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several anti-cancer therapeutics such as doxorubicin (Dox), [ 16 ]  
thus its design chemistry can affect absorption (loading) and 
desorption (release) of these drugs. [ 17–19 ]  Finally, DNA hybridi-
zation/dehybridization follows thermodynamically predictable 
paths and its sensitivity to degradation can be engineered as 
a function of nanoparticle design. [ 20,21 ]  As DNA-based delivery 
systems start to advance toward clinical use, there is a need to 
understand how combination of DNA and nanoparticles in a 
superstructure can be controlled to optimize therapeutic effi -
cacy near cancer cells. Here, we build on our previous core–
satellite design [ 14,15,22 ]  study to show that loading and release 
of cancer therapeutics can be controlled by design. We showed 
that the DNA linker’s chemistry affects the loading capacity and 
that we can modulate drug release rate using a photo-thermal 
core nanoparticle with specifi c DNA linker. We found an “addi-
tive” therapeutic effect on HeLa cancer cells by using a com-
bination of heat and drug. This study shows the use of DNA 
and inorganic nanoparticle building blocks to engineer multi-
functional delivery nanosystems with controllable therapeutic 
loading, release kinetics, and enhanced therapeutic effect. 

 Our core–satellite design consists of three main structural 
components: i) central core nanoparticles as structural scaf-
fold, ii) DNA strands as molecular linkers, and iii) peripheral 
nanoparticles (satellite) as surface chemistry determinants. 
To utilize core–satellite assembly as a drug delivery carrier, 
we targeted DNA linker design to tune drug loading and its 
thermal denaturation to control drug release rate. To thermally 
denature DNA, we selected gold nanorods (GNRs) as the core 
nanoparticle because they have a high absorption cross sec-
tion and photo-thermal conversion within the medical window 
(700–1000 nm). [ 23 ]  The use of DNA to carry chemotherapeutic 
agents on the surface of gold nanorods have been previously 
demonstrated [ 24,25 ]  but characterization of how DNA design can 
control loading and release was not fully examined. Addition-
ally, the incorporation of satellite structures increase the total 
surface area per nanoparticle (Figure S1, Supporting Infor-
mation) and enable layering within the nanosystem (different 
multiple drugs organized in different layers for sequential drug 
release). This provides greater fl exibility in designing the nano-
systems and the satellites can protect the DNA from exposed 
enzymatic cleavage. [ 14 ]  In the future, the gold nanorods could 
be substituted with smaller heat-generating core structures 
such as CuS or silicon nanoparticles so all components could 
be eliminated (a key required to clinical translation of inor-
ganic nanoparticles). We chose 5 nm spherical gold nanoparti-
cles because our previous study showed they effectively protect 
the core particle from macrophage uptake when coated with a 
dense layer of the anti-fouling polymer poly-ethylene glycol. 

  Figure    1  a illustrates the general process of engineering core–
satellite drug carrier. We synthesized GNRs (28 nm × 7 nm) 

  Fundamental studies on the interactions of nanoparticles with 
biological systems in vitro and in vivo have presented new 
challenges in the chemical design of delivery vehicles for tar-
geting cancer. [ 1 ]  These studies have shown that particle sizes, [ 2–4 ]  
shapes, [ 5 ]  and surface chemistry [ 6,7 ]  may infl uence their inter-
action with serum proteins, [ 8 ]  cells, [ 9,10 ]  organs, tumors as well 
as how they are eliminated from the body. Recently, we have 
employed these fundamental fi ndings in combination with 
DNA assembly [ 11–13 ]  to develop a modular nanoparticle-delivery 
system that uses DNA to assemble nanoparticles into super-
structures. [ 14 ]  These delivery superstructures were based on 
a “core–satellite” architecture where a central “core” nanopar-
ticle was uniformly decorated with “satellite” nanoparticles. 
The advantage of this system was not only the tunability in 
size, shape, and surface chemistry during synthesis but these 
nanosystems can be programmed to dynamically change its 
morphology to control the presentation of surface ligands and 
potentially navigate through different physico-chemical trans-
port requirements in biological systems. [ 15 ]  Additionally, these 
superstructures could be rationally designed to deliver medical 
agents to tumors and can disassemble in tumors to increase 
penetration depth or be renally cleared from the body. Using 
DNA to assemble inorganic nanoparticles allows for digital pro-
grammability (i.e., through sequence design) of the nanosystem 
structure. DNA also provides a natural capacity to associate with 
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using a modifi ed seed-mediated method. [ 26,27 ]  A gold seed solu-
tion was fi rst prepared using a directional cetyltrimethyl ammo-
nium bromide (CTAB) surfactant followed by a growth process 
in excess gold cations and a moderate reducing agent, ascorbic 
acid. We then incubated the purifi ed nanorods with thiolated 
core oligonucleotides (Core1 DNA) in tris-borate-EDTA (TBE) 
buffer to coat them with Core1 DNA (≈55 DNA per rod). 
Next, we prepared 5 nm gold nanoparticles as the satellites 
and coated them with satellite oligonucleotides (Peri1 DNA) 
at a valency of 2–3 DNA strands per particle. [ 14 ]  This valency 
was suffi cient to stabilizes the satellites during assembly pro-
cess and low enough to leave the remaining surface satel-
lites available for further ligand conjugation. To assemble the 
core–satellite superstructures, specifi c DNA linkers of variable 
length and sequence were used that connected these parti-
cles together through fi xed complementary regions at their 
ends. We annealed a stoichiometric amount of DNA linkers 
(67 strand per core) with the core nanorods in a hybridization 
buffer which was maintained at 60 and 37 °C for 10 min and 
1 h, respectively. After purifi cation, linker–hybridized cores 
were hybridized with their corresponding linker’s complemen-
tary strand to form double-stranded linkers. Next, we combined 
the linker–core with satellites under similar hybridization 
conditions at an excess molar ratio of 300 satellites per core 
to avoid possible assembly crosslinking. Following complete 
assembly, we back-fi lled the core–satellite superstructures with 
polyethylene glycol (PEG) to improve biological stability in 
serum-containing media and reduce non-specifi c interaction 
with biomolecules. [ 28 ]  The core–satellite assembly was centrifu-
gated and washed several times to remove excess PEG, oligo-
nucleotides or gold nanoparticles. We fi rst determined whether 
the assembly is successful by analyzing the distinct surface 
plasmons of core nanorods (740 nm) and satellite nanoparticles 
(517 nm) before and after assembly (Figure  1 b). From normal-
ized UV–vis spectrum, the assembly showed two dominant 
peaks at 740 and 520 nm. This suggested the presence of both 
nanorods and satellite particles in one assembly, resulting from 
the combination of nanorod’s longitudinal plasmon at 740 nm 
and intense plasmon at 520 nm attributed to satellite particles. 
Figure  1 c represents transmission electron microscopy (TEM) 
images of the assemblies.  

 We next explored the effect of core–satellite superstructure 
design on the loading capacity of therapeutic agents. We used 

the anticancer anthracycline drug Dox as the model therapeutic 
agent, which naturally intercalates into DNA. We investigated 
the effect of DNA linker design on Dox loading. We focused 
on the double-stranded region of the DNA linker as the main 
loading site relative to the short (15 base per strand) Core1 
and Peri1 DNA attached directly to the particle. We formed 
core–satellite carriers using different linker duplex structures 
while keeping other components of the assembly constant. 
Figure  1 d depicts the specifi cs of linker designs and doxoru-
bicin loading process. Figure 1e provides TEM images of drug 
loaded core–satellite architectures. There are 22 ± 3 spherical 
satellite particles per GNR with an overall size of 70–90 nm for 
each superstructure. After optimizing the Dox loading process 
(Figure S2, Supporting Information), we chose to incubate each 
design with Dox feed concentration of 8 µg mL −1  for 5 h as this 
concentration showed loading value close to saturation point. 
After multiple washing, we directly disassembled the core–sat-
ellites using the reducing agent dithiothreitol at 60 °C for 1 h 
and collected the orange supernatant. We fi nally quantifi ed the 
amount of Dox per carrier using absorbance measurements. In 
designing linkers, we considered three parameters: i) sequence 
length, ii) amount of   CG   base pairs for higher loading, [ 19 ]  
and iii) melting temperatures ( T  m ) of DNA linker duplex for 
Dox release. We varied the linker sequence length in three 
47 bps (LDox1), 53 bps (LDox2), and 58 bps (LDox3) core–satel-
lite designs and examined its effect on loading capacity. Each 
DNA linker contained 15 bases at both 5′ and 3′ ends that would 
hybridize with Core1 and Peri1 to form the assembly. We called 
the remaining middle sequence, the “middle loading zone.” 
We designed the complementary sequences to the “middle 
loading zone” in LDox1, LDox2, and LDox3 to be 15, 21, and 
two 13 bps. We detected 552 ± 71, 1028 ± 35, and 1808 ± 17 Dox 
molecules per superstructure for LDox1, LDox2, and LDox3, 
respectively (Figure  1 f). Figure S3 (Supporting Information) 
shows that there was minimum effect on the absorbance profi le 
of the GNR-core superstructure after loading with doxorubicin. 
There is a linear increase in Dox loading capacity with increase 
in the size of the middle loading zone. Previous studies have 
allocated a minimum of three base pairs in DNA duplex for 
each Dox molecule. [ 29–31 ]  When we calculated the number of 
base pairs per Dox molecule, we obtained a value less than 
three (Figure S4, Supporting Information). This suggests that 
the composition and architecture of the assembled system also 
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 Figure 1.    TDesign and drug loading characterization of GNR - core superstructures using DNA assembly. A) Individual gold nanorods (core) and 
spherical 5 nm nanoparticles (satellite) were coated with thiolated single-stranded DNA, which were then assembled together via linker DNA containing 
complementary sequence. Linker strands of different designs were used to tune Dox loading and release kinetics in the superstructure. Satellite particles 
located on the surface of these superstructures were then coated with PEG molecules, illustrated as blue clouds, to provide stability of superstructures 
in the buffer media. B) UV–vis absorption spectra of gold nanorods (left), spherical gold nanoparticles (middle), and their GNR core–satellite assembly 
(right). C) Transmission electron microscopy (TEM) images show formation of core–satellite shape architecture where spherical gold nanoparticles 
surround a single GNR in each individual superstructure. Scale bars are 100 nm. The TEM images show the core–satellite superstructure are inter-
connected but this is caused by drying of the sample on the grid. When we use a lower concentration, we see individual core–satellite nanoassembly 
(image to the right). D) Linker sequences of increasing length (47, 53, and 58 bps) with their specifi c complementary sequences were designed to 
change Dox loading capacity and melting temperature. Each linker was used to make a core–satellite superstructure, loaded with a constant Dox feed 
amount. The amount of loaded Dox was quantifi ed by direct disassembly of the superstructure using dithiothreitol (DTT) and absorption measure-
ments. E) Representative TEM images show formation of GNR core–satellite superstructures in all three linker designs. Scale bars are 30 nm. F) Effect 
of linker design (length) on Dox loading capacity per each superstructure. The increase in linker length from 47 to 58 bps, raised Dox loading capacity 
within the superstructure. (** P <  0.005 and ** **P <  0.0005).
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infl uence the loading capacity. The core–satellite superstruc-
tures also contain other DNA sequences (e.g., Core1 or Peri1), 
polyethylene glycol, and likely to contain residual amounts of 
positively charged CTAB [ 26,27 ]  which may alter the availability 
of DNA sites for intercalation. Finally, the Core1 or Peri1 can 
also bind drugs but these sequences have a different purpose 
within the design of the superstructure. These sequences are 
designed to enable assembly but may not be ideal for inter-
calating drug molecules. We conclude that in engineering 
core–satellite superstructure carriers using DNA, increase in 
linker sequence length increase the loading capacity of Dox per 
core–satellite superstructure but the complex multi-component 
factors may interfere with predictive measures dictated by solo 
linker design. 

 We then explored the use of heat-generating core on Dox-
release kinetics in LDox2 and LDox3 designs because these 
carriers showed the highest DOX loading. Drug-loaded 
DNA duplex can dehybridize when the local temperature is 
above melting temperature and release the Dox. Our design 
rationale for drug release was to use a linker sequence with a 
 T  m  > 37 °C so that the carrier shows minimum drug escape at 
physiological temperature but also low enough  T  m  that can pro-
vide rapid release using photo-thermal stimulation. Thus, we 
lowered the theoretical  T  m  of LDox3 by using two (13 bps) low 
 T  m  middle zone complementary sequences, 43.6 and 40.6 °C, 
compared to one 21 bps complementary sequence in LDox2 
with  T  m  ≈ 56.7 °C. We hypothesized that a decrease in a linker 
duplex’s theoretical melting temperature can lead to faster Dox 
release from core–satellite carrier. We fi rst examined whether 
the loaded Dox with core–satellite superstructures designed 

with LDox3 and LDox2 linkers can be released at physiolog-
ical temperature (37 °C). Aliquots of each Dox carriers were 
incubated in PBS buffer at 37 °C, supernatants were sampled 
after centrifugation at different time points and the amount of 
Dox was quantifi ed via spectrophotometry. Both designs dem-
onstrated 25% non-specifi c release of Dox in the fi rst hour 
( Figure    2  a), but this remained constant afterward. This sug-
gested a minor burst release at an initial stage followed by a 
plateau similar to common polymeric nanocarriers. [ 32,33 ]  We 
attributed this to weakly bound Dox molecules on different 
components such as PEG-modifi ed satellites of core–satel-
lite structure that desorb at 37 °C. To control Dox release rate, 
we optically excited core–satellite superstructures by a near-
infrared (IR) laser (785 nm) that closely matched GNR’s lon-
gitudinal surface plasmon. This allowed us to increase the 
local temperature to be at or above the theoretical  T  m  of DNA 
linkers (Figure  2 b and Figure S5, Supporting Information). 
Hence, DNA would melt leading to release of Dox and disas-
sembly of core–satellite structure. After optimizations, our data 
(Figure S6 and S7, Supporting Information) confi rmed the 
photo-thermal effect on controllable disassembly of core–satel-
lite structure. The individual gold nanorods and nanoparticles 
remained structurally intact after excitation (no melting). We 
then measured Dox release under same laser exposure condi-
tion (Figure  2 c). Complete release was triggered in 4 min for 
LDox3 versus 12 min for LDox2, about threefold increase in the 
average release rate. When release was plotted against the expo-
sure temperatures (Figure  2 d), we realized a similar release 
pattern to the DNA melting curves. We found the trigger Dox 
release in LDox3 to start at lower onset temperature ≈58 °C 
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 Figure 2.    Normal and photo-thermal Dox-release characteristics in superstructures as a function of DNA linker design. A) Cumulative Dox release 
from LDox2 and LDox3 designs of superstructures at 37 °C in 6 h. B) Photo-thermal temperature elevation in colloidal superstructures as a function of 
laser power density. C) Cumulative photo-thermally triggered Dox release from LDox2 and LDox3 designs superstructures versus laser exposure time 
at 3 W cm −2 . D) Cumulative photo-thermally triggered Dox release from LDox2 and LDox3 designs superstructures versus photo-thermal temperature.
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versus ≈68 °C for LDox2. Assigning an apparent release tem-
perature ( T  r ) at 50% release of the fi tted curves, we also cal-
culated an ≈10 °C decrease from LDox2 ( T  r  = 71 °C) to LDox3 
( T  r  = 60 °C). Both analyses suggested lower temperature Dox 
release for LDox3 compared to LDox2. Our photo-thermal 
release data in GNR core–satellite exhibited similar behavior 
to previous reports on DNA-functionalized GNR carriers used 
for Dox release [ 25 ]  or selective release of DNA. [ 33 ]  We inferred 
that a decrease in the linker’s melting temperature will lead to a 
lower required temperature for Dox release. This suggests that 
we can tune the drug release rate and temperature by changing 
the DNA linker sequence and composition.  

 We fi nally determined whether Dox-loaded superstructures 
can kill HeLa cancer cells .  These experiments were designed 
to test whether the released drug is capable of killing the cells. 
The surface of the core–satellite nanosystem was not coated 
with cancer cell targeting agent because recent studies showed 
that there was no real difference between active and passive tar-
geting for most nanoparticle sizes as large nanoparticles typi-
cally reside near the tumor vessel. [ 3,34,35 ]  Thus, controlling the 
drug release process is quite important in future cancer nano-
medicine applications, as large nanoparticles may not be able 
to easily penetrate the tumor to access the cells. Thus, future 
cancer nanomedicine therapy may focus strategies to alter the 
drug release profi le, as small drug molecules can penetrate and 

kill tumor cells. We chose LDox3 design because it demon-
strated highest Dox loading per carrier and rapid Dox release 
at lower laser-trigger temperature and dose. As Dox can kill 
cancer cells by intercalating their nuclear DNA, we fi rst tested 
if the loaded Dox in core–satellites is still therapeutically active 
after release. Dox-loaded core–satellites were excited by laser 
and the released Dox was collected, and then was incubated 
with HeLa cells. The cytotoxicity was measured using a cell via-
bility assay (tetrazolium salt XTT) compared to equivalent free 
molecular Dox control. The released Dox maintained its thera-
peutic activity (Figure S8, Supporting Information). We initially 
evaluated the effect of Dox and heat, individually, on HeLa cells, 
and then used these to test the effect of Dox-loaded core–sat-
ellites on cells with and without laser excitation. To learn the 
effect of Dox on HeLa cells, we measured viability of HeLa 
cells as a function of Dox concentration ( Figure    3  a). From fi tted 
curve, we calculated the inhibitory concentration of Dox at 50% 
viability (IC 50 ) to be ≈1.5 µg mL −1 . We then tested the effect of 
unloaded core–satellites that is capable of loading twice IC 50  
Dox concentration with and without laser. HeLa cells were 
incubated with core–satellite superstructures for 2–6 h, washed, 
and then cell viability was measured. Core–satellites without 
drug and laser did not show toxicity on HeLa cells (Figure  3 b). 
To determine the effect of heat on killing of cells, we incubated 
unloaded superstructures with HeLa cells and immediately 

Adv. Mater. 2016, 28, 8511–8518

www.advmat.de
www.MaterialsViews.com

 Figure 3.    Cytotoxicity of Dox-loaded LDox3 superstructures on HeLa cancer cells. A) The inhibitory concentration of Dox at 50% viability (IC 50 ) of HeLa 
cells was calculated from fi tted curve to be ≈1.5 µg mL −1 . This value is equivalent to almost half of the loaded Dox on to 3 × 10 –9   M  LDox3 superstruc-
tures. B) Toxicity test of superstructures (3 × 10 –9   M ) without Dox (unloaded) in 2, 4, and 6 h incubation with HeLa cells. The superstructures showed 
almost no toxicity in the absence of Dox. C) The effect of photo-thermal dose from unloaded superstructures (3 × 10 –9   M ) on HeLa cells. These titra-
tion data suggested 1–2 min photo-thermal dose (3 W cm −2 ) for up to 40% cytotoxicity. D) Additive cytotoxicity (≈85%) of Dox-loaded superstructures 
(3 × 10 –9   M ) under optimized photo-thermal condition compared to ≈40% cytotoxicity of the same superstructures by either Dox or photo-thermal 
effect, individually. ( *P <  0.05).
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for 3 h followed by viability measurement. HeLa cells were also 
excited with a laser in the absence of superstructures as a nega-
tive control. Figure  3 c shows that laser radiation alone did not 
have any cytotoxic effect on the cells. In contrast, the presence 
of superstructures lead to ≈40% cytotoxicity following a 2 min 
( T  = 60 °C) exposure to the laser. Further exposure to 3 min 
( T  = 66 °C) increased the cytotoxicity to ≈90%. From 3 to 6 min 
exposure, there was no evident change in cytotoxicity. Finally, 
we explored the cytotoxicity of Dox-loaded superstructures on 
HeLa cells with and without laser (Figure  3 d). Using the above 
data, we incubated 3 × 10 −9   M  of Dox-loaded superstructures for 
2 h with HeLa cells and the viability was measured with and 
without laser. The laser treatment condition was 3 W cm −2  for 
2 min. Without laser, Dox-loaded superstructures demonstrated 
≈40% cytotoxicity which can be assigned to the non-specifi c 
25% release of their loaded Dox (Figure S9, Supporting Infor-
mation). Laser radiation on the same system induced 2.1-fold 
increase in cytotoxicity up to ≈85%. LDox3 superstructures 
release ≈50% of their Dox content after 2 min laser exposure 
which is equivalent to ≈1.5 µg mL −1 . As therapeutic activities 
of released Dox and molecular Dox are relatively the same, we 
inferred ≈50% cytotoxicity from released Dox on HeLa cells. 
Addition of Dox effect to ≈40% of heat cytotoxicity suggests 
an “additive” therapeutic effect (≈90%) core–satellite carriers 
on HeLa cells. We also ruled out non-thermal radiation effect 
of the laser on cytotoxicity of the Dox (Figure S10, Supporting 
Information). Regardless of laser-trigger, we conclude that Dox-
loaded core–satellite carriers show therapeutic effect on HeLa 
cells but utilizing laser-trigger led to 2.1-fold increase in thera-
peutic effect as an additive effect of trigger-released Dox and 
photo-thermal heating.  

 We studied the design of the core–satellite superstructure 
as carriers of therapeutic agents. We demonstrated the design 
has a signifi cant effect on the loading capacity and the loading 
capacity can be rationally controlled by sequence design. We 
were able to tune drug release rate by controlling linker thermal 
denaturation using photo-thermal stimulation. Using photo-
thermally triggered rapid release and heat, we found 2.1-fold 
increase in therapeutic effect compared to no laser treatment. A 
next step will be to examine the therapeutic effect of these core–
satellite structures in animal model. The current study presents 
a new strategy to control release of drugs from DNA–nanopar-
ticle assembled superstructures and further promotes the use 
of assembly techniques to build delivery systems for biomedical 
applications. Building assemblies capable of dynamic change 
may be a key strategy to enable inorganic nanoparticles to navi-
gate complex biological systems where different sizes, shapes, 
and surface chemistries for different biological systems may be 
needed to mediate their molecular interactions and transport 
patterns for effectively diagnosing and treating a disease.  

  Experimental Section 
  Materials : Chemical reagents related to nanorods and nanoparticles 

synthesis were purchased from Sigma–Aldrich. Methoxy-terminated 
poly(ethylene glycol) (mPEG–thiol, 5 kDa) was purchased from Laysan 
Bio. All oligonucleotides were purchased from Bio Basic and prepared 

as frozen stock solutions in ultrapure water (Nanopure) at −20 °C. 
Doxorubicin hydrochloride and Dulbecco’s modifi ed Eagle medium 
(DMEM) were purchased from Tocris and Gibco, respectively. 

  Synthesis and Characterization of “Core” Gold Nanorods : GNRs were 
grown via modifi ed seed-mediated technique. Initially, seed solution 
was made by rapid injection of sodium borohydride (1.2 mL, 0.01  M ) 
into a solution containing HAuCl 4  (0.5 mL, 0.01  M ) and cetyltrimethyl 
ammonium bromide (19.5 mL, 0.1  M ) under vigorous stirring. This 
solution was heated to 60 °C for 20 min under vigorous stirring 
followed by cooling to room temperature. Next, a growth solution 
of HAuCl 4  (49.5 mL, 0.01  M ) and cetyltrimethyl ammonium bromide 
(950 mL, 0.1  M ) was prepared. AgNO 3  (5 mL, 0.01  M ) and ascorbic acid 
(7 mL, 0.1  M ) were added subsequently to the above solution. The yellow 
color solution changed to clear. Then, 20 mL of the seed solution was 
added to the growth solution under moderate stirring and left overnight. 
The nanorods were centrifugated at 15 000  g  for 30 min twice, washed 
with deionized (DI) water. The nanorods were characterized using 
transmission electron microscopy and UV–vis spectroscopy. 

  Synthesis and Characterization of “Satellite” Spherical Gold 
Nanoparticles : 5 nm gold nanoparticles were prepared via previously 
developed methods. HAuCl 4  (1 mL, 1% w/v) was added to 80 mL DI 
water and the solution heated to 60 °C on a stir plate. Reducing solution 
containing 4 mL trisodium citrate (1%), 1 mL tannic acid (1%), and 
1 mL potassium carbonate (3.64 mg mL −1 ) was prepared and heated 
to 60 °C for 50 min. While stirring, the reducing solution was rapidly 
injected into HAuCl 4  solution and the reaction was maintained at 
60 and 90 °C for 30 and 10 min, respectively. The resulting nanoparticle 
solution was cooled down to room temperature followed by addition of 
1 mL bis( p -sulfonatophenyl)phenylphospine dihydrate dipotassium salt 
(BSPP) and stirring overnight to improve stability. The particles were 
centrifugated (150 000  g  for 35 min) and washed twice, re-dispersed 
in Tween 20 solution (0.01% w/v). The purifi ed nanoparticles were 
characterized using transmission electron microscopy, dynamic light 
scattering, and UV–vis spectroscopy. 

  Oligonucleotide Functionalization of Core Gold Nanorods : The purifi ed 
gold nanorods (20 × 10 −9   M ) was added to a mixture of thiolated Core1 
oligonucleotide (10 × 10 −6   M ) and sodium dodecyl sulfate (0.2%). The 
mixture was incubated for 5 min followed by the addition of TBE buffer 
(2×, pH = 3, 1  M  NaCl). The resulting solution was incubated over night 
at room temperature. The Core1 oligo-functionalized gold nanorods 
were purifi ed by centrifugating twice at 12 000  g  and washing. 

  Oligonucleotide Functionalization of Satellite Gold Nanoparticles : Gold 
nanoparticles (500 × 10 −9   M ) was added to a mixture of thiolated Peri1 
oligonucleotide (5.7 × 10 −6   M ) and Tween 20 (0.1%). Next, 200 µL of 
trisodium citrate buffer (90 × 10 −3   M , pH = 3) was added to the above 
mixture and aged for 30 min at room temperature. The Peri1 oligo-
functionalized nanoparticles were purifi ed by centrifugating twice 
at 150 000  g  for 35 min and washing in phosphate buffered saline 
(1×, 0.01% Tween). 

  DNA Assembly of Core–Satellite Superstructures : Core1 oligo-
functionalized gold nanorods (13.3 × 10 −9   M ) was added to a hybridization 
buffer containing LDox linker oligonucleotide (8 × 10 −6   M ), phosphate 
buffered saline (10×), MgCl 2  (50 × 10 −3   M ), and Tween 20 (0.01%) 
solutions. This solution was heat shocked at 60 °C for 10 min followed 
by incubation at 37 °C for 1 h. LDox-functionalized gold nanorods were 
cooled down to room temperature for 15 min, twice centrifugated at 
15 000  g  for 35 min at 4 °C and washed with phosphate buffered saline 
(1×, 0.01% Tween). The purifi ed LDox-functionalized gold nanorods 
(5 × 10 −9   M ) was then hybridized with LDox middle-zone complementary 
strand (LDox-sp) in a buffer consisting LDox-sp (8 × 10 −6   M ), phosphate 
buffered saline (10×), MgCl 2  (50 × 10 −3   M ), and Tween 20 (0.01%) 
solutions at 37 °C for 1 h. Next, Peri1 oligo-functionalized satellite 
nanoparticles were added to the above solution and incubation was 
continued for 1 h at 37 °C. Finally, mPEG (10 mg mL −1 ) was mixed 
with the above solution and maintained at 37 °C for another hour. The 
core–satellite assembly was purifi ed using triple centrifugation at 12 000  g  
for 35 min at 4 °C and washing in phosphate buffered saline (1×, 0.01% 
Tween). The same procedure was applied for all three designs with the 
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same stoichiometry. In case of LDox3 design, only the hybridization 
step of complementary strand on to LDox-functionalized core nanorods 
was repeated consecutively due to two half complementary strands. 
Superstructures were characterized using transmission electron 
microscopy and UV–vis spectroscopy. 

  Quantifi cation of Core–Satellite Superstructures Concentration : Each 
core–satellite superstructure consists of one GNR as the core particle 
that is surrounded with several spherical gold nanoparticles. Therefore, 
the number of superstructures in a solution would be equal to the 
number of their GNR core. 

 To measure GNR-core concentration in a superstructure solution, the 
peak intensity was measured at 740 nm from the absorption spectrum 
of superstructure solution, which is distinctly assigned to longitudinal 
surface plasmon (SPR) of GNRs (spherical gold nanoparticles SPR 
is at 520 nm and does not overlap with GNR’s longitudinal SPR). 
This intensity was then correlated to GNR-core concentration using 
previously developed standard curves. The standard curves were 
prepared from a combination of data based on TEM (GNR dimensions), 
ICP (gold content in GNRs), and UV–vis absorption. 

  Loading and Quantifi cation of Doxorubicin in the Core–Satellite 
Superstructures : Stock solution (1 mg mL −1 ) of Dox in dimethyl 
sulfoxide (DMSO) was prepared, aliquoted and stored at −20 °C. 
Aliquots of Dox/DMSO (50 µL) were thawed at room temperature. 
Next, stoichiometric ratio of Dox/DMSO was incubated with colloidal 
solution of superstructures for 5 h at room temperature. The Dox-loaded 
superstructures were purifi ed via triple centrifugation at 12 000  g  for 
30 min and washing in phosphate buffered saline (1×, 0.01% Tween). 

 To quantify the amount of loaded Dox per superstructure, relevant 
standard solutions of Dox were prepared and correlated to with their 
Dox absorption intensity at 480 nm peak. Next, known concentration of 
Dox-loaded superstructures (based on core nanorods) was incubated 
in dithiothreitol solution (1  M ) at 60 °C for 1 h. The degraded particles 
were then centrifugated and the supernatant was collected. The amount 
of Dox in supernatant was calculated by absorption measurement 
at 480 nm and correlation to already developed standard curves. 
Experiments for individual batch of superstructures were conducted in 
triplicates. 

  Analysis of DNA Linker Base Pairs per Dox Molecule : In each GNR 
core–satellite superstructure, the total number of base pairs (potential 
sites for Dox loading) is calculated from the product of “total number 
of base pairs in each linker ( M  1 , Figure S3, Supporting Information)” 
by “the number of linkers per superstructure ( N  1 ).” From the measured 
number of Core1 DNA (55 per superstructure) and average number 
of satellite nanoparticles per superstructure (22),  N  1  becomes a value 
between maximum 55 ( N  1,max ) if all Core1 on GNR-core are linked to 
DNA linkers and minimum 22 ( N  1,min ). At least  N  1  is equal to number 
of linkers that have connected the satellite nanoparticles to their 
GNR core in each superstructure. For a measured number of Dox per 
superstructure ( N ), the number of base pairs per Dox molecule ( x ) can 
be calculated from: ( )/1 1x N M N= × . In the analysis for each design,  x  
was calculated for both boundary conditions of  N  1,max  and  N  1,min . 

  Photo-Thermal Setup and Experiments : The photo-thermal setup 
consists of a power adjustable fi ber-coupled CW laser diode (785 nm) 
to excite superstructures and a high-resolution (320 × 240 pixels) 
thermal imager (FLIR E60) with ±2 °C thermal accuracy for monitoring 
the temperature. Photo-thermal experiments were performed in 96-well 
plates. In a general procedure, known concentration of superstructures 
in phosphate buffered saline (1×) solution (200 µL) was transferred into 
a well and was placed on a pre-heated stage (set to 37 °C). The sealed 
well-plate (to avoid evaporation) was stabilized for 10 min. Next, the laser 
drive was tuned to the desired power and a laser beam of 5 mm diameter 
was radiated on the well containing superstructures solution and the 
local average temperature raise of the well was registered with respect 
to a control well, as a function of time. The same process was applied 
to different concentrations and laser powers. Emissivity corrections were 
done using FLIR protocol with respect to black tape body (0.95). 

  Photo-Thermal Doxorubicin-Release Kinetic Experiments : Stock solutions 
of Dox-loaded superstructures with the specifi c linker were prepared 

and quantifi ed for the amount of loaded Dox per superstructure. Next, 
aliquots of Dox-loaded superstructures (3 × 10 −9   M ) were prepared and 
maintained for 50 min at 37 °C before laser radiation. Each aliquot 
was assigned to a certain laser exposure time between 0 and 12 min. 
Similar to photo-thermal experiments, each aliquot was radiated 
by laser (3 W cm −2 ) to its assigned exposure time and immediately 
ultracentrifugated at 150 000  g  for 30 min at 4 °C. The supernatant was 
collected and quantifi ed for the amount of released Dox by measuring 
absorption at 480 nm and relevant standard curves, similar to loading 
quantifi cation process. This procedure was applied for both LDox2 
and LDox3 designs in triplicates. Control release experiments were 
performed similarly without laser exposure at 37 °C for 1–6 h incubation 
time. Experiments for individual batch of superstructures were 
conducted in triplicates. 

  Cell Culture and Measurements of Dox Inhibitory Concentration at 50% 
Survival (IC 50 ) : HeLa cancer cells (American Type Culture Collection) 
were maintained in DMEM supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin (P/S), at 37 °C and 5% CO 2  
atmosphere. First, population doubling time (PDT) of this cell line was 
calculated from PDT =  t  × ln(2)/ln( X  e / X  b ), where  t  is the incubation 
time,  X  e  is harvesting concentration, and  X  b  is seeding concentration. 
The PDT was measured to be ≈24.8 h. 

 To measure IC 50  of free Dox molecules, 5000 HeLa cells were seeded 
in 96-well plate in triplicates and maintained in the incubator (37 °C, 
5% CO 2 ) for one PDT. Next, old media was removed and different 
concentrations of Dox in DMEM (10% FBS, 1% P/S) were incubated 
with cells for 2.5 h. Dox/DMEM solution was removed and the cells were 
carefully washed once with pre-warmed (37 °C) phosphate buffered saline 
(1×). Fresh DMEM (10% FBS, 1% P/S) was again added to the cells and 
allowed incubation for another PDT. Old media was removed again and 
100 µL phenol-free DMEM (10% FBS, 1% P/S) was added to each well 
followed by addition of XTT reagent. After 4 h incubation, absorption at 
450 nm/650 nm (sample/reference) was measured using plate reader and 
cytotoxicity relative to control cells was calculated. Viability was plotted 
versus Dox concentration and IC 50  value was derived from best curve fi t. 

  Toxicity Measurements of Core–Satellite Superstructures : 5000 HeLa 
cells were seeded in 96-well plate in triplicates and maintained in the 
incubator (37 °C, 5% CO 2 ) for one PDT. Old media was removed and 
unloaded LDox3 design superstructures (3 × 10 −9   M ) in DMEM (10% 
FBS, 1% P/S) were incubated for 2, 4, and 6 h with the cells. The 
superstructure solutions were removed followed by cells washing and 
XTT procedure similar to cytotoxicity measurement for Dox molecules. 

  Cytotoxicity Measurements of Photo-Thermally Triggered Core–Satellite 
Superstructures : To measure the cytotoxic effect of solo generated heat 
by LDox3 superstructures, 5000 HeLa cells were seeded in 96-well plate 
in triplicates and maintained in the incubator (37 °C, 5% CO 2 ) for one 
PDT. Old media was removed and unloaded LDox3 superstructures 
(3 × 10 −9   M ) in DMEM (10% FBS, 1% P/S) were incubated with the cells 
for 15 min. The cells were then shun by laser (3 W cm −2 ) for different 
exposure times (2–6 min) followed by incubation for another 2 h at 
37 °C and 5% CO 2  atmosphere. Finally, the cells were washed once and 
XTT procedure was applied similar to previous cytotoxicity measurement 
sections. Control experiments with the same laser radiation doses were 
performed on the cells without superstructures. 

 The cytotoxic effect of Dox-loaded LDox3 superstructures was measured 
in a similar procedure. 5000 HeLa cells were seeded in 96-well plate 
in triplicates and maintained in the incubator (37 °C, 5% CO 2 ) for one 
PDT. Old media was removed and Dox-loaded LDox3 superstructures 
(3 × 10 −9   M ) DMEM (10% FBS, 1% P/S) were incubated with the cells 
for 15 min followed by laser (3 W cm −2 ) radiation for 2 min. Incubation 
was continued for another 2 h. The cells were then washed once and XTT 
procedure was performed as previous sections. Control experiments with 
Dox-loaded superstructures on the cells without laser were done in parallel.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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