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ABSTRACT: Nitric oxide (NO) is an endogenous diatomic molecule im-
portant in regulation of numerous physiological functions. The photore-
lease of NO in a controlled manner can potentially be used in photodynamic
therapy (PDT). We present here a method to combine S-nitrosocysteine
with TiO, nanotube-doped PbS quantum dots (PbS QDs) as a nitric oxide-
releasing vehicle to promote production of singlet oxygen. The PbS QDs
with a diameter ~3.6 nm (PbS/TNTs) were attached to the TiO, nanotube
by using a thiolactic acid linker. S-Nitrosocysteine-decorated PbS/TiO,
nanotubes were prepared by dipping PbS/TNTs in a cysteine solution
followed by nitrosylation. The results suggest that this hybrid nanomaterial
is capable of photoreleasing nitric oxide and producing singlet oxygen using

near-IR light.

B INTRODUCTION

Photodynamic therapy (PDT) is an emerging cancer treat-
ment which may be site-specific, targeting only cells near the
photosensitizer (PS), and noninvasive, avoiding the possible
complications of surgery.' PDT is not affected by multiple drug
resistance,” and enhances rather than suppresses the body’s
immune response,3 overcoming two major problems faced in
chemotherapy and radiotherapy. This technology has largely
been applied to treatment of surface tumors." In PDT, visible or
near-infrared (NIR) light excites the PS molecules, which absorb
the energy and then transfer this energy to molecular oxygen,
generating reactive oxygen species (ROS) that kill tumor cells.*
Singlet oxygen (*0,) is ideal for PDT because, unlike other ROS
such as hydrogen peroxide and the hydroxyl radical, 'O, is not
consumed by enzymes produced by tumor cells, including
catalase and superoxide dismutase.’

In addition to efficiently generating '0,, an ideal photosensitiz-
ing agent should be excited by light wavelengths that are harmless
and capable of deeper penetration into the body. The penetration
of light is affected by many factors. For example, the light can be
scattered at membranes, nuclei, etc., or absorbed by water, melanin,
and hemoglobin.® The maximum of skin penetration depth appears
in the range of 600—1100 nm which is the so-called “photothera-
peutic window”.*"® Therefore, a photosensitizing agent should
efficiently absorb in the phototherapeutic window. In addition to
using a dye molecule that sensitizes the triplet to singlet O,
photocoversion in the near-IR, it may be possible to use chemicals
that naturally form 'O, in the body to enhance the photochemical
reduction of singlet oxygen. Nitric oxide %enerates '0, in the body
by reacting with reactive oxygen species.” ° This may account for in
part the anticancer effect of nitric oxide."" " Nitric oxide (NO)
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has been well documented as a biological mediator in many
biological processes, including neurotransmission, vascular smooth
muscle relaxation, immune response, and vasodilatation."* ™"’
Depending on the dose, NO can be therapeutic or toxic."®”*'
Therefore, there is interest in the design of controllable NO
delivery systems. One approach is to use light as an on/off switch
to precisely control the NO concentration. Photorelease of NO can
be faster than other releasing mechanisms such as spontaneous
thermolysis or metabolic transformation.”* Various compounds
have been tested as photocatalytic NO donors, including diaze-
niumdiolates, metal complexes, and S-nitrosothiols. Diazeniumdio-
lates have been shown to produce potentially carcinogenic
nitrosamines and oxygen-substituted nitrites upon photorelease,”
and metal complexes are limited by oxidation, thermal decomposi-
tion, and nonspecific NO release.** >® Surface-containing amino
acids such as cysteines are implicated in many prolonged processes
involving NO. The S-nitrosothiols (RSNOs) have been shown to
be effective NO donors and may function as bioreservoirs for NO
utilized by the body.”” High quantum yields of NO can be achieved
by photolysis of the S—NO bond.””** RSNOs show great promise
in PDT, as functionalization onto a photosensitizer can increase the
NO photorelease 9-fold.* Therefore, the combination of S-nitro-
so-cysteine (cysteine—NO), which exhibits the above advantages
of the RSNOs with a photosensitizer, may enhance o,
production.*

Photoexcitation of titanium dioxide (anatase) has been shown
to generate electron—hole pairs and, by redox reactions, can
produce ROS, including hydroxyl radicals, hydrogen peroxide,
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superoxide, and singlet oxygen.’"** However, there are two
problems with TiO, as a PDT agent. (1) The band gap (3.2
eV) is too large to use near-IR light where the suitable band gap
for use in the phototherapeutic window is in the range of 1.1—2.1
eVand (2) the generated '0, has been shown to not diffuse away
from the oxide surface in contrast to other ROS.* These ROS
have been shown to react with NO in vivo to generate '0, and
peroxides, such as peroxynitrite.”** Therefore, functionalization
of a stable photocatalytic NO donor onto TiO, could provide a
mechanism for generating 'O, away from the TiO, surface.
TNTs can be catalytically active in the phototherapeutic window
when they are doped with PbS QDs.*"**

Hence, the goal of the present work was to create a photo-
sensitizing system which generates 'O, in the phototherapeutic
window. High surface area TiO, nanotubes were synthesized and
decorated with PbS quantum dots that absorb in the near-IR. The
PbS/TNTs were then functionalized with cysteine—NO to
enhance the production of singlet oxygen. Photorelease of NO
was verified at wavelengths >600 nm. The generation of singlet
oxygen was also confirmed by using a 'O, specific trap, sodium
1,3-cyclohexadiene-1,4-diethanoate.36

B EXPERIMENTAL SECTION

Materials. P25 TiO, nanoparticles (80% anatase and 20% rutile)
were donated by Evonik-Degussa. Nitric oxide and argon were pur-
chased from Airgas (c.p. grade). Thiolactic acid (<95%) and sodium
sulfide nonahydrate (<98%, ACS reagent) were purchased from Sigma-
Aldrich, while lead nitrate (<99%, ACS reagent) was purchased from
J. T. Baker, and L-cysteine was purchased from SAFC. Sodium 1,3-
cyclohexadiene-1,4-diethanoate (CHDDE) was synthesized according
to a published procedure.””

Synthesis of TiO, Nanotubes. TiO, nanotubes were prepared by
hydrothermal synthesis according to a literature procedure.*® A mixture of
0.5 g of P2S TiO, nanoparticles and 30 mL of 10 M NaOH aqueous
solution was stirred at room temperature for 10 min. The mixture was then
transferred to a Teflon-lined autoclave and heated at 150 °C for 24 h. The
resulting white precipitate was stirred overnight with 0.1 M HCI and DI
H,O to perform a proton exchange to a pH of 7 and then dried at 90 °C for
10 h followed by annealing in air at 350 °C for 75 min.

Fabrication of PbS QD-Doped TiO, Nanotubes. TiO, nano-
tubes were pretreated with a 0.3 M thiolactic acid aqueous solution for
30 min and then dried at 50 °C for 10 h. A 25 mL amount of 0.2 M
Pb(NOj3), solution was then mixed with the pretreated TiO, nanotubes
for 15 min to allow Pb*" ions to bind to the thiol group of thiolactic acid.
Then the TiO, nanotubes were combined with 25 mL of a 0.5 M Na,S
aqueous solution for 15 min to form the PbS QDs. The excess reagent
after each deposition step was removed by washing with DI water.

Incorporation of L-Cysteine onto PbS/TiO, Nanotubes. A
0.25 g amount of PbS/TiO, nanotubes was stirred in a 0.6 M L-cysteine
aqueous solution. The pH was then adjusted to 4 using a 0.1 M HCI
solution. The product was centrifuged, and the precipitate was dried for
10 hat 60 °C.

Nitric Oxide Loading and Release. A 150 mg amount of PbS/
TiO, nanotubes containing L-cysteine was placed in a 100 mL high
pressure reactor. The reactor was filled with NO gas under 4 atm of
pressure for 4 h. Afterward, the product was purged with argon to
remove the free NO. As-synthesized PbS/TNTs with cysteine—NO
sample (PbS/TNTs/Cys—NO) was protected from light during the
synthesis process to ensure that NO remained bonded to the cysteine.
To release the NO from PbS/TNTs/Cys—NO powder, the samples
were irradiated in a dark box using a water-cooled 450 W Hanovia quartz
mercury lamp with an argon purge. For the near-IR wavelengths, a

Ray-sorb reactor (optical filtration at wavelength <600 nm) was used.
The argon gas carried the released NO into a 10 mL vial of deionized
water, forming nitrite solution, from which a 300 uL aliquot was
collected in 15 min intervals for 90 min. All experiments were done in
triplicate. In a 20 mL scintillation vial, 100 uL of Griess Reagent, 100 L
of the nitrite containing sample, and 2.8 mL of DI H,O were mixed and
allowed to incubate for 30 min. UV—vis spectra of these samples were
recorded at 4 = 543 nm against a reference sample of 100 uL Griess
Reagent with 2.9 mL of DI H,O.

Singlet Oxygen Generation and Detection. A 80 mgamount
of TNTs/Cys—NO and of PbS/TNTs/Cys—NO were placed in
separate quartz reactors containing 100 mL of 1.6 X 10~* M CHDDE
aqueous solution. The system was irradiated with the Hanovia quartz
mercury lamp using a Ray-sorb filter while stirring, and samples were
collected in 15-min intervals from each reactor for 90 min. Collected
samples were centrifuged, and the top liquid was collected into vials.
UV—vis spectra were collected, and the concentration of CHDDE was
determined from the absorbance at 270 nm.

B RESULTS AND DISCUSSION

PbS/TNTs Combined with Cysteine—NO. Open-ended
TiO, nanotubes with a 3—5 nm inner diameter were synthesized
using the hydrothermal process first reported by Kasuga and co-
workers.”® The band gap of TNTSs prepared by this method have
been reported to be in the range of 3.3—3.87 eV,***" meaning
that only light with wavelengths <350 nm can excite the TNTs.
The variation in reported band gap likely arises from composi-
tional variance, which can include hydrogen and/or sodium
titanate, TiO,—B and anatase. Many studies reported that the
mixture of TiO,—B and anatase can be found after the H-ex-
change followed by annealing processes.*"** In our case, anatase
is the major phase. In the present study, the anatase phase is the
desirable phase compared to other TiO, phases (rutile and
brookite) because it exhibits the highest photocatalytic activity.
To access the near-IR, PbS QDs with a diameter 3—4 nm were
grown on the TNTs by controlling the concentration of thiolac-
tic acid linkers.*® The excitation absorption of as-synthesized PbS
QDs is around 760 nm, which falls in the phototherapeutic
window.>® The TEM image of the TN'Ts (Figure 1a) shows that
the multiwall TNTs have 3—5 nm and 8—10 nm inner and outer
diameters respectively, while the lengths of TNTs are several
hundred nanometers. The TEM image of TNTs after deposition
of the PbS QDs shown in Figure 1b indicates that the PbS QDs
grow on both the inner and outer surface of the TNT pore. The
PbS QDs located inside the TNT pore enhance the photocata-
Iytic activity of the TNTs but to a lesser extent than the outside
QDs because of partial pore blockage by the QDs.>" The size
distribution of the PbS QDs is 3.6 &= 0.2 nm which corresponds
to a band gap of 1.63 eV. The PbS/TNTs were functionalized
with cysteine before exposure to NO gas in the presence of
oxygen to form S-nitrosocysteine. The process for the prepara-
tion of PbS/TNTs with cysteine—NO is outlined in Scheme 1.
First, the TiO, nanotubes were prepared by a hydrothermal
process. Then the PbS QDs were deposited on the surface of the
TNTs by using thiolactic acid linkers.*® Cysteine molecules were
bound to the PbS/TNTs by adding cysteine to the PbS/TNTs
under acidic conditions (pH ~ 4). S-Nitrosocysteines were
formed on the surface of the PbS/TNTs by reacting the bound
cysteine with nitric oxide. It should be noted that pure nitric
oxide does not react with thiols. However, in the presence of
trace amounts of oxygen, the NO can react with O, to form N,O;

3493 dx.doi.org/10.1021/ja109328a |J. Am. Chem. Soc. 2011, 133, 3492-3497



Journal of the American Chemical Society

Figure 1. TEM images of photocatalysts: (a) TiO, nanotubes and (b) PbS-doped TiO, nanotubes.

Scheme 1. Preparation of PbS/TNTs with Cysteine—NO

which readily reacts with thiols, resulting in formation of
RSNO.* The formation of S-nitrosocysteine was followed using
FT-IR spectroscopy. The FT-IR spectrum of the bare TNTSs
(Figure 2a) indicates an interaction between the Ti ions and
molecular water (1630 and 3380 cm™ '). After treatment of the
TNTs with an aqueous cysteine solution, the bands characteristic
of CH, and SH stretching vibrations appear at 2983 and 2562
cm” ', confirming the presence of cysteine.** The carboxylate
group of cysteine reacts with the OH group on the surface of the
TNTs resulting in a new band at 1506 and 1400 cm assigned
to antisymmetric and symmetric vibrations of the carboxylate

3900 3400 2900 2400 1900 1400 900 500

Wavenumber (cm)

Figure 2. FT-IR spectrum: (a) TNTs, (b) cysteine-treated TNTs, (c)
Cys—NO/TNTs before NO release, and (d) Cys—NO/TNTs after NO
release.

salts.*® After infusion of NO, the formation of cysteine—NO can
be verified from the bands at 1460—1500 and 610—700 cm ™',
corresponding to the Vno and Vg, respectively, as shown in
Figure 2¢.%%*" These results show a close agreement with FT-IR
spectra reported for S-nitrosothiols.*® The band at 2138 cm ™ is
characteristic of N,O which disappears after purging with argon.
Meanwhile, the absorption of NO on the TNT surface was also
observed at 1967 cm™ ' (vyo, Ti* " —NO).* The FT-IR spectra
after photorelease of NO (Figure 2d) shows a significant
decrease in the vy and Vg bands, indicating that S—NO bond
was broken and that NO was released from the system. Note
that the decrease in the vy and vy bands after photorelease
of NO is the same for PbS/TNTs/Cys—NO (Supporting
Information).
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Figure 3. Photorelease profile of PbS/TNTs/Cys—NO (@), TNTs/
Cys—NO (A), PbS/TNTs/Cys—NO with Ray-sorb filter (O), and
TNTs/Cys—NO with Ray-sorb filter (A).

Photorelease of Nitric Oxide. Irradiation of S-nitrosothiols
(RSNOs) with UV light induces the homolytic cleavage of S—N
bond in RSNOs, leading to the release of NO.*”*****" Upon UV
light e osure, S-nitrosothiols can decompose to an NO and a RS
radical.>> These products can either recombine to form S-nitro-
sothiols (further decay to free NO during photolysis) or the RS"
can undergo dimerization with another thiol group, yielding a
disulfide (RSSR).**%5>%% G pitrosothiols exhibit two absorption
peaks in the range of 300—350 nm and 530—560 nm which
corresponded to the no—m* and ny—* transitions, res-
pectively.***° Photocleavage of the S— NO bond can be achieved
by promoting the ng—r* transition.>” In this study, the 450 W
mercury arc lamp used provides enough energy to break the S—N
bond (S—N bond dissociation energy has been reported to be 20 to
32 keal mol ™ !),>** resulting in NO release. A Ray-sorb reactor
(optical filtration at wavelength <600 nm) was also used to better
mimic the wavelength range of phototherapeutic window. A plot of
the concentration of NO photoreleased versus time is shown in
Figure 3. The amount of nitric oxide released from the PbS/TNTs
with cysteine—NO is slightly higher than that released from only
TNTs combined with cysteine—NO (TNTs/Cys—NO). How-
ever, when the samples are irradiated in a Ray-sorb reactor, the
amount of NO released from the pure TNT's dropped dramatically
because the filtered light does not provide enough energy for S—
NO bond cleavage. Any NO released from the TNTs/Cys—NO
comes from the nitric oxide that was weakly absorbed on the
surface of the TiO,. In the case of PbS/TNTs/Cys—NO, the
photorelease of NO was still observed in the Ray-Sorb reactor.
Thus, at longer wavelengths the mechanism of NO release likely
involves reaction of ROS*’ and/or energy transfer from the QDs.>®
The NO release was also slower because the filtered light has a
lower intensity above 600 nm. These results confirm that PbS QDs
(~3.6 nm) help promote the release of NO from RSNO when
irradiated in the phototherapeutic window probably by energy
transfer and/or by reaction of the ROS generated on TiO, with the
S-nitrosocysteine.

Photogenerated Singlet Oxygen. Singlet oxygen is the
most important ROS generated for photodynamic therapy. In
PDT, the photosensitizer should be able to produce singlet
oxygen using near-IR light. Photogenerated singlet oxygen can
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Figure 4. Plot of CHDDE relative concentration versus irradiation time
catalyzed by TNTs/Cys—NO (A) and PbS/TNTs/Cys—NO (@) in
the quartz reactor, and TNTs/Cys—NO (A) and PbS/TNTs/Cys—
NO (O) in the Ray-sorb reactor.

be monitored dlrectly or indirectly by using a trap. The ideal
properties of a 'O, trap for thls study include (1) photostability,
(2) highly reactive toward 'O, (not other ROS), (3) water-
solubility, and (4) transparency in the UV and near-IR to avoid
photosensitization by the trap itself. Nardello and co-workers
reported the synthesis of sodium 1,3-cyclohexadiene-1,4-
diethanoate (CHDDE) which meets all the requirements for a
singlet oxygen trap 7 The CHDDE structure (Figure 4) involves
a 1,3-diene which can react with 'O, by a [4 + 2] cycloaddltlon,
yielding a stable endoperoxide and a hydroperoxide.*® Thus, the
photogenerated singlet oxygen can be measured by following the
photodegradation of CHDDE using UV—vis spectroscopy.
CHDDE is stable under irradiation in the presence of TNTs
and PbS/TNTs (without Cys—NO), and the amount of
CHDDE absorbed on the surface of the TNTs and PbS/TNTs
was determined to be negligible (data not shown). The results in
Figure 4 show that the photooxidation of CHDDE catalyzed by
PbS/TNTs/Cys—NO is higher than for TNTs/Cys—NO with-
out quantum dots. This result suggests that PbS/TNTs/Cys—
NO can produce more singlet oxygen upon irradiation with
UV—vis light. After the light below 600 nm was filtered, the
TNTs/Cys—NO did not catalyze the photodecomposition of
CHDDE; meanwhile the production of 'O, was still observed for
PbS/TNTs/Cys—NO. Photodecomposition of CHDDE can be
approximated as pseudo-first-order kinetics. The linear relation-
ship between —In(C/C,) and irradiation time is shown in
Supporting Information (Figure S1). The amount of singlet
oxygen produced with this system (after filtering out the light
<600 nm), estimated from the amount of CHDDE consumed at
90 min irradiation time is 2.63 X 10~ ° mol-min '. Because the
PbS QDs (~ 3.6 nm) absorb at ~760 nm (in the target PDT
window), electron transfer to the TNTs can occur to generate
ROS. H,0, has been reported to decompose S-nitrosocysteine 57
such that the photogenerated ROS could react directly with the
nitrosothiol or with the photoreleased NO. The formation of
peroxynitrite was previously not observed at neutral pH for the
reaction of S-nitrosocysteine and H,O, but could not be ruled
out. Ford and co-workers reported that quantum dots could
promote the photorelease of NO from NO photodonors through
photoinduced energy transfer,”® and this may be possible for our
system. While cysteine may bind to both TNTs and PbS it is not
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known if SNO adducts form on the QDs. Nevertheless, the
photochemical production of 'O, can be enhanced with a com-
bination of S-nitrosocysteine and PbS QD/TNTs using PDT
relevant wavelengths.

Il CONCLUSION

A hybrid nanoparticle, composed of a nitric oxide photodonor
(cysteine—NO), a photosensitizer (PbS QDs), and a photocatalyst
(TiO, nanotubes), can be used to enhance the production of
singlet oxygen using visible light in the photodynamic therapy
window. This type of photocatalyst may have potential as a next
generation photodynamic therapy agent. Because PbS may present
health and environmental issues, the synthesis of less toxic quantum
dots for this system such as CuS, FeS, and Ag,S is in progress.
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