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Abstract

Photosensitive caged compounds have enhanced our ability to address the complexity of
biological systems by generating effectors with remarkable spatial/temporal resolutions1-3. The
caging effect is typically removed by photolysis with ultraviolet light to liberate the bioactive
species. Although this technique has been successfully applied to many biological problems, it
suffers from a number of intrinsic drawbacks. For example, it requires dedicated efforts to design
and synthesize a precursor compound to the effector. The ultraviolet light may cause damage to
biological samples and is only suitable for in vitro studies because of its quick attenuation in
tissued. Here we address these issues by developing a platform based on the photothermal effect
of gold nanocages. Gold nanocages represent a class of nanostructures with hollow interiors and
porous walls5. They can have strong absorption (for the photothermal effect) in the near-infrared
(NIR) while maintaining a compact size. When the surface of a gold nanocage is covered with a
smart polymer, the pre-loaded effector can be released in a controllable fashion using a NIR laser.
This system works well with various effectors without involving sophiscated syntheses, and is
well-suited for in vivo studies due to the high transparency of soft tissue in NIR6.

Figure 1a shows a schematic of the controlled release system. The Au nanocages are
typically prepared via the galvanic replacement reaction between Ag nanocubes and HAuCl,
or HAUCI, in water7. The polymer is based on poly(N-isopropylacrylamide) (pNIPAAmM)
and its derivatives, which can change conformation in response to small variations in
temperature8. Upon exposure to a laser beam whose wavelength matches with the
absorption peak of the Au nanocage, the light will be absorbed and converted into heat
through the photothermal effect9,10. The heat will dissipate into the surroundings, and the
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rise in temperature will cause the polymer chains to collapse (see the supplementary
information for a detailed analysis), exposing the pores on the nanocage and thereby
releasing the pre-loaded effector. When the laser is turned off, heating will immediately
cease and the drop in temperature will bring the polymer back to its original, extended
conformation, closing the pores and stopping the release. We can control the release dosage
by manipulating the power density and/or irradiation time.

For pure pNIPAAmM, its low critical solution temperature (LCST) is around 32 °C. Below 32
°C, the polymer is hydrophilic and soluble in water. When the temperature is raised above
32 °C, the polymer undergoes a phase transition to a hydrophobic state, generating turbidity
due to aggregation. Typically, the LCST is defined as the temperature at which the light
transmission of the polymer solution drops to 90% of the original value8. By incorporating
acrylamide (AAm) into the polymer chain, we obtained pNIPAAmM-co-pAAm copolymers
with LCSTSs being tuned to anywhere in the range of 32 to 50 °C (Figure S1 and Table S1)8.
For in vivo applications, the LCST should be tuned to a value above the body temperature
(37 °C) but below the hyperthermia temperature (42 °C). In this work, we have focused on
two types of polymers: pNIPAAmM and a pNIPAAmM-co-pAAmM copolymer with an LCST at
32 and 39 °C, respectively. Both of them were prepared using atom transfer radical
polymerization (ATRP)11,12.

We covalently anchored the smart polymer to the surface of Au nanocages via gold-thiolate
linkage. One way to achieve this is to include a disulfide bond in the middle of the polymer
chain by employing a disulfide initiator (Figure 1b)12. Because thiolate has a stronger
binding towards Au surface than the C=0 group of poly(vinyl pyrrolidone) (PVP), we could
replace the PVP on nanocages with the smart polymer. After the displacement, the
absorption peak of the nanocages red-shifted by ~13 nm, which could be offset during the
nanocage synthesis. As shown in Figure 1c by TEM imaging, the pNIPAAmM-co-pAAmM
coating had a relatively uniform thickness of ~3 nm in the dry state. This result is in
reasonable agreement with the value (~5 nm) estimated from the TGA and GPC data shown
in Figure S2 and Table S1. By dynamic light scattering, the mean hydrodynamic diameter of
the copolymer-covered nanocages was observed to oscillate in response to temperature
variation (Figure S3): the diameter increased by 13% upon cooling to 37 °C and shrank to its
original value upon heating to 41 °C. These changes with temperature were reversible.
During cooling/heating, the polydispersity index of the sample remained less than 0.12,
suggesting that no agglomeration occurred in the solution due to the use of dilute samples.

To demonstrate the controlled release of medium-sized effectors from the copolymer-
covered nanocages, we prepared alizarin-PEG by coupling the hydroxyl end group of PEG
(Mw~25,000) with the carboxylic group of alizarin yellow acid13. The nanocages were
added to an aqueous solution of alizarin-PEG (23 mM) and shaken at 42 °C to load the dye.
After 12 h, the suspension was quickly cooled with an ice bath to trigger conformational
change for the copolymer, closing the pores and keeping the loaded dye inside the
nanocages. If the loaded sample was kept under ambient conditions of a lab, the dye
remained in the nanocages with negligible release (Figure S4). However, when the sample
was heated above the LCST (39 °C) of the copolymer, the dye would come out through the
opened pores. Figure 2a shows the release profile when the sample was heated at 42 °C for
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different periods of time. Since alizarin-PEG has an absorption peak at 354 nm, its release
could be easily monitored by recording UV-Vis spectra of the supernatants at different times
after the nanocages had been centrifuged down. As heating was prolonged, the amount of
alizarin-PEG released into the solution kept increasing, and eventually leveled off. By
referring to a calibration curve separately prepared for the same dye, we determined the
exact concentration of alizarin-PEG released from the nanocages at different times, as
shown in the inset of Figure 2a.

We also controlled the release with a NIR laser via the photothermal effect. For this purpose,
the suspension of dye-loaded nanocages was exposed to a Ti:sapphire laser at 10 mW/cm?
for different periods of time. Under this condition, most of the dye molecules were released
within 16 min (Figure 2b). We also tested the dependence of dye release on the power
density when the time was kept at 2 min. As shown in Figure 2c, because more heat was
generated at a higher power density, the pores were forced to open for a longer period of
time. Therefore, higher power density caused more release of alizarin-PEG from the
nanocages. Note that the Au nanocages started to melt at a power density of 40 m\W/cm?
(Figure S5), a phenomenon that was also observed in previous studies14-16, indicating that
a laser power density below 40 mW/cm? should be used if one wants to reload the Au
nanocages with chemical species. We did demonstrate the capability to reuse the smart
capsules that were used for Figure 2b after laser-triggered release. In this case, the used
nanocages were washed with warm water (42 °C) three times to remove all possibly trapped
dye. We then reloaded the nanocages with alizarin-PEG, followed by release with heating.
As shown in Figure S6, we obtained a total amount of release essentially the same as the
first round of release experiment. This result confirms that the Au nanocages were not
melted nor the polymer chains were desorbed from the nanocage surface during a laser-
triggered release experiment (see the supplementary information for a detailed discussion).

We further extended the controlled release to an in vitro study that involved killing of breast
cancer cells with doxorubicin (Dox), a commercial chemotherapeutic drug for breast
cancerl?. The Dox release profile (Figure 3a) from the copolymer-covered nanocages was
similar to what was observed for the dye (Figure 2a). We observed a fast release of Dox
when the sample was subjected to heating. It has been shown that the presence of Dox at a
micromolar level (uM) can cause breast cancer cells to die and thus provide a simple
readout. In a typical study, the cancer cells were seeded in a 24-well plate and allowed to
proliferate until reaching 80% confluence. The wells containing cancer cells and Dox-loaded
nanocages were irradiated with the Ti:sapphire laser at a power density of 20 mW/cm? for 2
and 5 min, respectively, and the data are plotted in Figure 3b. As the irradiation time
increased, more cancer cells were observed to die because more Dox was released. In
comparison, laser irradiation on sample “C-1" in the absence of Au nanocages had
essentially no effect on cell viability. Laser irradiation on sample “C-2” in the presence of
Au nanocages alone resulted in slight reduction in viability, probably due to the
photothermal effect of Au nanocages9,18. These results are consistent with the drug release
data shown in Figure 3a. In practice, parameters including cage concentration, drug loading,
laser irradiation time, and power density all need to be optimized to further improve the
efficacy of killing cancer cells.
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An enzyme was also employed to test encapsulation and controlled release. In this case, we
used lysozyme that can damage the cell walls of bacteria by catalyzing the hydrolysis
process19. To maintain the enzyme activity, we used pNIPAAm with an LCST of 32 °C.
The lysozyme was released by heating the system to 37 °C, as was for the dye.
Concentrations of the released lysozyme, shown in Figure 4a, were quantified using the
Micro BCA protein assay20. The maximum concentration released (2.91 pg/mL) from the
Au nanocages was close to the value (3.88 ug/mL) calculated from the initial concentration
of the loading solution and the volume ratio of Au nanocages to the suspension medium.
The bioactivity of the released lysozyme was determined from the rate of lysis for
Micrococcus Lysodeikticus cells. As shown in Figure 4b, the released lysozyme was able to
maintain ~80% of the bioactivity after going through the encapsulation and release
processes. This bioactivity is relatively high compared to the typical values (30-80%)
reported for other encapsulation schemes21-23.

In summary, we have demonstrated a platform based on Au nanocages covered with smart
polymers for controlled release with NIR light. When combined with optical manipulation
(e.9., trapping)24, this platform offers many additional advantages such as high spatial/
temporal resolutions. In addition, Au nanocages are bio-inert and the surface can be readily
functionalized with targeting ligands such as antibodies using the gold-thiolate
chemistry25,26.

Polymerization of NIPAAm and AAm

NIPAAmM (2.0 g), PMDETA (35 uL), BHEDS(BP), (0.015 g), deionized water (18 mL), and
methanol (12 mL) were mixed in a Schlenk flask and degassed by freeze-pump-thaw cycles.
While the mixture was frozen, CuBr (0.010 g) was added. The flask was then filled with
argon and left to melt at room temperature. The reaction solution was magnetically stirred
overnight at room temperature. After evaporation of the solvent, the crude product was
dissolved in water and purified by dialysis to yield poly(N-isopropylacrylamide)
(pNIPAAmM). For copolymers, the same procedure was used except that the initial monomers
were added as the following: i) NIPAAmM (95 %, 1.93 g) and AAm (5 %, 0.64 g) for an
LCST at 35 °C; ii) NIPAAmM (90 %, 1.83 g) and AAm (10 %, 0.13 g) for an LCST at 39 °C;
iii) NIPAAm (87.5 %, 1.78 g) and AAm (12.5 %, 0.16 g) for an LCST at 41 °C; and iv)
NIPAAM (75 %, 1.53 g) and AAm (25 %, 0.32 g) for an LCST at 49 °C.

Preparation of gold nanocages

Gold nanocages were synthesized via the galvanic replacement reaction between truncated
Ag nanocubes and chloroauric acid (HAuUCIy). The synthetic procedures were described in
detail in a recently published protocol27. For all the experiments, we used Au nanocages of
50 nm in edge length together with a pore size of 5-10 nm. Sulfide-mediated polyol
reduction was used to synthesize the Ag nanocubes and the procedure can be found in our
previous publications27,28.
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Exchange of PVP with pNIPAAmM or copolymer

The as-synthesized PVVP-covered Au nanocages were dispersed in 2 mL of diionized water
and added to a 20 mL aqueous solution of pNIPAAmM (0.20 g) or a copolymer (0.20 g). The
mixture was shaken at 800 RPM for five days. The solution was then centrifuged at 14,000
RPM and the supernatant was discarded. The polymer-covered Au nanocages were washed
three more times with 2 mL (each time) of deionized water.

Loading the nanocages with alizarin-PEG, Dox, or lysozyme

The alizarin-PEG, Dox and lysozyme solutions were freshly prepared and directly used with
the nanocages. The polymer-covered nanocages were added to an aqueous solution (1 mL)
containing alizarin-PEG (0.12 g), Dox (0.020 g), or lysozyme (0.25 g). The mixture was
shaken overnight at 1,000 RPM at 37 °C for pNIPAAm-covered nanocages and at 42 °C for
copolymer-covered nanocages, respectively. The mixture was then cooled with an ice bath
for 1 h, and centrifuged at 14,000 RPM for 20 min. Finally, the supernatant was decanted
and the loaded samples were washed eight more times with 1.5 mL (each time) of distilled
water.

Releasing alizarin-PEG from gold nanocages by heating

Prior to alizarin-PEG release, the loaded nanocages were centrifuged down and the
supernatant was decanted. 0.5 mL of warm (42 °C) water was added to the sample, followed
by incubation under vortexing in a 42 °C water bath for different periods of time. Then, the
solution was cooled with an ice bath for 5 min, followed by centrifugation at 14,000 RPM
and 20 °C for 10 min. The supernatant was then taken for UV-Vis spectral measurement.

Releasing alizarin-PEG from gold nanocages by laser

0.5 mL of the alizarin-PEG loaded nanocages was prepared and transferred to 1.5-mL
centrifuge tubes. The sample was pre-heated in a shaking incubator at 37 °C to mimic the
body temperature prior to laser irradiation. The sample was exposed to the Ti:sapphire laser
for different periods of time at a fixed power density of 10 mW/cm?2, or for 2 min at power
densities of 10, 25, and 40 mW/cmZ. After exposure, the solution was centrifuged at 14,000
RPM for 20 min, and the supernatant was collected for UV-Vis spectral measurement.

Releasing lysozyme from gold nanocages by heating

We used the same procedure described for the release of alizarin-PEG except that the release
temperature was set to 37 °C.

Calculating the concentration of released lysozyme

Native lysozyme was dissolved in DPBS to obtain solutions of 0.5, 1, 2.5, 5, 10, 20, 40, and
200 pg/mL in concentration. 1 mL of Micro BCA Protein Assay was added to 1 mL of the
lysozyme sample with a known (native) or an unknown (released from the nanocages)
concentration. The culture tubes were incubated at 60 °C for 1 h and then examined with a
spectrometer. For the known samples, we could obtain a calibration curve by plotting the
absorbance at 562 nm against the concentration of lysozyme. The unknown concentrations
of the released lysozyme were then determined from the calibration curve.
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Figure 1. Schematic illustration and characterization of the controlled release system
a, Schematic illustrating how the system works. A side view of the Au nanocage is used for

the illustration. Upon exposure to a NIR laser, the light is absorbed by the nanocage and
converted into heat, triggering the smart polymer to collapse and thus release the pre-loaded
effector. When the laser is turned off, the polymer chains will relax back to the extended
confrmation and terminate the release. b, Atom transfer radical polymerization of NIPAAmM
and AAm monomers (at a molar ratio of m/n) as initiated by a disulfide initiator and in the
presence of a Cu(l) catalyst. ¢, TEM images of Au nanocages whose surface was covered by
a pNIPAAmM-co-pAAm copolymer with an LSCT at 39 °C. The inset shows a magnified
TEM image of the corner of such a nanocage.
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Figure 2. Controlled release of a dye from the Au nanocages covered by a copolymer with an
LCST at 39 °C

Absorption spectra of alizarin-PEG released from the copolymer-covered Au nanocages a,
by heating at 42 °C for 1, 3, 5, and 10 min; b, by exposure to a pulsed NIR laser at a power
density of 10 mW/cm? for 1, 2, 4, 8, and 16 min; and ¢, by exposure to the NIR laser for 2
min at 10, 25, and 40 mW/cm2. The insets show the concentrations of alizarin-PEG released
from the nanocages under different conditions.
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Figure 3. Controlled release of an anticancer drug from the Au nanocages covered by a

copolymer with an LCST at 39 °C

a, A plot of the concentrations of Dox released from the Au nanocages upon heating at 45
°C for different periods of time. b, Cell viability for samples after going through different
treatments: (C-1) cells irradiated with a pulsed NIR laser for 2 min in the absence of Au
nanocages; (C-2) cells irradiated with the laser for 2 min in the presence of Dox-free Au
nanocages; and (2/5 min) cells irradiated with the laser for 2 and 5 min in the presence of
Dox-loaded Au nanocages. A power density of 20 mW/cm?2 was employed for all these

studies.
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Figure 4. Controlled release of an enzyme from the Au nanocages covered by pNIPAAm with an
LCST at 32 °C

a, A plot of the concentrations of lysozyme released from the Au nanocages upon heating at
37 °C for different periods of time. b, Lysozyme bioactivity test. Linear fit (y: absorbance,
x: time) for native lysozyme: y = —0.01432x + 0.3441, R? = 0.9964 and linear fit for the
released lysozyme: y = —0.01124x + 0.2961, R2 = 0.9966.
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