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Metal Nanoparticles Sensitize the Formation of Singlet Oxygen**

Raviraj Vankayala, Arunachalam Sagadevan, Priya Vijayaraghavan, Chien-Lin Kuo, and

Kuo Chu Hwang*

Singlet oxygen ('O,) is known to play an indispensible role in
the photodynamic therapy (PDT) treatment of cancer,! and
is an important oxidant for hydroperoxidation of olefins in
organic synthesis.*” Singlet O, is conventionally formed by
sensitization by organic photosensitizers, such as Rose
Bengal, silicon phthalocyanine, etc.'” These organic or
organometallic dyes are, however, prone to photoinduced
degradation and enzymatic degradation, which becomes
problematic in PDT treatments, and reduces the efficiency
of the generation of singlet 0,.58 1t is, therefore, important to
search for photosensitizers with highly efficient singlet O,
generation and large absorption coefficients that are photo-
chemically more stable and less prone to enzymatic degrada-
tion.

Previously, it was reported that the yield of singlet oxygen
production by a photosensitizer, namely, Rose Bengal, was
enhanced by a silver island film through the metal-enhanced
absorption of photosensitizer.”!% It was also reported that a
gold nanodisk could enhance the phosphorescence decay rate
of singlet oxygen, leading to a larger characteristic phosphor-
escence emission band of singlet oxygen at 1270 nm.' In
another two studies, it was observed that the quantum yield of
singlet O, formation generated by phthalocyanine photo-
sensitizers can be enhanced by the presence of gold nano-
particles.">¥] Herein we report an unprecedented observa-
tion that singlet oxygen can be formed through direct
sensitization by metal nanoparticles (M NPs, M= Ag, Pt,
and Au) without the presence of any organic photosensitizers.
Unambiguous experimental evidence includes direct obser-
vation of singlet oxygen emission at roughly 1268 nm, hydro-
peroxidation of cyclohexene, green fluorescence from a
selective singlet oxygen fluorescent sensor, namely, Singlet
Oxygen Sensor Green (SOSG, Molecular Probe), and
quenching of singlet oxygen phosphorescence by sodium
azide.

As shown in Figure 1, photoexcitation of M NPs at the
surface plasmon resonance absorption bands of Ag (d =55,
42 nm), Pt (10nm), and Au (22nm) in D,O results in
characteristic singlet oxygen emission at 1264 and 1268 nm,
respectively. Control experiments show that in the absence of
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metal nanoparticles, photoexcitation of poly(vinyl pyrroli-
done (PVP) in D,0 using either 254 or 508 nm light did not
result in any detectable singlet O, emission signal (see the
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Figure 1. a) Phosphorescence emission spectra of singlet oxygen sensi-
tized by Au, Ag or Pt nanoparticles in D,O, and a control experiment
with PVP in D,O in the absence of metal nanoparticles (purple line,
Aec=254 nm and blue line, A,,=508 nm). b) The extinction spectra
(solid lines) of Ag, Pt, and Au NPs, and the excitation spectra (dashed
lines) of singlet O, phosphorescence at 1270 nm in the presence of
Ag, Pt, and Au NPs, respectively. A longpass filter of 850 nm was put
between the sample and the detector for all experiments (unless
otherwise mentioned) to filter away any stray light and the second
harmonic of the excitation light with wavelengths shorter than 850 nm.
The excitation light profiles of 508 nm are also shown (the gray blue
line was recorded without the LP850 filter).
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pink and purple lines in Figure 1a). The control experiments
clearly ruled out the possibility of the singlet O, emission
signal being from stray light, scattered light, or an O,~water
charge-transfer complex.!"! Thus photoexcitation of Ag, Pt,
and Au NPs in H,O can result in the formation of singlet O,.
Replacement of PVP by hexadecylcetyltrimethyl ammonium
bromide (CTAB) or trisodium citrate can also lead to the
formation of singlet O,. Sodium azide is known to be a very
efficient electron-transfer quencher of singlet oxygen.™
Control experiments also show that the singlet O, phosphor-
escence intensity becomes lower at higher concentrations of
sodium azide (see Figure S1 in the Supporting Information).

All four M NPs have one major localized surface plasmon
resonance (LSPR) band around 398-530 nm (see solid lines in
Figure 1b). The maximum of the excitation spectrum (see
dashed lines in Figure 1b) shifts from 504 to 529 nm when the
size of the Ag NPs decreases from 55 to 42 nm. The excitation
spectra show that excitation at wavelengths longer than
660 nm leads to negligible amount of singlet O, formation for
all metal nanoparticles. Comparison of the LSPR of metal
nanoparticles and the excitation spectra of singlet oxygen
emission (see Figure 1b) shows that the low-energy surface
states of the metal nanoparticles can transfer energy to
molecular oxygen with high efficiency and sensitize the
formation of singlet oxygen (vide infra), whereas the high-
energy surface states of M NPs transfer LSPR energy to
molecular oxygen with low efficiencies. The mismatch
between the excitation spectra and the absorption spectra
indicates that metal nanoparticles, similar to azulene and their
derivatives,'” do not follow Kasha’s rule'”! and their
plasmonically excited state behavior is strongly dependent
on the excitation wavelengths. Such a result is attributed to
the fact that the absorption/extinction spectrum of a metal
nanoparticle is composed of many nonconjugated and
localized surface plasmon resonances of different crystalline
facets, and the LSPR of each metal nanoparticle behaves
independently.

As shown in Figure 2, photoirradiation of cyclohexene in
dichloromethane—-acetonitrile in the presence of metal nano-
particles, such as Ag NPs (d ~ 55 nm), Au NPs (/22 nm), and
Pt NPs (~ 10 nm), results in the formation of 2-hydroperoxyl
cyclohexene (see Figure 2a). The hydroperoxidation of cyclo-
hexene to form 2-hydroperoxyl cyclohexene is known to
occur in the presence of singlet oxygen.*? In the 'H NMR
spectrum the observation of signals for an allylic proton at 6 =
4.49 ppm, two vinyl protons (6 = 6.0 and 5.74 ppm, multiplet),
and a peroxide protons at 0 = 8.5 ppm indicate the formation
of hydroperoxyl cyclohexene.®?" In the case of Au NPs, the
peroxide signal at 6 =8.5 ppm was absent, because of H-D
exchange with the D,0 added to the solution to help disperse
the nanoparticles. Formation of hydroperoxyl cyclohexene
unambiguously supports the formation of singlet O, upon
photoirradiation of M NPs. From the integration of the 'H
NMR spectra of the hydroperoxyl cyclohexene product
(relative to an internal standard, 1,4-dicyanobenzene), it is
clear that Ag NPs are more efficient than Pt and Au NPs at
sensitizing the formation of singlet oxygen.

To further confirm that M NPs can indeed sensitize the
formation of singlet O, upon photoirradiation, we used the
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Figure 2. a) Reaction scheme of cyclohexene with singlet oxygen.

b) 'H NMR spectra of the photoinduced peroxidation product of
cyclohexene in dichloromethane-acetonitrile (100 W high-pressure Hg
lamp) in the presence of Ag NPs, Pt NPs, Au NPs, or in the absence
of metal NPs. The signals of the peroxidation product, 2-hydroperoxyl
cyclohexene, are assigned. In the case of Au NPs, a small amount of
D,0 was added to help disperse the nanoparticles; this led D-H
exchange of the R-OOH proton.

commercial singlet oxygen sensor SOSG to trap singlet
0,.221 The chemical structure of SOSG was not disclosed,
but it is believed to be an anthracene—fluorescein deriva-
tive.”!! SOSG has been demonstrated to have a very good
selectivity towards singlet oxygen, and does not show any
noticeable response towards hydroxyl radicals or superox-
ide.”>?! Upon reaction with singlet O, to form endoperoxide,
SOSG shows green fluorescence with an emission maximum
at 525 nm. As shown in Figure 3, photoirradiation of metal
NPs, including Ag, Pt, and Au NPs in D,O in the presence of
SOSG for 2 min results in the formation of strongly fluores-
cent SOSG (4., =525 nm). The results clearly indicate that
photoirradiation of metal nanoparticles indeed can result in
the formation of singlet oxygen. In a control experiment,
SOSG alone was irradiated in D,O in the absence of metal
nanoparticles; green fluorescence was observed, but with far
weaker intensity (see the black line in Figure 3). The inset
pictures in Figure 3 show the relative brightness of SOSG
fluorescence in the presence of different M NPs. Our data
(Figure 3) show that the amount of singlet O, formed through
the sensitization of SOSG is negligible compared to the
amounts of singlet O, formed through sensitization by M NPs.
Overall, the results in Figures 1-3 all point to the conclusion
that photoirradiation of metal nanoparticles in solution can
indeed sensitize the formation of singlet oxygen.

To estimate the quantum yield of singlet O, formed
through sensitization by metal nanoparticles, we used Rose
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Figure 3. Fluorescence spectra of SOSG in D,0 in the presence of Ag
NPs, Pt NPs, or Au NPs or in the absence of any metal NPs. The
solutions were irradiated with a 100 W high-pressure Hg lamp for

2 min; excitation wavelength 382 nm. The inset shows green fluores-
cence emission from SOSG in four different D,O solutions in the
presence and absence of metal nanoparticles.

Bengal as a reference and calculated the singlet O, formation
yields of different M NPs by comparing the phosphorescence
emission area of singlet O, (integration area from 1225 to
1300 nm) with that obtained using Rose Bengal as a photo-
sensitizer. Phosphorescence emission area, Areaosrp is the
product of the absorbance of Rose Bengal at 510 nm (Abgg.
s10), incident light intensity at 510 nm from the luminescence
spectrometer, and the yield of singlet O, formation (®gg)
[Eq. (1)]. An analogous equation can be derived for metal
nanoparticles [Eq. (2)].

Areayos-rp = Abrp-sig X Isjg X Pgp (1)

Areaphos-Ag = AbAg-SlO x Is39 X (I)Ag (2)

Rose Bengal is a commonly used singlet O, photosensi-
tizer with a sensitization quantum yield of 0.76.%" By taking
the ratio of the phosphorescence area of singlet O,, one
obtains the singlet O, formation yields for M NPs to be 0.155,
0.085, and 0.037 for Ag, Pt, and Au NPs, respectively.
Although M NPs have low singlet O, formation yields, they
are still far better singlet O, photosensitizers than conven-
tional organic dyes for the following reasons: 1) M NPs are far
more resistant to photoinduced degradation and enzymatic
degradation than organic dyes; 2) Metal nanoparticles have
extinction coefficients 4-6 orders of magnitude higher than
common organic dyes.’>?! Our measurements (see Figure S2
in the Supporting Information) show that the extinction
coefficients are 9.7 x10° (at 531 nm), 2.5x 10° (at 428 nm),
2.0x10° (at 399 nm), and 4.2 x 10°m~'cm~'(at 463 nm) for Au
NPs (22 nm), Ag NPs (55 nm), Ag NPs (44 nm) and Pt NPs
(10 nm), respectively. These extinction coefficients are indeed
2-5 orders of magnitude higher that the extinction coeffi-
cients of Rose Bengal (24335m 'cm™ at 514.5 nm).”” The
exceptionally high extinction coefficient of M NPs can easily
compensate their slightly low singlet O, formation yields.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Therefore, metal nanoparticles are expected to be far better
photosensitizers than conventional organic dyes as PDT
reagents for the production of singlet oxygen to kill cancer
cells.

It was reported that the relaxation time to LSPR of metal
nanoparticles is in the range of 10 fs to a few ps.”**! Such a
short relaxation time will not allow energy transfer to occur
by dynamic quenching, since the diffusion-limited rate
(~10"m's™!) of molecules in solution is far lower than the
plasmon relaxation rate. So far, there is only one report in the
literature describing energy transfer from plasmonically
excited states of gold nanoparticles to surface-anchored
phthalocyanines in 2.4 ps,*” but there are many examples of
fluorescence resonance energy transfer (FRET) from surface-
bound chromophores to metal nanoparticles.”'* To have
energy transfer occur from LSPR of M NPs to molecular
oxygen (and thus formation of singlet O,), molecular O, must
be adsorbed on the surface of metal NPs. Low-energy
electron diffraction (LEED) studies on metal single-crystal
surfaces have shown that molecular O, can indeed be
adsorbed on the surfaces of various metals, including, Au,
Ag, and Pt which makes rapid energy transfer from
LSPR to O, possible. Since the singlet O, was generated on
the surface of metal nanoparticles, there might be some
interactions between metal nanoparticles and singlet O,, such
as, metal-induced quenching or metal-enhanced phosphor-
escence.

It has been reported that many nanomaterials, upon
photoexcitation, are able to sensitize the formation of singlet
O,. These nanomaterials include semiconductor quantum
dots (QDs),*¥ ZnOW* Ti0,* and fullerenes.*>*!
Among the drawbacks for using semiconductor QDs as
singlet O, photosensitizers are 1) the cytotoxicity of the
cadmium ions, 2) the requirement of UV light for photo-
excitation of QDs, and 3) the low quantum efficiency ( ~ 0.05)
of singlet O, sensitization.’®*! The drawbacks for using ZnO
as a singlet O, photosensitizer are its cytotoxicity (ICsy=
49 ppm to human skin fibroblasts)“” and low quantum yield
for singlet O, generation.!! The drawback of using TiO,
nanoparticles to sensitize formation of singlet O, is its
extremely poor absorption in the visible and near-IR region.
In the case of fullerenes, the drawbacks include their
insolubility in water, ready aggregation, and propensity to
undergo photobleaching. Although the surface of fullerenes
can be functionalized to improve the water solubility, it is at
the expense of decreasing the quantum yield of singlet O,
generation.*! In addition, fullerenes contain many C=C
bonds and are singlet O, quenchers. The weak absorption of
fullerenes in the red or near-IR region is also one of their
drawbacks as singlet O, photosensitizers.*/ The advantages of
using metal nanoparticles as singlet O, photosensitizers are
the following: 1) extinction coefficients 3-5 orders of magni-
tude higher than those of most other organic molecules and
inorganic nanomaterials, 2) low cytotoxicity, especially for
gold nanoparticles, and 3) tunability of light absorption
wavelengths to the red or even near-IR region for large
metal nanoparticles

In summary, we have reported an unprecedented obser-
vation that plasmonical excitation of metal nanoparticles,
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including Au, Ag, and Pt NPs, leads to sensitization and
formation of singlet oxygen. Direct evidence include the
observation of phosphorescence emission of singlet O, at
approximately 1268 nm, hydroperoxidation of olefins, fluo-
rescence of a selective singlet oxygen sensor, and the
quenching of singlet O, phosphorescence with sodium azide.
We also demonstrate that similar to azulene and its deriva-
tives, metal nanoparticles having many nonconjugated and
localized surface plasmon resonance subdomains do not
follow Kasha’s rule; that is, their surface plasmonical photo-
chemistry is strongly dependent on the excitation wave-
lengths. With their superior photostability, resistance to
enzymatic degradation, and ultrahigh extinction coefficient
(4-6 orders of magnitude higher those of than conventional
organic dyes),” %! metal nanoparticles are expected to be far
better singlet O, photosensitizers than conventional organic
dyes for applications such as photodynamic therapy and the
photoinduced peroxidation of olefins.

Experimental Section

The metal nanoparticles (Au, Ag, and Pt NPs) were prepared
according to literature procedures,*” and their structures and sizes
determined by transmission electron microscopy (TEM, Jeol JEM-
2100F, 200 KV) (see Figure S3a—d in the Supporting Information for
TEM images). Metal nanoparticles were dispersed in D,O using a
small amount of poly(vinyl pyrrolidone) (PVP, Aldrich, MW=
55000 gmol'). The phosphorescence emission of singlet O, was
recorded using a luminescence spectrometer (FLS920, Edinburgh,
equipped with a 450 W broadband Xe lamp) with a 850 nm longpass
filter (Isuzu Optics, LP850) located in between the sample and
detector to cut off any stray light and scattered light with wavelengths
shorter than 850 nm. The output light intensities of the 450 W Xe
lamp at 254 and 508 nm (with a slit width of 10 nm, values determined
inside the sample chamber of the Edinburgh FLS920) are 1.5 and
2.5 mW, respectively. Hydroperoxidation of cyclohexene was con-
ducted by photoirradiation of a solution containing 1 mL of cyclo-
hexene and 1 mg of metal nanoparticles (M NPs, M = Au, Ag, and Pt)
in dichloromethane (2 mL) and acetonitrile (4 mL). The M NPs were
dispersed in the solution using PVP. The light source was a 100 W
high-pressure Hg lamp without any filter, and the irradiation time was
8 h. The power densities on the sample solutions were 106 mW cm™>
at 410nm, 28 mWcm™ at 500nm, 28 mWcm™> at 532nm,
17 mWem ™2 at 664 nm, and 14 mW cm ™2 at 900 nm. After irradiation,
the solvent and the starting material (cyclohexene) were removed by
a rotatory evaporator at room temperature, and the residue was
dissolved in CDCI,; for '"H NMR analysis (Varian, 400 MHz). Equal
amounts of 1,4-dicyanobenzene were added to all samples to serve as
an internal standard. All solvents and cyclohexene were purified
according to literature procedures.*!

In the singlet oxygen sensing experiments, stock solutions of
fluorescent Singlet Oxygen Sensor Green (SOSG, Molecular Probe)
were prepared by dissolving 100 pg of SOSG in methanol (33 puL) to
make final concentration of approximately 5 mm. From the stock
solution, 0.1 mm of SOSG was added into D,O solution containing
metal nanoparticles. The solution was then irradiated for 2 min using
a 100 W high-pressure Hg lamp. Then the fluorescence emission of
the coupling product of SOSG and singlet O, was recorded at 525 nm
using an excitation light of 382 nm. In the generation of singlet O, by a
dark reaction,”) H,0, (final concentration, Sm) was added into an
acetonitrile/water (50 v/v%) solution at pH 10.0 (adjusted with
NaOH), followed by vigorous stirring for 1 min before measurement
of singlet O, phosphorescence. Time-dependent phosphorescence
intensity measurements show that the intensity of singlet O,
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phosphorescence remains quite constant during the first 8 min
(decrease by roughly 3% 8 min after the mixing of H,O, and
acetonitrile).
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