upon drying and that the resul-
tant material is more stable on polymer than on a high-
surface-energy substrate. On glass, a lower-surface-
energy substrate, the strong preference for free poly-
mer association to the DNA�polymer conjugates was
more pronounced, with the polymer clustering around
the DNA nanostructures (see Figure 8) and overall
diameters of the DNA nanostructures and associated
polymer approaching those observed in cryoTEM (see
Figures S15 and S16, Supporting Information, for
further AFM images and analysis). The differences in
diameter can be attributed to the effects of drying the
sample to the AFM substrate.
On the basis of the data from DLS, cryoTEM, and

AFM, it is proposed that as the poly(NIPAM) homo-
polymer approached its cloud point, the formation of
discrete nanoparticles (see Figure 7) composed of a
collapsed polymer core stabilized by DNA nanostruc-
tures anchored to its surface by a covalently attached
polymer chain was favored. As a result of the large
volume occupied by the tetrahedron (relative to a
single strand of DNA), only a low concentration of

Figure 6. Tetrahedron�PNIPAM45 conjugate analyzedby 8%native PAGE. Lane a, Tetrahedron�PNIPAM45 conjugate; lane b,
c, d, unfunctionalized DNA tetrahedra; lane e, s1 þ s3 þ s4; lane f, s2-alkyne; lane g, s2-PNIPAM45.

Figure 7. Temperature-induced formation of nanoparticles
frompoly(NIPAM)45 in the presence of the DNA tetrahedron�
poly(NIPAM) conjugate. Left: schematic of the proposed
assembly process. Right: DLS data for the nanoparticles at
40 �C (correlation function inset); there was good agree-
ment between the analyses by scattering intensity (blue),
particle volume (green), and number of particles (black).
The hydrodynamic diameter of the particles was estimated
to be 220 nm, with a polydispersity of 0.13.
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the conjugate was needed for stabilization to occur.
The high density of negative charge on the DNA
nanostructure prevented aggregation of the nanopar-
ticles. The DNA tetrahedron�poly(NIPAM) species thus
behaved like a“giant surfactant”.

CONCLUSION

A fast and efficient solution-based route to DBCs by
CuAAC has been identified. Since alkyne- and azide-
functionalized DNAs are commercially available, and
polymers end-modified with these reactive groups are
already routinely synthesized by many research
groups, it is hoped that the simplicity of the conjuga-
tion protocol will encourage greater exploration of the
potential of DBCs by materials chemists. Given the
huge variety of properties possessed by synthetic
polymers, including pH- and redox-responsiveness,
electrical conductivity, and catalysis, there are a

number of exciting opportunities for the creation of
materials with unique, useful, and interesting properties.
This work has demonstrated that an added layer of

complexity can be introduced into DNA nanostruc-
tures by the addition of a responsive polymer block.
We have created surfactant-like species capable of
stabilizing hydrophobic polymer nanoparticles in aque-
ous solution at very high dilution. Future work will
focus on exploitation of these temperature-responsive
nanoparticles for a specific purpose: DNA tetrahedra in
particular have been shown to effectively encapsulate
proteins, including Cytochrome c52 and a transcription
factor,53 so thesehybrid structures couldproveveryuseful
in the fields of drug delivery and catalysis.54�56 Given the
almost bewildering array of shapes and architectures that
cannowbemadeusingDNA self-assembly, functionaliza-
tion of other DNA nanostructures with responsive poly-
mers could lead to a vast number of novel materials.

MATERIALS AND METHODS
Materials. All DNA samples were purchased from Integrated

DNA Technologies and used without further purification. T4
polynucleotide kinase and T4 DNA ligase were purchased from
New England BioLabs, Inc., and used as received. 2-(Dodecyl-
thiocarbonothioylthio)-2-methylpropionic acid (DDMAT), 3-azi-
do-1-propanol, N-hexylpyridyl-methanimine (NHPMI), and
copper iodide triethylphosphite (CuI 3 P(OEt)3) were synthe-
sized according to previously published procedures.57�60

N-Isopropylacrylamide (NIPAM) was recrystallized from a mix-
ture of toluene and hexane. R,R0-Azoisobutyronitrile (AIBN) was

recrystallized from methanol. All other chemicals were pur-
chased from Sigma Aldrich and used as received. DNA solution
concentrations were determined using UV�vis absorption
measurements at 260 nm. 1H and 13C NMR spectra were
recorded on Bruker DPX-300 or -400 spectrometers at 293 K.
Chemical shifts are reported as δ in parts per million (ppm) and
referenced to the residual solvent resonances (CDCl3

1H δ= 7.26
ppm; 13C δ = 77.16 ppm). DMF SEC data were obtained in HPLC
grade DMF containing 1 mg mL�1 of lithium bromide at 323 K,
with a flow rate of 1.0 mL min�1, on a set of two Varian PLgel
5 μmMixed-D columns (7.5 mm diameter), with guard column.

Figure 8. CryoTEM and AFM micrographs with particle analyses. Upper left: representative cryoTEM micrograph of a DNA
tetrahedron�poly(NIPAM) nanoparticle. Upper right: particle size histogram (n = 73); log-normal fit provided (blue trace).
Lower left: AFM micrograph of DNA tetrahedron�poly(NIPAM) nanoparticle and associated free polymer on glass. Lower
right: particle diameter histogram (n = 178); log-normal fit provided (blue trace).
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SEC data were analyzed using Cirrus SEC software calibrated
using poly(methyl methacrylate) standards (690�271 400 Da).
ESI Mass spectra were collected on a Bruker Esquire2000 ESI-MS
machine using methanol as solvent. UV�vis measurements
were collected on a PerkinElmer Lambda 35 spectrometer using
a Hellma TrayCell with a 1 mm path length adapter or, for cloud
point measurements,with a quartz cell with a 1 cmpath length. IR
measurements were collected on a PerkinElmer Spectrum 100 FT-
IR spectrometer. Native polyacrylamide gel electrophoresis
(PAGE) was carried out with 1� Tris-Acetate EDTA (TAE) as
running buffer at 4 �C and constant voltage of 200 V, loading
with glycerol/bromophenol blue loading buffer. Denaturing
PAGE was carried out using gels containing 8.3 M urea, with
1� Tris-Borate EDTA (TBE) as running buffer at a constant
voltage of 300 V, loading with formamide/bromophenol blue/
xylene cyanol loading buffer. All gels were run using a Bio-Rad
Mini-Protean Tetra System apparatus and visualized using
SybrGold nucleic acid stain, purchased from Invitrogen, under
UV transillumination. Yields were estimated by densitometry
using the Image-J image analysis package. HPLC analyses were
performed on a Varian 920-LC integrated liquid chromatogra-
phy system. Chromatography was performed on a Waters
XBridgeOST C18 2.5 μm 4.6 � 50 mm column heated to 40 �C.
Flow rate was set at 1 mL min�1 with a linear gradient of the
following buffers: buffer A, 0.1M triethylammonium acetate, 5%
acetonitrile, pH 7.0; buffer B, 0.1 M triethylammonium acetate,
70%acetonitrile, pH 7.0. Fractions collectedwere combined and
concentrated using an Eppendorf concentrator plus. For the
assembly of tetrahedra, TEM buffer was used containing 10mM
Tris HCl pH 8.0, 1 mM EDTA and 6 mM MgCl2. Hydrodynamic
diameters (Dh) and size distributions of nanoparticles were
determined by DLS on a Malvern Zetasizer Nano ZS operating
at 24 or 40 �C with a 4 mW He�Ne 633 nm laser module.
Disposable plastic sizing microcuvettes were used. Measure-
ments weremade at a detection angle of 173� (back scattering),
and the data analyzed using Malvern DTS 6.20 software, using
the multiple narrow modes setting. All measurements were
made in triplicate, with at least 10 runs per measurement.
Cryogenic transmission electron microscopy samples (100 nM in
water) stabilized with citric acid (250 mM)61 were examined using
a Jeol 2010F TEM operated at 200 kV and imaged using a
GatanUltrascan 4000 camera. Images were captured using Digital
Micrograph software (Gatan). A 3μL droplet of the sample solution
held at 40 �C was rapidly transferred to a holey carbon-coated
copper grid and blotted to remove excess solution. Subsequently,
the grid was plunged into liquid ethane to vitrify the sample. The
temperature of the cryogenic stage was maintained below
�170 �C, using liquid nitrogen, during imaging. Where appro-
priate, particle size analysis was performed using ImageJ.

DNA Sequences. The followingDNA sequenceswereused in this
work. Unless otherwise stated, the sequences are given 50 to 30 .
The s0 strandwas used for catalyst testing andwas purchasedwith
either an alkyne, azide, or amine modification at the 50 end. The
s1�s4 strands were the components of the DNA tetrahedron: for
polymer conjugation, the s2 strand was ordered containing an
alkyne-modified uracil residue as indicated below by U(alkyne).
The color scheme used corresponds to that in the main article.

Chain Transfer Agents. Three chain transfer agents (CTAs) were
synthesized for this work, containing either an azide, alkyne, or
pentafluorophenyl (PFP) activated ester group, as shown in
Figure S1 (Supporting Information).

Perfluorophenyl 2-(dodecylthiocarbonothioylthio)-2-methylpropano-
ate, 1. The PFP-containing CTA 1 was prepared according to a
previously published procedure.32 DDMAT (0.5 g, 1.37 mmol)
was added to an oven-dried Schlenk flask, which was then
evacuated and refilled with nitrogen three times. Anhydrous
DMF (7.5 mL) was added via syringe, and the flask was cooled to
0 �C with an ice bath. DIEA (354 μL, 2.74 mmol) was then added
via syringe, followed by dropwise addition of pentafluorophe-
nyl trifluoroacetate (283 μL, 1.65 mmol). After one hour stirring
at 0 �C, the flask was opened to the air, and diethyl ether (30mL)
was added, followed by a 1 M solution of HCl (30 mL). The
organic layer was collected and washed with water (2� 30 mL)
and brine (30 mL). The solvent was removed in vacuo to give a
yellow oily residue, which was then purified by silica gel column
chromatography, eluting with a mixture of ethyl acetate and
pet. ether 40�60 (gradient from 5 to 10% ethyl acetate). The
fractions containing the product (Rf 0.81) were combined and
the solvent removed in vacuo to yield the product as a yellow oil
(0.686 g, 94%). 1H NMR (400 MHz, CDCl3): δ 3.31 (t, J = 7 Hz, 2H,
SCH2), 1.86 (s, 6H, C(CH3)2), 1.69 (quint, J = 7 Hz, 2H, SCH2CH2),
1.40 (m, 2H, SCH2CH2CH2), 1.26 (br s, 16H, SCH2CH2(CH2)8), 0.88
(t, J = 7 Hz, 3H, CH2CH3) ppm. 13C NMR (150MHz, CDCl3): δ 219.9
(CdS), 169.6 (CdO), 142.1 (t), 140.4 (t), 138.7 (t), 137.0 (t) (PFP Cs),
55.4 (C(CH3)2), 37.2 (SCH2), 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 29.0,
28.9, 27.8, 25.4 (C(CH3)2), 22.7 (CH2CH3), 14.1 (S(CH2)11CH3) ppm.
19F NMR (375 MHz, CDCl3): δ �151.5 (d, 2F, ortho F), �157.7
(t, 2F, para F), �162.3 (t, 2F, meta F) ppm. IR (νmax/cm

�1): 2925,
2854, 1779, 1517, 1079, 992, 815. ESI HR MS calcd. for
C23H31F5O2S3 [M þ H]þ 531.1486; observed 531.1480.

3-Azidopropyl 2-(dodecylthiocarbonothioylthio)-2-methylpropanoate, 2. The
azide-containing CTA 2was synthesized as follows. DDMAT (0.2
g, 0.55 mmol), EDCI 3HCl (0.105 g, 0.55 mmol), and DMAP (0.006
g, 0.05 mmol) were dissolved in dichloromethane (2 mL) and
stirred for one hour at room temperature. 3-Azido-1-propanol
(0.05 g, 0.50 mmol) was then added, and the mixture was
stirred for one week at room temperature. The solvent was
then removed in vacuo, water (20 mL) was added, and the
product was extracted into ethyl acetate (3 � 20 mL). The
combined organic layers were washed with water (2 � 20 mL)
and brine (20 mL) and finally dried with MgSO4, which was then
removed by filtration. The solvent was removed in vacuo, and
the residue purified by silica gel column chromatography,
eluting with a mixture of pet. ether 40�60 and ethyl acetate
(9:1). The pure fractions (Rf 0.57) were combined, and the
solvent removed to afford the product as a yellow oil (0.116 g,
52%). 1H NMR (400 MHz, CDCl3): δ 4.18 (t, J = 6 Hz, 2H, CH2O),
3.36 (t, J=7Hz, 2H, CH2N3), 3.27 (t, J=7Hz, 2H, SCH2), 1.90 (quint,
J = 6 Hz, 2H, CH2CH2N3), 1.69 (s, 6H, C(CH3)2), 1.66 (m, 2H,
SCH2CH2), 1.38 (m, 2H, SCH2CH2CH2), 1.34�1.21 (br m, 16H,
SCH2CH2CH2(CH2)8CH3), 0.88 (t, J = 7 Hz, 3H, S(CH2)11CH3) ppm.
13C NMR (150 MHz, CDCl3): δ 221.6 (CdS), 172.8 (CdO), 62.7
(OCH2), 55.9 (C(CH3)2), 48.2 (CH2N3), 37.0 (SCH2), 31.9, 29.6, 29.5,
29.4, 29.3, 29.1, 28.9, 28.0, 27.9, 25.4 (C(CH3)2), 22.7, 14.1
(S(CH2)11CH3) ppm [Fewer signals are observed than expected
because of overlap]. IR (νmax/cm

�1): 2923, 2853, 2096, 1734,
1254, 1154, 1126, 1064, 814. ESI HR MS calcd. for C20H37N3O2S3
[M þ Na]þ 470.1946; observed 470.1942.

S-Propargyloxycarbonylphenylmethyl dithiobenzoate, 3. The alkyne-
containing CTA 3 was prepared according to a previously pub-
lished procedure.34

Poly(N-isopropylacrylamide). All polymers were synthesized
using the same conditions: the only variables were the number
of equivalents of monomer used, the CTA, and the reaction
time. A representative procedure follows, using the PFP-con-
taining CTA 1. The CTA (0.094 g, 0.09 mmol), NIPAM (1 g, 8.84
mmol), and AIBN (0.003 g, 0.02 mmol) were dissolved in 1,4-
dioxane (1.5 mL) and transferred to an oven-dried ampule. The
mixture was subjected to three freeze�pump�thaw cycles and
sealed under an atmosphere of nitrogen. It was then placed in
an oil bath preheated to 65 �C. After 2 h, the ampule was
removed, and the reaction quenched by opening it to air
and cooling with liquid nitrogen. The solution was poured into
pet. ether 40�60 (80 mL) cooled in an acetone/CO2 bath, and
the precipitant collected by filtration. The product was then
dissolved in THF (1 mL), and the process repeated. The product
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was isolated by filtration, dried in vacuo, and isolated as a yellow
powder (0.521 g, 51%) and analyzed by DMF SEC using PMMA
calibration standards (Mn 5 260 Da, ^ 1.10). 1H NMR (400 MHz,
CDCl3): δ 7.40�5.70 (br m, pNIPAM NH), 4.00 (br s, pNIPAM
CH(CH3)2), 3.35 (br m, 2H, SCH2), 2.65�0.75 (br m, pNIPAM
backbone H), 0.88 (t, J = 7 Hz, 3H, S(CH2)11CH3) ppm. 19F NMR
(375 MHz, CDCl3): δ �153.0 (br m, 2F, PFP end group ortho F),
�158.0 (br m, 1F, PFP end group para F),�162.3 (br m, PFP end
group meta F) ppm.

Analytical data for the poly(NIPAM) synthesized using the
alkyne-functionalized CTA, 3. 1H NMR (400 MHz, CDCl3): δ 7.94
(t, 2H, polymer end group ArH), 7.54 (t, 1H, polymer end group
ArH), 7.37 (t, 2H, polymer end group ArH), 7.32�7.14 (br m,
polymer end group ArH), 7.10�5.40 (br s, pNIPAM NH), 4.82�
4.44 (br m, 2H, polymer end group CH2CtCH), 4.25�3.70 (br s,
pNIPAM CH(CH3)2), 3.59 (br s, 1H, polymer end group CtCH),
2.60�0.80 (br m, pNIPAM backbone H) ppm.

Poly(styrene). The polymerization of styrene was conducted
as follows. CTA 3 (0.063 g, 0.19 mmol) was dissolved in styrene
(1.1 mL, 9.60 mmol). The solution was transferred to an oven-
dried ampule, which had been purged with nitrogen for 30min.
The mixture was subjected to five freeze�pump�thaw cycles
and sealed under an atmosphere of nitrogen. It was then placed
in an oil bath preheated to 110 �C and stirred for 28 h, after
which time the reaction was allowed to cool to room tempera-
ture and poured into methanol (400 mL) cooled with dry ice.
The product precipitated out and was collected by filtration,
dissolved in a small amount of THF, and reprecipitated into cold
methanol (200 mL), and finally collected by filtration as a pink
solid (0.371 g, 48%), and analyzed by CHCl3 SEC using PS
standards (Mn 3 600, ^ 1.12). 1H NMR (400 MHz, CDCl3): δ 7.84
(brm, 2H, SdCArH), 7.46 (brm, 1H, SdCArH), 7.41�6.08 (brm, PS
ArH), 5.02�4.26 (br m, 3H, OCH2CtCH and SCHPh), 3.23 (br s,
1H, CtCH), 2.66�0.51 (br m, PS backbone H) ppm.

Poly(dimethylacrylamide). The polymerization of dimethylacry-
lamide (DMA) was conducted as follows. CTA 1 (53.5 mg, 0.10
mmol), DMA (1 g, 10.09 mmol) and AIBN (1.7 mg, 0.01 mmol)
were dissolved in 1,4-dioxane (2 mL), and the mixture degassed
by three successive freeze�pump�thaw cycles. The solution
was sealed under a nitrogen atmosphere and placed in an oil
bath preheated to 65 �C for four hours. After rapid cooling with
liquid nitrogen to quench the polymerization, the flask was
opened to air, and the solution added dropwise to a large
volume of pet. ether 40�60 (300 mL). The precipitated product
was collected by filtration as a yellow solid (0.871 g, 87%) and
analyzed by DMF SEC using PMMA calibration standards
(Mn 11.1 kDa, ^ 1.09). 1H NMR (400 MHz, CDCl3): δ 5.18 (m,
1H, SCHCdONMe2), 3.31 (m, 2H, SCH2), 3.40�2.00 (br m, PDMA
N(CH3)2 and CHCdONMe2), 2.00�1.00 (br m, PDMA backbone
CH2) ppm. 19F NMR (375 MHz, CDCl3): δ �153.0 (br m, 2F, PFP
end group ortho F), �158.1 (br m, 1F, PFP end group para F),
�162.3 (br m, PFP end group meta F) ppm.

Poly(4-acryloyl morpholine). The polymerization of 4-acryloyl
morpholine (4-AM) was conducted as follows. CTA 1 (37.6 mg,
0.07mmol), 4-AM (1 g, 7.08mmol) and AIBN (1.2mg, 0.01mmol)
were dissolved in 1,4-dioxane (3mL), and the solution degassed
by three successive freeze�pump�thaw cycles. The reaction
mixture was sealed under a nitrogen atmosphere and placed in
an oil bath preheated to 65 �C for four hours. After rapid cooling
with liquid nitrogen to quench the polymerization, the flask was
opened to air, and the solution added dropwise to a large
volume of diethyl ether (200 mL) cooled in an ice bath. The
precipitated product was collected by filtration and drying as a
yellow solid (0.793 g, 82%) and analyzed by DMF SEC using
PMMA calibration standards (Mn 9.3 kDa, ^ 1.11). 1H NMR
(400 MHz, CDCl3): δ 5.16 (m, 1H, SCHCdON), 4.00�3.00 (br m,
P4-AM NCH2CH2), 2.90�1.00 (br m, P4-AM backbone H), 0.87
(t, 3H, S(CH2)11CH3) ppm. 19F NMR (375 MHz, CDCl3): δ �153.3
(br m, 2F, PFP end group ortho F), �157.6 (br m, 1F, PFP end
group para F), �161.9 (br m, PFP end group meta F) ppm.

End Group Removal. The trithiocarbonate group was removed33

from the chain ends of poly(NIPAM), poly(DMA), and poly(4-AM)
prior to further derivitization of the PFP group � an example
procedure follows. Poly(NIPAM)-PFP (100 mg, 0.01 mmol), AIBN
(187 mg, 1.14 mmol), and LPO (18 mg, 0.05 mmol) were

dissolved in dry toluene (28 mL), and the solution degassed
by three freeze�pump�thaw cycles and then sealed under
nitrogen. The mixture was heated to 80 �C for five hours and
then allowed to cool to room temperature. The solvent was
removed in vacuo, and the residue resuspended in THF (1 mL),
which was then poured into pet. ether 40�60 (15 mL) cooled
with an ice bath. The precipitated product was collected
by filtration and dried under vacuum to give a white powder
(71 mg, 71%), which was analyzed by DMF SEC using PMMA
calibration standards (Mn 8.2 kDa, ^ 1.11). 1H NMR (400 MHz,
CDCl3): δ 8.00�5.50 (br m, pNIPAM NH), 4.00 (br s, pNIPAM
CH(CH3)2), 3.00�0.50 (br m, pNIPAMbackboneH) ppm. 19F NMR
(375 MHz, CDCl3): δ �153.0 (br m, 2F, PFP end group Fortho),
�158.0 (brm, 1F, PFP endgroup Fpara),�162.3 (brm, 2F, PFP end
group Fmeta) ppm.

End Group Modification. The PFP polymer end group was
substituted with 3-azido-1-aminopropane as follows, using a
modified literature procedure.62 An example procedure follows:
the same technique was used to introduce an azide group into
the chain ends of poly(DMA) and poly(4-AM). Poly(NIPAM) (Mn

8.2 kDa,^ 1.11) (40.0mg, 5 μmol), 3-azido-1-aminopropane (2.4
mg, 24 μmol), and TEA (1.2 mg, 12 μmol) were dissolved in
anhydrous THF (0.5 mL) under nitrogen in an oven-dried
ampule. The solution was degassed by three successive free-
ze�pump�thaw cycles, then heated to 35 �C for two hours, and
then for a further 15 h at room temperature. Water (10 mL) was
added, and the mixture dialyzed against 18 MΩ water (MWCO
1 kDa), with six water changes, to remove excess small mol-
ecules. The product was isolated by freeze-drying as a white
solid (21 mg, 53%) and analyzed by DMF SEC using PMMA
calibration standards (Mn 8.0 kDa, ^ 1.09). 1H NMR (400 MHz,
CDCl3): δ 7.20�5.50 (br m, pNIPAM NH), 4.00 (br s, pNIPAM
CH(CH3)2), 3.42�3.21 (br m, 4H, CONHCH2 and CH2N3), 2.80�0.5
(br m, pNIPAM backbone H) ppm. IR (νmax/cm

�1): 3296, 2971,
2100 (N3 stretch), 1639, 1535, 1458.

DNA�Polymer Conjugates. DMF was degassed by bubbling
with N2 for 30 min prior to use. DMF (75 μL), poly(NIPAM)-N3

(10 μL, 1 mM in DMF), CuI 3 P(OEt)3 (10 μL, 1 mM in DMF), and s2-
alkyne DNA (5 μL, 200 μM in water) were mixed in a centrifuge
tube and left at room temperature overnight. The reaction
mixture was then concentrated in vacuo to a final volume of
approximately 10 μL. HPLC buffer A (90 μL) was added, and the
mixture was vortexed and then centrifuged. The s2-poly-
(NIPAM) conjugate was identified by 15% native PAGE and
isolated by HPLC (see Figure S10, Supporting Information). After
resuspension of the dried fractions in 18 MΩ water, the yield
was estimated to be 50% by UV�vis spectroscopy.

Degradation of the Azide Group under RAFT Conditions. To measure
the resistance of the azide group to RAFT polymerization
conditions, poly(NIPAM) was synthesized using CTA 2 with a
molecular weight of 7.8 kDa and a PDI of 1.13 (DMF SEC, PMMA
calibration standards). The FTIR spectrum was recorded and
compared with that of a poly(NIPAM) sample of similar molec-
ular weight in which the azide group had been introduced
postpolymerization. The azide group exhibits a characteristic
peak at 2100 cm�1.

Catalyst Testing. All solvents were degassed by bubbling with
N2 for 30 min prior to use. The catalyst/ligand (1.0 μL, 2 mM in
the reaction solvent), polymer (1.0 μL, 2 mM in the reaction
solvent) andDNA (0.5 μL, 200 μM inwater) solutionsweremixed
in a centrifuge tube, and the volume topped up to 10 μL with
the reaction solvent. The tube was closed, briefly vortexed and
then left overnight. The yield of the DNA�polymer conjugate
was assessed by 15% native PAGE analysis.

Degassing of the reaction solvent is important for the
CuAAC reaction to proceed properly. The presence of oxygen
leads to the Cu(I) source catalyzing the Glaser coupling, result-
ing in dimerization of the alkyne DNA.

Ligation of the DNA Tetrahedron. The alkyne-functionalized
DNA tetrahedron was assembled and ligated as follows. DNA
strands s1, s2-alkyne, s3, and s4 (1 μL of each, 10 μM in water)
weremixedwith 18MΩwater (84 μL), 10� T4 DNA ligase buffer
(10 μL), and T4 polynucleotide kinase (2 μL, 10 000 units mL�1),
and the solution heated at 37 �C for 30 min. The temperature was
then increased to 65 �C for 20 min to deactivate the enzyme.
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The temperature was again increased, to 95 �C, for 4 min,
after which time the solution was cooled rapidly by submersing
the reaction vessel in an ice bath. Once cool, T4 DNA ligase (5 μL,
400 000 cohesive end units mL�1) was added, and the mixture
incubated at room temperature for one hour. Analysis by 8%
native PAGE confirmed the successful formation of the tetra-
hedron, and denaturing PAGE confirmed that the ligation
procedure had been successful (see Figure S12, Supporting
Information): native PAGE confirmed the successful formation
of the tetrahedral structure; the resistance of the tetrahedra to
denaturing conditions confirmed that they had been success-
fully ligated and that a topologically locked structure had been
formed.

Attachment of Poly(NIPAM) to the Ligated DNA Tetrahedron. All
solutions were degassed by bubbling with nitrogen for 30
min prior to use. The ligated tetrahedron (20 μL, 250 nM in
TEM buffer), azide-functionalized poly(NIPAM)45 (10 μL, 10 mM
in acetonitrile), copper sulfate pentahydrate (10 μL, 10 mM in
water), (þ)-sodium L-ascorbate (10 μL, 10 mM in water), and
tris-(hydroxypropyltriazolylmethyl)amine (THPTA) (10 μL, 10 mM
in water) were mixed and left overnight at 26 �C. Analysis by 8%
native PAGE confirmed that the tetrahedron�polymer conju-
gate had been formed in approximately 40% yield (see Figure S13,
Supporting Information).

Measurement of the Cloud Point of Poly(NIPAM)45. The cloud point
of the poly(NIPAM) homopolymer was measured by follow-
ing the UV�vis absorbance. A solution of the homopolymer
(0.8 mg mL�1 in 1� TEM buffer) was heated in a quartz cuvette
within a UV�vis spectrometer, and the absorbance followed at
500 nm (see Figure S3, Supporting Information) from 20 to
60 �C. After normalization of the maximum absorbance to one,
the cloud point was taken as the temperature at which the
absorbance was 0.5. This was found to be at 42 �C.

Self-Assembly of Poly(NIPAM)45 in the Presence of the Tetrahedron�
Poly(NIPAM) Conjugate. Hybrid nanoparticles were produced as
follows. A solution of the tetrahedron�poly(NIPAM) conjugate
(60 μL, 100 nM in 1X TEM buffer) was added to a DLS cuvette,
and the light scattering data recorded at 25 �C. The temperature
was then increased to 40 �C, and the measurement repeated.
After cooling to 25 �C, an aliquot of poly(NIPAM)45 homopoly-
mer (0.8 mg mL�1 in TEM buffer) was added, the sample was
allowed to equilibrate for 2 min, and the DLS measurement
taken. The temperature was then increased to 40 �C, and the
measurement repeated. This processwas iterated until data had
been acquired for the addition of 0.1, 0.5, 1, 2, 5, and 10 equiv
of homopolymer (relative to the tetrahedron�poly(NIPAM)
conjugate).

To ascertain whether the tetrahedron structure was respon-
sible for the stabilization of the nanoparticles, the experiment
was repeated using the s2-poly(NIPAM) conjugate. In place of
the DNA tetrahedron, the DNA component of this species is a
single strand without designed secondary structure. DLS indi-
cated the formation of large, unstable particles ranging in
diameter from around 50 to 500 nm.

To check that the homopolymer did not form structures on
its own, a solution of poly(NIPAM)45 was heated to 40 �C, and a
DLSmeasurement was taken. Even after extended equilibration
at this temperature, only macroscopic aggregates were ob-
served, suggesting that the polymer does not form any sort of
well-defined nanostructure.
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