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ABSTRACT: Photodynamic therapy has been used for several
decades in the treatment of solid tumors through the optical
generation of chemically reactive singlet-oxygen molecules ('O,).
Recently, nanoscale metallic and semiconducting materials have
been reported to act as photosensitizing agents with additional
diagnostic and therapeutic functionality. To date there have been
no reports of observing the generation of singlet-oxygen at the
level of single nanostructures, particularly at near-infrared (NIR)
wavelengths. Here we demonstrate that NIR laser tweezers can
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be used to observe the formation of singlet oxygen produced from individual silicon and gold nanowires via use of a commercially
available reporting dye. The laser trap also induces two-photon photoexcitation of the dye following a chemical reaction with
singlet oxygen. Corresponding two-photon emission spectra confirms the generation of singlet oxygen from individual silicon
nanowires at room temperature (30 °C), suggesting a range of applications for investigating semiconducting and metallic

nanoscale materials for solid tumor photoablation.
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hotodynamic therapy has been used over the past two

decades to clinically treat metastatic tumors through the
conversion of naturally available triplet-oxygen molecules (*0,)
into highly reactive singlet oxygen ('0,)." Singlet oxygen then
reacts with a range of proteins, lipids, and nucleic acids in vivo
to prevent angiogenesis within”> and metastasis from solid
tumors.>* In this process, visible light is absorbed by an
intermediate photosensitizing molecule (e.g, Photofrin®) to
create electronic excited states, which then transfer their energy
to 0, molecules, converting them to 'O, through a triplet—
triplet annihilation process.

Even though photodynamic therapy (PDT) has been studied
for well over a century, it has been in clinical use only since
1993,' and currently there are a dozen FDA-approved
photosensitizers based on small molecules.® Two of the
primary challenges of using molecular PDT agents is their
long in vivo half-lives and also their nonspecific distribution
throughout the body of a patient.” This often leads to extended
(week-long) periods of time in which a patient must avoid
direct exposure to sunlight. For this reason, researchers have
been studying novel ways of targeting tumor cells including
micellar’ and Iiposomal8 systems, carbon nanotubes,’ gold
nanoparticles,lo and porous silica'! or silicon'* materials as well
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as exploring new solid-state nanomaterials, including metals'>*

and semiconductors,">'® as direct photosensitizers with
predominant excitation wavelengths in the visible spectral
window. In particular, silicon nanocrystals have been shown to
sensitize singlet oxygen'”'® and have the benefit of
biodegradability'® as opposed to inert materials such as gold
nanocrystals.

The shape of nanoscale materials has also been shown to
affect uptake within targeted tumor cells”*~** due in part to the
high surface-area-to-volume ratio of one-dimensional materi-
als.>® Furthermore, recent theoretical calculations have shown**
that silicon nanowires can be designed to exhibit significant
morphology-dependent resonances during photothermal laser
heating. In this way, the shape of nanostructures can be
optimized to enhance the uptake and optical absorption relative
to small-molecule pharmaceuticals with fixed sizes and
absorption coefficients.

The phototoxicity of silicon nanomaterials under illumina-
tion with wavelengths in the blue spectral region (450 < A <
500 nm) has also been demonstrated.'® Blue light, however, lies
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outside the near-IR (NIR) biological transparency window,
resulting in a low tissue penetration depth, which has motivated
recent experiments with photoexcitation of both gold nano-
crystals®?® that can absorb light via plasmon resonance and
upconverting nanocrystals’”*® that excite surface-grafted PDT
molecules following the upconversion of rare-earth ions in
nanocrystalline fluoride host materials. Photoexcitation of
silicon nanostructures in the NIR would increase the
penetration depth and expand silicon’s potential as a PDT
agent.12 We demonstrate here that NIR laser radiation (4 = 975
nm) can be used to optically excite individual silicon and gold
nanowires for the local generation of 'O, within a single-beam
optical trap.

B RESULTS AND DISCUSSION

Silicon nanowires (SiNWs) are synthesized from p-type silicon
wafers using metal-assisted chemical etching (MACE) with
silver as the active etching metal. > High-angle annular dark-
field transmission electron microscopy (HAADF TEM) was
used to confirm the presence of silver domains on SiNWs
following their synthesis (Figure la). TEM imaging also
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Figure 1. Compositional analysis and microstructure of silicon
nanowires prepared via metal-assisted chemical etching (MACE).
(a) High-angle annular dark-field image of a single silicon nanowire
without silver etching, demonstrating the presence of silver deposits.
Scale bar = S0 nm. (b) High-angle annular dark-field image of a silver-
etched silicon nanowire with no detectable silver. Scale bar = 50 nm.
(c) Neutron activation analysis of silicon nanowire array before (i) and
after (ii) the silver-etching process. (d) Atom probe tomography
(APT) mass spectrum from a single SiNW, demonstrating no
detectable silver signal (Ag™: 107 Da, Ag*: 53.5 Da). (e)
Photoluminescence of SiINWs excited by a 975 nm laser source.

confirms that the silver nanocrystals can be removed following
an aqueous etching step that dissolves silver (Figure 1b). Given
that metallic nanocrystals>® have recently been demonstrated to
generate singlet oxygen, it must be implicitly ruled out that
there is no residual silver to interfere with the experimental
measurements.

Neutron activation analysis (NAA) is a sensitive measure of
metallic elemental composition and was used to analyze the
residual amount of silver both with and without the silver etch
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(Figure 1c). The distinct gamma-ray emission from the ''’Ag
isotope decay was used to identify and quantify the silver
concentration in the SiNWs. Before silver etching, the Ag
concentration is measured to be 291 ppm, whereas after silver
etching the amount of Ag is below the detection limits of NAA
(<100 parts per trillion).

The surface of silicon nanowires following MACE in
hydrofluoric acid is expected to be hydrogen terminated;
however the metal-etching step is highly oxidative and may also
oxidize the surface of silicon nanowires. Fourier-transform
infrared absorption spectroscopy on silicon nanowires follow-
ing the silver-etching step reveals the presence of a silicon
dioxide passivation layer that is also confirmed by oxygen k-
edge scanning transmission X-ray absorption microscopy (see
Supporting Information). Atom-probe tomography (APT)
measurements on silicon nanowires further confirm the absence
of silver in the bulk of the nanowires following the silver etch,
as well as the presence of a surface oxide layer (Figure 1d).

Laser trapping of individual nanowires was performed using a
custom instrument shown in Figure 2a. A 975 nm laser is
expanded to overfill the back aperture of a 100X oil immersion
objective (NA = 1.25) and then focused into a chamber with an
aqueous nanowire suspension. The silicon nanowires are
trapped and photoexcited by the NIR laser (Figure 2b),
which is above silicon’s band gap, to produce triplet excitons, as
evidenced by the observation of excitonic emission from SiNWs
after Ag etching (Figure le). The excitons then diffuse to the
surface and, through a Dexter electron exchange mechanism,
excite molecular oxygen in solution to the sin%let state (Figure
2¢) via a triplet—triplet annihilation process.” Singlet oxygen
molecules have been reported to have a decay time of 3.7 us in
water, leading to diffusion distances on the order of 250 nm
from the silicon—water interface®® at room temperature.
Singlet-oxygen excited states can also relax to their ground
state through emission of a photon at 1270 nm. However, their
long lifetimes at room temperature also allow for reactions with
singlet oxygen sensor green (SOSG) molecules, which
selectivelz exclude reaction with superoxide anions and
peroxide, % to make a 1 ,4-endoperoxide, SOSG-EP (Figure 2d).

In addition to trapping single silicon nanowires and
photoexciting triplet excitons in silicon, the laser trap also has
a sufficient irradiance (~MW/cm?) for two-photon photo-
excitation (2PPE) of SOSG-EP to the electronic excited state,
SOSG-EP* (Figure 3e). The green emission from SOSG-EP*
can be visualized through use of a CCD camera (Figure 3a).
The potential for visible photoluminescence from the porous
SiNWs was eliminated as a possible source of emission by
performing an identical control experiment with optically
trapped SiNWs in the absence of SOSG (Figure 3b). It also has
been demonstrated recently that there is negligible (<5 °C)
photothermal heating of ogtically trapped SiNWs via analysis of
their Brownian dynamics.*

Generation of sin§1et oxygen directly from SOSG has been
reported previously”* using UV or visible irradiation. An
additional control experiment was performed to test for
potential photogeneration of 'O, from SOSG molecules
themselves at an identical NIR irradiance (Figure 3c). Clearly,
the NIR source is unable to excite 'O, directly or through
photosensitization of the SOSG molecule. Similarly, a final
control experiment combining SOSG and SiO, microspheres
(Figure 3d) exhibits no detectable 'O, generation at the bead’s
fully oxidized surface, which is expected since SiO, is an
insulator and would not generate the excitons necessary to
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Figure 2. Schematic of laser-trapping instrument and two-photon photoexcitation of both silicon wires and SOSG-EP molecules. (a) Schematic
outlining the components used in the trapping experiments. (b) Depiction of a nanowire trapped with the focused Gaussian, NIR laser (beam waist
= 1.1 ym) in a solution of SOSG with localized pumping of reacted SOSG. (c) Silicon—water interface diagram showing the transfer of electrons
from surface excitons in silicon to dissolved oxygen molecules. (d) Structure of SOSG before reaction with singlet oxygen and its associated

endoperoxide (SOSG-EP) after reaction with singlet oxygen.

sensitize 'O,. A quadratic dependence on the integrated
emission from SOSG as a function of laser power is observed
(Figure 3f), indicating that SOSG is excited by a two-photon
mechanism.

Enhanced singlet-oxygen generation within a suspension of
SiNWs is also observed at much lower laser irradiance. A
cuvette with a concentrated suspension of SINWs and SOSG
was placed in the path of the 975 nm laser beam at a constant
irradiance of 8 W/cm? (beam power = 260 mW, spot size = 2
mm) and pumped briefly at regular intervals with a low power
405 nm lamp to monitor changes SOSG-EP concentration.
Comparison with a cuvette containing SOSG alone shows a
significant increase in 'O, production (Figure 3g).

The approach demonstrated above for analyzing single
silicon nanowires may also be extended to other nanoscale
materials including noble metals. Gold nanocrystals have been
shown to induce significant photothermal superheating of water
when optically trapped,® and several recent reports have
indicated that noble metal nanoparticles are capable of
photogeneration of singlet oxygen.”***** In Figure 4 we
show that it is possible to observe the generation of singlet
oxygen from single gold nanorods that have been synthesized
through electrochemical deposition within track-etched poly-
carbonate membranes.>” To confirm that the observed
emission is from SOSG-EP and not 2PPL from the AuNRs, a
single AuNR was trapped without SOSG (Figure 4c), and long
exposure micrographs showed no observable emission (Figure
4d).
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B CONCLUSION

We have demonstrated that a near-infrared laser trap can be
used to observe the photogeneration of 'O, molecules from
individual silicon and gold nanowires that are suspended within
an aqueous trapping medium. To our knowledge, there have
been no prior reports of observing the photosensitization of
'0, at the level of single nanostructures. Although the optical
absorption coefficient of silicon at NIR wavelengths is not as
high as for visible wavelengths, the use of NIR radiation allows
for deeper tissue penetration. Furthermore, this work also
suggests that singlet oxygen may also be generated during
photothermal heating of gold and semiconductor nanostruc-
tures, including recently reported*®*® silicon/gold composite
nanostructures that have been investigated for in vivo solid
tumor photothermal ablation. The NIR generation of 'O, from
silicon nanowires may also affect the long-term stability of
catalysts used for solar energy conversion.” Future studies will
investigate how the efficiency of 'O, generation is affected by
size-dependent morphology-dependent resonances.**

B METHODS

Nanowire Synthesis. Silicon nanowires were synthesized
using metal-assisted chemical etching methods. Briefly, a (111),
B-doped silicon wafer with a resistivity of 11 Q cm (Silicon
Sense) is immersed in a 1:1 solution of 10 M HF/0.04 M
AgNO; for 3 h, resulting in an array of vertically aligned
nanowires with lengths around 10 pm and a range of diameters
on the order of 100 nm. After rinsing with DI water, the etched
wafers are placed into a 1:1 30% NH,OH/28% H,O, solution
for S min to dissolve the silver film and deposits from the
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Figure 3. Singlet-oxygen ('O,) generation from silicon nanowires.
Digital micrographs of (a) a single optically trapped silicon nanowire
in SOSG solution, (b) a single optically trapped silicon nanowire in
water alone, (c) illumination of a chamber of SOSG solution, and (d)
a single optically trapped silica bead in a solution of SOSG. (e)
Absorption (black) and emission (red) spectra for SOSG-EP; the blue
vertical line represents the two-photon wavelength for a 975 nm
trapping source. (f) SOSG-EP emission from a single trapped SINW as
a function of laser irradiance, demonstrating the nonlinearity of SOSG-
EP excitation. (g) Comparison between a solution of SiINWs and
SOSG and a solution of only SOSG. Both solutions were irradiated by
a 975 nm laser at equal powers and, at each data point, were
illuminated with a 405 nm diode to obtain the momentary emission
spectrum from generated SOSG-EP. The data demonstrate an
enhanced generation of singlet oxygen when SiNWs are present.

Figure 4. Singlet-oxygen ('O,) generation from a single optically
trapped gold nanowire. (a) Bright-field micrograph of an electro-
chemically synthesized gold nanorod (AuNR) optically trapped in a
solution of SOSG using the same setup used for SINWs, diagrammed
in Figure 2a. (b) Micrograph of the SOSG-EP emission from the
AuNR trapped in (a). (c) Micrograph of an optically trapped AuNR in
water alone. (d) Micrograph of the AuNR in (c) demonstrating no
emission in the absence of SOSG. All scale bars = 2 ym.

nanowires. Gold nanowires were synthesized electrochemically
using a 10 ym thick polycarbonate track etch membrane with
pores of 1 ym diameter (Sterlitech) to control the dimensions
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of the grown nanowires. The polycarbonate membrane is
subsequently dissolved in chloroform to obtain a suspension of
the gold nanowires.

Single-Beam Laser Trapping. A 330 mW 975 nm laser
diode (Thorlabs PL980P330]J) was expanded to overfill the
back aperture of a 100X Nikon oil immersion objective (NA:
1.25), which was focused into a chamber consisting of a #1
glass coverslip and a 1 mm thick glass slide with a 120 ym
spacer (Grace Bio-Laboratories, #654002). Forward scattered
light was focused onto a quadrant photodiode (Thorlabs,
PDQ80A). Brownian analysis of a trapped particle was analyzed
using custom code written using Matlab.

Neutron Activation Analysis. Compositional analysis was
performed pre- and postcleaning via a TRIGA Mark II nuclear
reactor. The samples were irradiated for 30 min operating at a
100 kW thermal power, 4 X 10" neutrons/cm? s thermal flux,
and 4.8 X 10" neutrons/cm? s fast and epithermal flux. Each
sample was counted while positioned near the surface of a 25
cm?, trapezohedral, germanium, lithium-drifted semiconductor
detector (Nuclear Diodes), which is constantly cooled by liquid
nitrogen (77 K). Dead time between end of irradiation and
start of collection was 19 h 48 min.

Atom-Probe Tomography. The needle specimens for
APT were prepared by lifting out single nanowires and
attaching them onto Si microtip arrays followed by Pt capping
and annular milling in an FEI Helios Nanolab 600 dual-beam
FIB system. Compositional analysis by APT was performed
using a CAMECA LEAP 4000 XHR instrument for a total of
3.8 million ion counts. The sample temperature was maintained
at 40 K, and the evaporation rate was maintained at 0.005 atom
per pulse. APT analysis was conducted using a picosecond-
pulsed, 355 nm UV laser (20 pJ, 100 kHz) focused onto the
apex of the SINW needle specimen.

Scanning Transmission X-Ray Microscopy (STXM).
Oxygen K-edge STXM analysis was performed at the Lawrence
Berkeley National Laboratory Advanced Light Source beamline
5.3.2.2. Samples for STXM analysis were prepared by drop
casting a solution of SINWs onto a lacy-carbon TEM grid and
placing the grid in the STXM beamline under a one-third
atmosphere of helium. Soft X-rays (250—800 eV) were focused
onto the sample and rastered with a spot size of 31 nm using 25
nm Fresnel zone plates.

Singlet-Oxygen Detection. Singlet oxygen sensor green
was used to detect singlet oxygen from optically trapped
nanoparticles. SOSG is prepared by dissolving 100 mg in 66 uL
of methanol and then diluting in Millipore (18.6 MQ) water to
obtain the appropriate concentration. SOSG-EP* emission is
visualized with 20 s exposures using a Thorlabs CCD camera
(DCU224C), and emission spectra were obtained by collecting
emission into an Acton SpectraPro 500i spectrograph and
dispersing onto a Princeton Instruments liquid-nitrogen-cooled
silicon detector array.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information includes additional character-
ization results, including NAA, FTIR, XANES, and APT. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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