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Abstract
DNA and poly(N-isopropylacrylamide) are co-assembled onto gold nanoparticles. The DNA
sequences can be reversibly exposed or hidden from the polymer surface in response to
temperature cues, thereby translating the temperature trigger to the on-off switching of the surface
chemistry and function. When exposed by heating (~30 °C), the DNA rapidly hybridizes to
complementary strands, and chain-end biotin groups become readily accessible, while at lower
temperatures these activities are largely blocked.

Chemically dynamic nanoparticle systems are of great interest. These systems are capable of
switching between at least two distinct structural or chemical states,1-4 which allow them to
possess unusual properties such as on-demand activation5,6 and autonomous regulation.7

Indeed, many systems are being gradually realized in a number of fields spanning
biomedical research,8-11 sensing,12 self-healing materials,13 and energy research,14 and can
incorporate sensitivity to a variety of environmental cues, such as temperature,15 pH,16-18

light,19 redox potential,20,21 the presence or absence of small molecules,22 and mechanical
stress.23 Poly(N-isoproylacrylamide) (pNIPAM) often has been utilized as a temperature-
responsive material, due to its ability to undergo a reversible lower critical solution
temperature (LCST) phase transition from a swollen, hydrated state to a shrunken,
hydrophobic state, during which the polymer loses 90% of its volume.24 Because the LCST
can be engineered through copolymerization to be near physiological temperature, pNIPAM
and its derivatives have often been employed in tissue engineering and controlled drug
release applications.25-27

It has been previously shown that spherical nucleic acid-gold nanoparticles (AuNPs)
conjugates (termed SNAs)28 can undergo rapid endocytosis, which is facilitated by engaging
with membrane-bound scavenger proteins.29-31 This cell entry mechanism appears to be
general with respect to many cell types (almost all cells internalize SNAs, albeit with
different rates and to different extents), and cannot effectively distinguish many diseased
tissues from healthy ones.32,33 In order to achieve selective cell entry, one strategy would be
to mask the DNA temporarily until an environmental trigger is applied at the region of
interest. In this study, we report the synthesis of a dynamic nanoparticle system consisting of
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pNIPAM and DNA co-assembled onto AuNPs, and demonstrate that access to DNA is
significantly retarded at temperatures below the LCST of pNIPAM. Above this temperature,
PNIPAM becomes dehydrated, revealing the DNA for rapid binding with complementary
strands (Scheme 1). The chain end of DNA is also exposed, as demonstrated with biotin-
terminated DNA, which binds to streptavidin only at elevated temperatures. Therefore, the
current study potentially paves the way for novel nucleic acid structures capable of being
reversibly activated by temperature for selective and/or localized cell entry.

To realize such temperature-activated DNA nanostructures, several design parameters must
be established. First, the AuNP surface should have appropriate pNIPAM coverage such that
all DNA molecules are adequately masked at temperatures below the LCST. Similarly, the
pNIPAM should have a molecular weight high enough to offer sufficient blockage of the
DNA. However, the pNIPAM molecular weight cannot be too high as to dominate the
surface while in a dehydrated state above LCST, in which case hydrophobicity-induced
AuNP aggregation is expected. To estimate these parameters, a molecular dynamics
simulation has been implemented (see Supporting Information, Figure S1). The simulation
suggested that a combination of a 10 kDa pNIPAM and a 12-mer DNA at 1:1 DNA:polymer
molar ratio would be feasible.

To prepare the target structures, we first synthesized two DNA strands whose 3′ or 5′
terminus are modified with propyl thiol groups (sequence: 5′-GAG GGT AAG GAG-SH-3′
and 5′-HS-GGA AAG GTT AGT-3′). Each of the sequences was mixed with 10 kDa α-thiol
ω-COOH pNIPAM (PDI: 1.1) at various DNA:polymer molar ratios (1:2, 1:1, 5:1) in
Nanopure™ water. A longer pNIPAM (30 kDa, a PDI of 1.2) was used as a control.
Immediately prior to mixing, the polymers and DNA strands were treated with dithiolthreitol
(DTT) and dialyzed or passed through a size-exclusion column to ensure that free thiol
groups were present. Thereafter, the mixture containing the thiol-modified ligands was
added to citrate-stabilized AuNPs (10 nM, 13 nm, synthesized by a modified Frens-
Turkevich method)34,35 with 0.01% TWEEN 20 to give a total ligand concentration of 5
μM. Over 24 h, sodium chloride was added, and its concentration was gradually brought up
to 0.5 M, a process necessary for charged species (i.e. DNA) to assemble in a densely
packed fashion on the AuNP surface.36 Thereafter, successive centrifugation-resuspension
steps were used to remove unbound DNA and pNIPAM. Finally, AuNPs were suspended in
phosphate buffered saline with 0.01% TWEEN 20 (PBST) at a particle concentration of 10
nM. Note that the DNA:polymer feed ratios do not equal their actual ratios on the
nanoparticles. Using fluorophore-labeled pNIPAM (Supporting Information), we determined
the actual DNA:polymer molar ratios and the total number of ligands (DNA and pNIPAM)
present on the AuNPs surface (Table 1).

Once the DNA- and pNIPAM-functionalized AuNPs were prepared and purified, we
examined whether they would aggregate at temperatures above the LCST due to
hydrophobic interactions, or remain stable in solution. For AuNPs with 30 kDa pNIPAM
(DNA:polymer 1.4:1), visible aggregation can be observed within seconds when the solution
temperature is heated above 30 °C. UV-Vis spectroscopy monitoring absorption at 524 nm
(AuNP plasmon resonance maximum)37 as the temperature was ramped up at 0.5 °C/min
shows complete aggregation within ~1 °C (Figure 1), indicating that the AuNP surface is
predominantly hydrophobic when the LCST is reached. In comparison, AuNPs with 10 kDa
pNIPAM (DNA:polymer 1.1:1) only show slight reduction in absorption (5%) when heated
to 50 °C, suggesting that the surface composition had switched from pNIPAM to
predominantly DNA, which stabilizes the AuNPs in solution. The hydrodynamic diameter
initially decreased from 21.0 ± 2.6 nm to 16.3 ± 0.8 nm as measured by dynamic light
scattering (DLS) when the temperature was increased from 25 to 40 °C, consistent with
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pNIPAM shrinkage (Figure S2). However, after 1 h incubation at 50 °C, particle size
increased to 44 nm, suggesting that a small degree of aggregation had occurred.

To verify that the DNA is available for binding with complementary sequence once
pNIPAM is dehydrated, we mixed two particles (with 10kDa pNIPAM, DNA:polymer
1.4:1) and a common complementary linker strand (sequence: 5′-CTC CTT ACC CTC ACT
AAC CTT TCC-3′) in PBST buffer, and monitored AuNP absorption at 524 nm by UV-Vis
spectroscopy as the temperature was increased from 25 to 80 °C at 0.5 °C/min. At
temperatures below 30 °C, absorption values stay largely unchanged, suggesting effective
blockage of DNA hybridization (Figure 2). As the temperature is increased, a rapid drop in
absorption is observed at ~30 °C due to particle assembly, which can result from either
hydrophobic interactions of pNIPAM, or DNA hybridization. As the temperature continued
to increase, a sharp rise in absorption occurred at 53-55 °C, returning absorption values to
nearly that before assembly. The second transition is attributed to DNA melting, which
indicates that the initial aggregation is due to DNA hybridization. In contrast, DNA-AuNP
conjugates without pNIPAM show immediate aggregation upon mixing, and only exhibit the
DNA melting transition, and particles with pNIPAM but matched with a non-
complementary linker show neither the aggregation nor the melting transition. These data
indicate that the DNA strands can be blocked from hybridization below the LCST and
become exposed for hybridization in response to temperature.

To further validate that the terminus of the DNA chain is hindered from accessing the
surface at lower temperatures and exposed upon heating, we designed and performed a
biotin-streptavidin pull-down assay. Briefly, we synthesized a DNA sequence with 3′ biotin
and 5′ propyl thiol modifications (sequence: 5′-SH-GGA AAG GTT AGT-biotin-3′). The
biotin group is linked with the DNA through a triethylene glycol spacer, which minimizes
the steric hindrance between the biotin and the oligonucleotide.38 It was co-assembled on
the AuNP surface with pNIPAM (10 kDa) at DNA:polymer feed molar ratios ranging from
1:5 to 5:1. A DNA strand without the biotin is co-assembled with pNIPAM at 1:1 feed molar
ratio and used as a control. Thereafter, the modified AuNPs were mixed with Dynabeads®
coupled with streptavidin in the presence of 0.01% TWEEN 20, and incubated at either
room temperature or at 40 °C. Following 5 min incubation, the beads were pulled down by a
neodymium magnet, and the supernatant was analyzed for absorption at 524 nm by UV-Vis
spectroscopy. If the biotin group at the chain end of the DNA is accessible, it leads to AuNP
capture by the Dynabeads® and a drop in optical absorption of the supernatant. When
incubated at room temperature, we found that significant amounts of particles (>85%
relative to non-treated AuNPs) remained in solution for particles with DNA:polymer feed
ratios of 1:5 or 1:2 (Figure 3). When a 1:1 feed ratio was used, ~60% AuNPs were bound to
streptavidin. Further decreases in pNIPAM content (at 2:1 or 5:1) led to high degrees of
capture by the Dynabeads® (>90%), consistent with our hypothesis that sufficient pNIPAM
coverage is important for DNA blockage. On the other hand, when incubated at 40 °C, all
particles containing biotin are almost completely captured, with <3% remaining in solution
even for particles with low biotin-DNA contents, indicating that the DNA 3′ termini are
exposed. A control involving non-biotinylated AuNP was not captured under otherwise
same conditions, ruling out the possibility of non-specific binding at 40 °C. These data
suggest that elevation of temperature is highly efficient in exposing DNA molecules that are
blocked by the pNIPAM in its hydrated state.

In summary, we have demonstrated a strategy to allow the surface chemistry of AuNPs to
interchange between synthetic polymers and nucleic acids in response to a temperature
trigger. This dynamic system allows DNA accessibility only above the LCST of pNIPAM,
and therefore points to the possibility of creating novel nucleic acid constructs capable of
selective activation in the vicinity of specific materials and tissues. Importantly, the general
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co-assembly approach to create “smart” systems reported herein can be extended to a
number of biomolecules, such as peptides, small molecules targeting moieties, and proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
UV-Vis measurement at 524 nm for pNIPAM-DNA AuNPs as a function of temperature.
High molecular weight pNIPAM (30 kDa) leads to AuNP aggregation above LCST even for
particles with low polymer content, while particles having 10 kDa pNIPAM remain stable.
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Figure 2.
A) A divalent linker DNA strand hybridizes with DNA-AuNPs when the temperature is
raised above the LCST of pNIPAM, causing AuNP assembly. A further increase in
temperature leads to the melting of double-stranded DNA and re-dispersion of the
aggregates. B) UV-Vis temperature scan is performed at 0.5 °C /min, monitoring AuNP
absorption at 524 nm.
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Figure 3.
A) A magnetic pull-down assay for determining if DNA chain ends can be hidden/revealed
by 10 kDa pNIPAM. B) UV-Vis measurements of NP solutions at 524 nm after incubation
with streptavidin-coated Dynabeads® at 25 °C and 40 °C (bead removed using a
neodymium magnet).
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Scheme 1.
Schematic drawing of PNIPAM- and DNA-functionalized gold nanoparticles (AuNP) and
response to temperature. Increasing solution temperature above the polymer LCST results in
a reduction of polymer hydration and an increase in DNA accessibility.
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Table 1

DNA:polymer molar ratio on AuNP surface.

Feed molar ratios 1:2 1:1 5:1

Actual ratios
(Total ligand
per particle)

30 kDa 1.4:1 (154) 4.2:1 (112) ~40:1 (111)

10 kDa 1.1:1 (193) 2.9:1 (164) ~20:1 (139)
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