
HAMNER ET AL . VOL. 7 ’ NO. 8 ’ 7011–7020 ’ 2013

www.acsnano.org

7011

July 30, 2013

C 2013 American Chemical Society

Using Temperature-Sensitive Smart
Polymers to Regulate DNA-Mediated
Nanoassembly and Encoded
Nanocarrier Drug Release
Kristen L. Hamner,†,§ Colleen M. Alexander,†,§ Kaitlin Coopersmith,† David Reishofer,† Christina Provenza,‡

and Mathew M. Maye†,‡,*

†Department of Chemistry and ‡Syracuse Biomaterials Institute, Syracuse University, Syracuse, New York 13244, United States. §K. L. Hamner and C. M.
Alexander contributed equally to this work.

T
oday's chemists, physicists, engineers,
and other technologists have an
assortment of approaches to self-

assemble nanomaterials from the bottom
up.1�4 These range from tailoring surface
chemistry via self-assembled monolayer
exchange4�8 to addition of organic cross-
linkers9,10 or polymers and dendrimers11�14

and by the introduction of biomolecular
interactions. One biomolecular interaction
in particular has proven to be both versatile
and functional: that of using sequence-spe-
cific programming of DNA-mediated inter-
actions between nanoparticles (NPs).15�24

Using this approach, interaction energies
between NPs can be tuned bymanipulating
DNA length and sequence, and important
self-assembly parameters such as kinetics,
denaturation temperatures, and interparti-
cle distances can be tuned by changes to
ionic strength, grafting density, and linker

length.15�19,24�29 For example, it was re-
cently shown that the cooperative melting
transition of DNA�Au NP aggregates at
various ionic strengths is correlated to the
particle size and DNA packing at the
surface.25,26 A number of components
can also be incorporated into the DNA to
tailor properties, such as photoswitchable
azobenzenes that can tailor NP aggrega-
tion and sensing properties.24 Moreover, it
has also been discovered recently that
DNA-guided crystallization of NPs can be
achieved through careful control over
these parameters and interactions.16�19,24,30,31

This has led to a wealth of assembly
phases,23,24,31,32 stoichiometries, and sym-
metries.16�19,30,33 Of particular impor-
tance is the potential for these interparticle
linkages to be dynamic and reconfigur-
able.33,34 This has been shown recently for
the assembled crystals, as well as for NPs
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ABSTRACT In this paper we describe the use of a temperature-

responsive polymer to regulate DNA interactions in both a DNA-

mediated assembly system and a DNA-encoded drug delivery

system. A thermoresponsive pNIPAAm-co-pAAm polymer, with a

transition temperature (TC) of 51 �C, was synthesized with thiol

modification and grafted onto gold nanoparticles (Au NPs) also

containing single-stranded oligonucleotides (ssDNA). The thermoresponsive behavior of the polymer regulated the accessibility of the sequence-specific

hybridization between complementary DNA-functionalized Au NPs. At T< TC, the polymer was hydrophilic and extended, blocking interaction between the

complementary sequences at the periphery of the hydrodynamic diameter. In contrast, at T > TC, the polymer shell undergoes a hydrophilic to -phobic

phase transition and collapses, shrinking below the outer ssDNA, allowing for the sequence-specific hybridization to occur. The potential application of this

dynamic interface for drug delivery is shown, in which the chemotherapy drug doxorubicin (DOX) is bound to double-stranded DNA (dsDNA)-functionalized

Au NPs whose sequences are known to be high-affinity intercalation points for it. The presence of the polymer capping is shown to decrease drug release

kinetics and equilibrium at T < TC, but increase release at T > TC, thus improving the cytotoxicity of the encoded nanocarrier design.
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assembled onto DNA scaffolds35,36 and Origami
patterns.37,38

Such reconfiguration may lead to smart solids and
metamaterials, which react to environmental stimuli,
much the same way that smart polymers react in
bulk.39�42 Recently, NPs have been modified with
smart polymers for the first time.43,44 Unlike the
sequence-specific hybridization of DNA-modified
NPs, smart polymer based assemblies have a stimuli-
induced response, which takes advantage of the con-
formational changes in response to pH, light, or tem-
perature changes.45�47 For instance, temperature-
responsive copolymers place emphasis on the mono-
mer N-isopropylacrylamide (NIPAAm), which shows
unique conformational behavior as a function of
temperature.39 Polymers of NIPAAm have a low critical
solution temperature (LCST) of 32 �C, below which its
chains are hydrated and form an expanded structure,
and above which the chain undergoes collapse due
to a combination of dehydration and depletion
effects.48,49 Such conformational changes are rever-
sible, and important parameters such as the number
of grafting points, grafting density, solvent conditions,
and chain height48,50�53 can affect the kinetics of
temperature-responsive behavior of grafted polymers
in comparison to bulk ones.44,54 Researchers recently
probed the temperature-responsive behavior of bulk
and surface-grafted PNIPAAm and found that surface-
bound polymers exhibited more gradual responses
over a wider range of temperatures.44,50,54 In addition,
researchers have shown through careful parameter
control that these polymers can be useful in a
variety of applications such as drug delivery55,56 and
nanotechnology43,57 and as a way to trigger cellular
uptake.58

One potentially lucrative combination of DNA-en-
coded NPs and thermosensitive copolymers is for drug
delivery. The DNA-cappedNPs are effective for delivery
of genes,59,60 as well as for anticancer drugs such as
doxorubicin61,62 and platinum(IV) prodrugs.63 Optimi-
zation of these designs also involves modifications
with biomolecules such as serum proteins for en-
hanced cellular uptake64 or aptamers for targeted
delivery.65 The co-modification of DNA-capped NPs
with a temperature-sensitive smart polymer has not
yet been performed to our knowledge, but the use of a
LCST polymer that acts as a novel thermal switch that
releases drug cargo from inside hollowgold nanocages
has been shown and acts as inspiration.55

Herein, we describe how to modify the interface of
Au NPs with both a thiol-modified temperature-re-
sponsive copolymer (pNIPAAm-co-pAAm) and thiol-
modified single-stranded oligonucleotides (ssDNA).
We show that conformational changes of the polymer
can be used to regulate DNA recognition, which is
blocked at low temperature due to the steric inter-
ference of the polymer, but promoted at high

temperature due to the compression of the polymer
shell below the hydrodynamic reach of the ssDNA.
We further show that this steric effect influences the
intercalation-based binding and release of the chemo-
drug doxorubicin at the DNA shell of an encoded
nanocarrier, which results in a 6-fold increase in toxicity
of the nanocarrier compared to previous studies.61,62

RESULTS AND DISCUSSION

A smart LCST pNIPAAm-co-pAAm copolymer (p)
equipped with an internal disulfide linker was first
synthesized following recently published work.55 The
monomer units' (NIPAAm, AAm) ratios could be tai-
lored to modify the so-called critical temperature (TC).
In this system, a [NIPAAm]:[AAm] = 90:10was used, and
analysis by gel permeation chromatography (GPC)
resulted in an average molecular weight of ∼290 000
g/mol (PDI = 1.12). Ultraviolet�visible absorption spec-
troscopy (UV�vis) was first used to determine the TC of
the polymer. UV�vis monitors the change in turbidity
of the solution, which is the characteristic of the
copolymers' aggregation as it changes from a hydro-
philic state to the hydrophobic one.55,56 Figure 1a
shows a typical UV�vis result and reveals a sharp gel
transition at TC = 51 �C. This aggregation was further
observed by dynamic light scattering (DLS), as shown
in Figure 1b, which shows the reversible increase in
hydrodynamic diameter (Dh) fromDh = 16 inmonomer
form to ∼330 nm in the aggregate/gel form at 51 �C.
Further analysis by 1H NMR (Figures S1, S2) and Fourier
transform infrared spectroscopy (FTIR) (Figure S4) con-
firmed the structure. We next used the disulfidemoiety
of p to graft it to the Au NP interface.
The general strategy employed for NP functionaliza-

tion and self-assembly is illustrated in Scheme 1a.
To initiate binding of p to Au NP with a diameter
(D) of 11.5 ( 1.1 nm (Figure S3), the disulfide lin-
kage was first reduced to a thiol by reacting with
tris(2-carboxyethyl)phosphine hydrochloride (TCEP)

Figure 1. Thermal UV�vis showing the characteristic gel
transition temperature for the copolymer (a). Repre-
sentative DLS demonstrating the reversible temperature-
induced conformational change of polymer chains in
solution (b).
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at a 150� ratio for 30 min at room temperature, result-
ing in two p-chains (Figure S2). Then the p was added
to 1mL of AuNPs in a 12.5molar excess ([p]:[Au] = 12.5)
and left to anneal overnight. The excess pwas removed
by centrifugation at least three times for 1 h. The
p-modified Au NPs (p-Au) were characterized by FTIR,
thermal gravimetric analysis (TGA), and DLS. The FTIR
of the p-Au showed the characteristic vibration signa-
ture of the p, which consisted of NIPAAm, AAm, and the
disulfide linkage (Figure S4). TGA on the other hand
characterized the mass loss of the p-Au, which is
attributed to the loss of the p-capping. The average
mass loss was ∼21%, a value that suggests that each
p-Au has approximately 10 ( 2 chains per Au NP
(Figure S5a). The p-modification was also observed
by DLS (Figure 2), which showed a Dh increase from
∼12 to ∼58 nm for the citrate-capped Au NP pre-
cursors (i) and p-Au (ii), respectively.
To integrate the p into a DNA-capped Au NP system,

we incubated both the thiol-laden p and ssDNA with
the Au NPs, as shown in Scheme 1b (see Methods).
We denote the DNA sequences used as A-type and
complementary A0-type, and the ssDNA sequences
are shown in Table 1. Each ssDNA consisted of a 15b
encoded recognition end and a 15b poly-T spacer. The
complementary ssDNA-capped (A0-Au) particles used
to test DNA-based assembly were prepared analogously,

in the absence of p. The loading of A at the Au NP inter-
face was quantified by using a fluorophore-tagged
complementary strand (see supporting tables).25,26,62

This quantification led to the average number of

Scheme 1. Idealized schematic of the Au NP functionalization steps and assembly systems used in this study. (a) The Au NPs
were functionalized with freshly reduced pNIPAAm-co-pAAm copolymer (p), and the thermal response based aggregation
was measured. (b) The Au NPs were first functionalized with thiolated A-type ssDNA, then co-functionalized with p. The
assembly of Ap-Au with complementary A0-Au was then blocked at T < TC (c), but promoted at T > TC (d).

Figure 2. Representative DLS results for citrate-capped Au
NPs (i), p-Au (ii), and A0-Au (iii) ([Au] = 1.2 nM, 0.2 M NaCl,
10 mM PB, pH = 7.4).

TABLE 1. ssDNA Used in This Studya

ssDNA sequence (50 to 30)

A TAC TTC CAA TCC AAT (T)15-OC3H6-SH
A0 ATT GGA TTG GAA GTA (T)15-OC3H6-SH
C HS-C6H12O-(T)15 TGT TCG TAT TCG TAT TCG TC
C0 GAC GAA TAC GAA TAC GAA C

a Underlined sequences show high-affinity regions for doxorubicin (DOX) in CC0 .
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A strands on the DNA�polymer-functionalized parti-
cles (Ap-Au) to be 64.4( 4.3 and A strands on the A-Au
to be 65.8 ( 5.6. This is an interesting finding, as it
suggests that the presence of the polymer did not
necessarily decrease A coverage, likely due to the fact
that the limiting factor for A loading is electrostatic
interactions,26 and since p is neutral, it did not affect
this dynamic. Further analysis by TGA resulted in an
increase in mass loss from ∼10% for A-Au (Figure S5c)
and∼22% for Ap-Au (Figure S5b), again suggesting the
copresence of both A and p at the interface.
Once functionalized, the thermal properties of the

three assembly systems, namely, p-Au, Ap-Au, and
DNA�polymer-capped particles with the complemen-
tary particle (Ap-Au þ A0-Au), were first characterized
byDLS. Figure 3a-i investigates the thermal response of
the p-Au under dilute concentrations ([p-Au] = 1.2 nM).
When heated from 25 to 51 �C, we observed that the
z-averaged Dh decreases from ∼70 to ∼55 nm, and
upon decreasing back to 25 �C, the Dh reverses with a
slight hysteresis showing a larger initial state (∼77 nm).
The original Dh ≈ 70 nm suggests that the p is in a
highly extended brushlike state, likely due to the
confinement of the chains at the 11.5 nm Au NP. The
subsequent decrease inDh is indicative that the p-shell
is shrinking or compressing at or near TC. It is generally
accepted for LCST polymers that the phase transition
to a hydrophobic state at T > TC is accompanied by an
aggregation of the chains.43,44 A similar transition has
been observed for the polymer poly(N-isopropylacryl-
amide) when grafted onto planar surfaces.44,50 The
main difference between this DLS observation and
that for the isolated p in Figure 1b is that in the latter

case the polymer was in a concentrated solution
(∼2.05 mg/mL), which results in significant interchain
aggregation, whereas in the present case the concen-
tration is much lower and the p is confined to the
interface.
Figure 3a-ii shows a similar study for themixed pþ A

interface of Ap-Au. Interestingly, the Ap-Au shows
evidence of improved aggregation at 51 �C compared
to p-Au, evident by the increase in Dh to∼950 nm. Like
the previous p-Au, the Ap-Au process is highly rever-
sible, as indicated by the complete decrease in
Dh≈80nmuponcooling. These results showtwo interest-
ing characteristics. First, the relatively large Dh of the
Ap-Au at low T suggests that the p-chains are extended
from the Au interface (similarly to the p-Au), since the
A0-Au NPs have consistent Dh ≈ 20 nm (Figure 2-iii).
Second, the addition of the A at the interface improves
the thermal response, as indicated by the rapid aggre-
gation to Dh ≈ 940 at T > TC. This suggests that the
distribution of the p at the NP interface and lower
density improve the phase transition. Control experi-
ments with A-Au at similar temperatures showed high
colloidal stability (i.e., negligible Dh change).
The highly reversible nature of theAp-Au systemwas

then tested in the presence of an equimolar concen-
tration of complementary A0-Au. The DLS results for the
Ap-Au þ A0-Au system are shown in Figure 3a-iii and
show a consistent Dh≈ 73 nm, similar to that observed
for the Ap-Au system (∼80 nm). The lack of Dh increase
at T < TC suggests that the p-surface is sterically limit-
ing recognition. As the Ap-Au þ A0-Au system reaches
51 �C, the Dh rapidly increases to >1000 nm. But, unlike
the previous systems, upon cooling, it continues to

Figure 3. RepresentativeDLS (a) andUV�vis (b)monitoring of thermal properties forp-Au (i),Ap-Au (ii), andAp-AuþA0-Au (ii)
measured from 25 to 51 �C (heating) and 51�25 �C (cooling), at 5� increments after 5 min of annealing time ([Au] = 1.2 nM
(DLS) and 17.0 nM (UV�vis), 0.2 M NaCl, 10 mM PB, pH = 7.4).
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increase, suggesting further aggregation and assem-
bly. Since this system is irreversible, it suggests that the
DNA linking is occurring, and this is only possible after
the p-chains have been compressed at T > TC. The
consistent Dh at T < TC, followed by the rapid increase
in Dh at T > TC, demonstrates thermal control over the
sequence-specific hybridization between complemen-
tary particles, as well as further aggregation and as-
sembly suggested by the continued increase in Dh

upon cooling.
The temperature effects and assembly behavior

were also characterized by UV�vis to monitor the
change in absorbance. The absorbance of Au NP solu-
tions is due to the surface plasmon resonance (SPR) of
the Au NP, and its change in wavelength or extinc-
tion is indicative of change in local dielectric at the
interface, self-assembly, and coupling of the SPR.66

Figure 3b-i shows the SPR response of the p-Au during
temperature increase from 25 �C to 51 �C. Little to no
change is observed, suggesting no bulk aggregation
occurs, in agreement with DLS. Figure 3b-ii demon-
strates the behavior of the Ap-Au at 51 �C, which
results in a decrease in absorbance, indicating NP
aggregation, followed by an increase as the system
cools. Figure 3b-iii shows the optical characteristics
of the Ap-Au þ A0-Au, which shows aggregation
(absorbance decrease), followed by only a partial
return, which is indicative of the stability of the small
clusters or aggregates, etc. This incomplete recovery
is the result of irreversible assembly, due to the
formation of dsDNA linkages between Au, as sug-
gested by DLS.

We further investigated the ability of the p-capping
to regulate DNA-mediated assembly by monitoring
assembly kinetics by UV�vis. For example, the kinetics
of assembly for Ap-Au þ A0-Au are shown in Figure 4a.
At temperatures of 25 �C (i) and 40 �C (ii) there is no
decrease in SPR (absorbance at 520 nm), which indi-
cates little to no assembly, as described above. In con-
trast, atT= TC (iii), a rapid assemblyoccurs, as indicatedby
the drop in absorbance, due to the larger scattering cross
section of the aggregate screening of NP extinction. The
entire solution precipitated within 2 h. To better under-
stand the driving force behind the assembly at T = TC,
the system was compared to a fully complementary
A-Au þ A0-Au control under the same conditions (iv).
The kinetics were largely similar to the Ap-Au þ A0-Au,
indicating that at T > TC the p-chains have little influence.
To ensure that the assembly observed was indeed

the result of DNA hybridization and not the tempera-
ture-induced response of the polymer, thermal dena-
turation studies were performed, as shown in Figure 4b.
This DNA melting temperature (Tm) is higher than
the p-transition, so discerning the two is possible.
The complementary control, A-Au þ A0-Au (i), shows
a sharp melting transition at Tm = 69 �C, which is a
characteristic of the cooperative behavior of the
dsDNA chains at the interface.61,62 By comparison,
the Ap-Au þ A0-Au system (ii) shows two transitions.
The first is at T = 51�55 �C, and the second at
Tm = 69 �C. The first transition is likely due to the affect
of the p on the aggregate size, change of interparticle
distances, or a combination thereof, whereas the sec-
ond transition is the melting of the dsDNA linkages.
In addition, theDNA transitions are rather broad, which
is indicative of a decreased number of interparticle
DNA linkages, which may suggest better separation of
those linkages.61 As discussed above, both the Ap-Au
and A-Au have similar DNA densities (DNA/Au ≈ 65),
which was why the Tm is similar, whereas the broad-
ening is due to each linker being more electrostatically
shielded due to the p-capping taking up space at the
Au NP interface.27

Figure 4. (a) UV�vis monitoring of assembly kinetics for
Ap-AuþA0-Auat25 �C(i), 40 �C(ii), and51 �C(iii), incomparison
with nonpolymer controls of A-Au þ A0-Au at 51 �C (iv)
([Au] = 17 nM, 0.5mMNaCl, 10mMPB, pH = 7.4). (b) UV�vis
monitring of thermal denaturation and disassembly for
A-Auþ A0-Au (i) and Ap-Auþ A0-Au (ii). Inset: DLS monitoring
of Ap-Au þ A0-Au thermal denaturation and disassembly.

Figure 5. Synchrotron in situ SAXS results of the assembled
aggregates from A-Auþ A0-Au (i, q1 = 0.303 nm�1), Ap-Auþ
A0-Au (ii, q1 = 0.290 nm�1), and Ap-Au (iii, q1 = 0.260 nm�1)
collected at λ = 1.1614 Å, 0.2 M PBS, and T = 25 �C.
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The assembly behavior was further probed by in-
vestigating the interparticle spatial properties after
assembly via in situ synchrotron small-angle X-ray
scattering (SAXS). Figure 5 shows a representative set
of SAXS scattering images and extracted structure
factors (S(q)) for aggregates at 25 �C from the pure
complementary control, A-Au þ A0-Au (i), the comple-
mentary system plus polymer, Ap-Au þ A0-Au (ii), and
the colloidal solution of Ap-Au (iii). Each samplewas asse-
mbled at 51 �C. The assembled aggregates showed
two clear diffraction maxima, demonstrating reason-
able ordering, whereas the Ap-Au showed only a small
change to form factor, indicating no assembly occurs at
room temperature. To better quantify these results, we
approximated that the first diffraction, q1, corresponds
to the Æ110æ plane of a body centered cubic (bcc)
arrangement of Au NPs. We chose this model due to
the similarity of this system to other two-strand binary
systems that showed bcc crystallization and long-
range order.16�19,30 The lack of crystalline order in this
system is most likely the result of the relatively short
DNA linkages (i.e., 15bp dsDNA þ 30b ssDNA).16�19

Since q1 = 2π/dhkl, the lattice constant for the aggre-
gates could be calculated from 1/dhkl = (h2þ k2þ l2)/a2 ,
which allows for the nearest neighbor surface-to-
surface distance (d*) to be calculated via d* = (

√
3a/2) �

D, where D is the Au diameter (11.5 nm). This results in
d*≈ 13.8 and 15.0 nm for A-Auþ A0-Au (i) and Ap-Auþ
A0-Au (ii), respectively. For the A-Au þ A0-Au (i), this
value is in agreement with a simple model for the
interparticle distances of ∼13.5 nm, which considers
the 15bpdsDNA linker and the two separate 15bpoly-T
spacers (Table 1, methods). Interestingly, these results
show that the presence of the p-capping further
extends this distance by ∼1.2 nm, likely due to steric
effects between the polymer and the poly-T spacers.
This is promoted by the fact that the aggregates
assembled at 51 �C, which would have brought the
p-capping and poly-T in close contact or forced the two
to become intertwined. The effect of temperature on

the interparticle distances was also studied; those results
will be reported elsewhere.
Taken together, the irreversible assembly of the

formed aggregates and the thermal denaturation of
the Ap-Au þ A0-Au assemblies at T < TC show that the
p-chains block recognition, whereas at T > TC assembly
occurs by DNA duplex formation. This ability to reg-
ulate assembly dynamics and interparticle spatial
properties may be useful in regulating the bulk assem-
bly and crystallization of the Au NPs, as has been
shown recently.16�20,31�33 This approach may also
have utility in the use of the DNA-capped nanomater-
ials in drug and gene delivery, as described next.
We recently developed a novel approach to deliver

chemotherapy drugs such as doxorubicin (DOX) and
actinomycin D (ActD) to cancer cells. We call this sys-
tem an encoded nanocarrier because it leverages the
known dsDNA intercalating properties of drugs like
DOX, which intercalate strongly at 50-TCG sites.61,62

In addition to dsDNA, intercalation has also been used
with aptamer switches.67 When the Au NP is capped
with dsDNA, both DOX and ActD can be loaded at
these high-affinity sequences, and the drugs can pas-
sively release over time with IC50 values comparable to
the drug itself.52 One limitation of our earlier approach
however was themodest equilibrium constants for the
DOX (∼5� 106 M�1),62 which allows for diffusion away
from the nanocarrier over times comparable to most
toxicity studies.68�71 To address this, we implemented
the LCST polymerþDNA approach described above to
create a next-generation system.
Scheme 2 shows the general drug loading strategy

that implements the LCST behavior observed above.
For example, Au NPs capped with dsDNA (C-type,
C0-type) were prepared as described above (see Meth-
ods, Table 1).61,62 In contrast to our previous studies,
DOX loading of the pCC0-Auwas performed at T = 53 �C
in order to compress the p and promote complete
drug loading. Drug loading was kept at [DOX]:[binding
site] = 1 for all experiments. The concentrations of

Scheme 2. Idealized schematic illustrating the preparation of the CC0-Au and pCC0-Au encoded nanocarriers from ssDNA (a)
and dsDNA (b) moieties, to DOX loading (c), and the final nanocarrier before drug release at T = 37 and 53 �C.
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CC0-Au and pCC0-Au relative to the DOX concentration
were varied based on the number of binding sites per
CC0 duplex, which were 64.5 ( 2.5 and 53.9 ( 10.6 CC0

duplexes/NP for the CC0-Au and pCC0-Au systems,
respectively.
To quantify drug release, dialysis experiments were

performed in which both the DOX-loaded DOX-CC0-Au
and DOX-pCC0-Au were placed inside a dialysis mem-
brane and either the fluorescence or absorbance of
DOX was measured outside the membrane at 37 and
53 �C.61 Figure 6 shows the kinetics for drug release
at 37 �C (a) for the DOX-CC0-Au (i) compared to the
equivalent DOX-pCC0-Au (ii). Interestingly, these results
show that the polymer environment at the Au interface
successfully slows drug release. Table 2 tabulates the
DOX release percent, as well as drug release rate
constant and final equilibrium values. Of particular
importance is the near 50% increase in equilibrium
(eq 4, Supporting Information), demonstrating that less
drug is released per unit time. Interestingly, at 53 �C
(T > TC), these trends are reversed, and the DOX-pCC0-Au
system shows faster DOX release compared to DOX-
CC0-Au (Figure 6b). These results show that the dy-
namic and thermoresponsive properties of the incor-
porated p-chains have a dramatic effect on local DNA

environment. We note that photothermal systems
have also been be employed for drug release in studies
involving micelles and liposomes with transition tem-
peratures of∼40 �C,67,72 as well as model drug release
from gold nanorods.73

Cytotoxicity studies were then performed to evalu-
ate the inhibition of neuroblastoma (SK-N-SH) cancer
cell growth by DOX, DOX-CC0-Au, and DOX-pCC0-Au.
Figure 7 shows that the percent inhibition is enhanced
for the DOX-pCC0-Au relative to both DOX and DOX-
CC0-Au, particularly at 0.5 and 5 μM DOX. At these con-
centrations, inhibition by DOX-pCC0-Au significantly
exceeds the inhibition by the DOX control. This effect
seems to result from the greatly improved equilibrium
constant for pCC0-Au, which permits more DOX mol-
ecules to remain attached to the nanocarrier during
exposure to cells. Of particular importance, the esti-
mated IC50 value of the pCC0-Au is decreased 4-fold
relative to DOX and ∼4.5-fold relative to CC0-Au, thus
demonstrating this next-generation system is highly
viable (Figure 7, Table S2). Moreover, the pCC0-Au
controls showed little toxicity to the cells.
Taken together, these results show that it is possible

to use the reconfigurable conformation of thermosen-
sitive copolymers to tailor both DNA-mediated assem-
bly of nanoparticles and drug delivery. In the current
design, the thermal response is below the DNA melt-
ing temperatures; however future studies may have TC
values either comparable to or greater than Tm. This
may allow for a number of new properties, such as the
locking of assemblies, improved thermal stability, or
the introduction of new mechanisms for dynamic
reconfiguration.34 Thismay have particular importance
in the 3D crystallization of the assemblies, where steric
interactions, coordination, and interparticle energy
landscapes are critical.15,30 In addition, by varying the

Figure 6. Results of dialysis experiments quantifying the
percent DOX released from CC0-Au (i) and pCC0-Au (ii) at 37 �C
(a) and at 53 �C (b). DOX was loaded at DOX:binding site = 1
([Au] = 51, 61 nM, 0.2 M NaCl, 10 mM PB, pH = 7.4).

TABLE 2. Kinetic and Equilibrium Results for the Release

of DOX from CC0-Au and pCC0-Au at 37 and 53 �C

37 �C 53 �C

DOX-CC0-Au DOX-pCC0-Au DOX-CC0-Au DOX-pCC0-Au

R (%)a 28.8 21.5 39.1 35.0
β (min�1)a 6.35 � 10�3 4.29 � 10�3 6.16 � 10�3 1.12 � 10�2

K (M�1)b 9.4 � 106 1.9 � 107 4.4 � 106 5.9 � 106

a Results of fit to eqs 1 and 2. b Results of fit to eq 4.

Figure 7. Percent inhibitionof neuroblastoma SK-N-SH cells
for DOX (black), DOX-CC0-Au (red), DOX-pCC0-Au (blue), and
pCC0-Au (green). Inset: Calculated IC50 values.
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chain length of the ssDNA utilized,16�19 either by
increasing its rigidity28 or by adding linker strands,32,32

the effects of the polymer can be further fine-tuned
and understood. The dynamic presence of the polymer
can also be further tuned for drug delivery and bioima-
ging in vivo if the TC is tuned to be closer to body
temperature. Furthermore, the polymer may be used a
further docking site for cell targeting molecules, such
as peptides and small molecules. Such studies in both
self-assembly and drug delivery are currently under way.

CONCLUSIONS

In summary, an LCST smart polymer consisting of
pNIPAAm-co-pAAm copolymers equipped with a thiol
termination was synthesized and grafted onto gold
nanoparticle interfaces that were cofunctionalized
with single-stranded oligonucleotides. At T < TC, the
chains extend beyond the hydrodynamic reach of the
ssDNA and prohibit recognition. However, at T > TC,

assembly was observed, due in large part to the
hydrophobic collapse of the polymer chains and the
subsequent exposure of the complementary DNA
bases. Also observed was the reversible thermal floc-
culation of the DNA þ polymer NPs themselves under
concentrated conditions, an effect attributed to deple-
tion at the NP interface. SAXS confirmed aggregate
ordering and the role that the polymer plays in ex-
tending interparticle distances. Finally, the potential
applicability of this system was explored by incorpor-
ating its design into an encoded nanocarrier drug
delivery system. It was found that the presence of the
polymer increases equilibrium at T < TC, but decreases
it at T > TC, thus allowing for the successful improve-
ment of the drug delivery design. Cytotoxicity studies
confirmed this design improvement, demonstrating
that the polymer þ encoded nanocarrier produces a
4-fold improvement in IC50 relative to the established
chemotherapeutic agent doxorubicin.

METHODS
Nanoparticle Synthesis. Gold nanoparticles (Au) with a di-

ameter (D) of 11.5 ( 1.1 nm were synthesized by a citrate
reduction procedure.28 The Au concentrations were calculated
using Beers law with an extinction coefficient (ε) of 1.0 � 108 L
mol�1 cm�1.

Polymer Synthesis. The LCST copolymer (p) was prepared
using N-isopropylacrylamide and acrylamide subunits. The
pNIPAAm-co-pAAm polymer (p) was prepared via an atom
transfer radical polymerization.55 A NIPAAm:AAm monomer
ratio of 90:10 was used to achieve a critical temperature (TC)
of 51 �C. In a typical synthesis, the monomers were dissolved in
ultrapure water and methanol and allowed to react at room
temperature for 20 min, after which the disulfide-containing
initiator bis[2-(20-bromoisobutyryloxy)ethyl] disulfide [(BiBOE)2S2]
was added along with N,N,N0 ,N0 ,N00-pentamethyldiethylenetria-
mine. The sample was stirred at room temperature for 20 min,
then frozen and degassed under vacuum. To the frozen sample
was added an excess of CuBr; then the sample was thawed at
room temperature, purged under argon, and allowed to stir
overnight. After reacting overnight the resulting blue gel was
dispersed in ultrapure water (10 mL) and purified by dialysis.
After purification, GPC analysis revealed a molecular weight of
290 000 (PDI = 1.12), and 1H NMR (Figures S1 and S2) confir-
med the composition. The thermal properties were analyzed by
UV�vis and DLS.

Polymer Functionalization. To initiate binding of the p to the Au
surface (p-Au), the disulfide linkage of pwas first reduced with a
150� ratio of tris(2-carboxyethyl)phosphine hydrochloride for
30 min at room temperature. Then the p was added to 1 mL of
Au NPs in a 12.5 molar excess ([p]:[Au] = 12.5) and left to anneal
overnight. Excess pwas removed by complete centrifugation of
p-Au at least three times, and the final product was stable in
ultrapure water, as well as buffers with ionic strengths up to
200 mM. In addition, trace amounts of TCEP may also reside on
the Au. Control experiments purposely using TCEP-modified Au
showed no self-assembly or temperature-dependent properties.

DNA and DNA þ Polymer Functionalization. The DNA-capped Au
were prepared by the standard Mirkin method.26 The thiol-
modified oligonucleotides (see Table 1) were first reduced from
disulfides using 100mMdithiothreitol and purified by an Illustra
NAP-25 column (GE Healthcare, UK Ltd.), eluted with 10 mM
phosphate buffer (pH = 7.2). The DNA was quantified using the
sequence-specific extinction coefficient. Next, the reduced DNA
was added to a 1 mL aliquot of the Au NP in a 250 molar excess

([DNA]:[Au NP] = 250), left to anneal at room temperature
overnight, and then slowly salt aged using NaCl to a final ionic
strength of 200 mM.26 The excess DNA was removed by com-
plete centrifugation of the DNA-Au at least three times. To
cofunctionalize the surface of the Au NPs with both p and DNA,
aspects of both individual functionalization procedures were
used. First, the reduced DNA (i.e., A-type) was added at similar
ratios to that described above and left to anneal in 10mMphos-
phate buffer (pH = 7.2). The ionic strength was then gradually
increased to 50mMand left to anneal overnight. Next, the pwas
added for 12 h at ratios described above, followed by salt aging.
The pwas added at this early salt-aging step to ensure therewas
sufficient empty space to accommodate multiple p-chains.
These optimized conditions were based on additional experi-
ments (not shown) that demonstrated the necessity of introdu-
cing some ionic strength stability to the Au (by addingDNA first)
to ensure effective cofunctionalization. For instance, having full
coverage of DNA on Au before addition of p limited p-loading
and vice versa. Those results will be described in detail else-
where. The number of active duplexes per Au NP at 25 �C was
determined by fluorescence tags to be 56.3( 1.1 for the AA0-Au
and 46.7 ( 1.3 for the pAA0-Au (Table S1).

Encoded Nanocarrier. The DNA-capped Au with C-capping and
pC-capping was prepared analogously to that described
above.28 After purification, the pC-Au was hybridized with C0

as previously reported,61,62 to produce pCC0-Au. Both CC0-Au
and pCC0-Au were incubated with DOX for 40 min prior to
dialysis experiments. DOX loading for the pCC0-Au system was
performed at 53 �C to promote complete drug loading in the
presence of the polymer. In order to keep DOX/binding site = 1
for all experiments, the concentrations of CC0-Au and pCC0-Au
relative to the DOX concentration were varied based on the
number of binding sites per CC0 duplex, in which each CC0

duplex had three high-affinity sequences (Supporting
Information). The number of active CC0 duplexes per Au NP
was determined by fluorescence tags to be 64.5 ( 2.5 for the
CC0-Au and 53.9 ( 10.6 for the pCC0-Au.
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