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ABSTRACT:

Photosensitizer has been supposed to the key component in photodynamic therapy
(PDT). Natural products and their intricate molecular frameworks are often used as
starting points for drug discovery. Riboflavin (RF), also known as vitamin B,, bearing
a unique conjugate structure of isoalloxazine ring, is a potential photosensitizer for
use in the PDT of cancers. In this study, we present a novel near-infrared (NIR)
mediated nanocomposite for PDT, using this old vitamin as a PDT photosensitizer,
integrated with the upconversion nanotechnology. Mesoporous-silica-coated
NaYF4:Yb/Tm nanoparticles were fabricated and used as drug carriers and
photo-transducers. Chemical modification of RF was performed to obtain a
photostable photosensitizer (2',3',4',5'-tetraacetylriboflavin, RTA). There is a good
overlap between the fluorescence emission of NaYF,:Yb/Tm nanoparticles and the
UV-visible absorption of RTA. RTA molecules were incorporated into the
mesoporous silica shell and the fluorescent emission from WNaYF4:Yb/Tm
nanoparticles can be absorbed by RTA molecules under NIR irradiation. NIR-initiated
reactive oxygen species generation was validated by electron paramagnetic resonance
spectroscopy combined with spin trapping. The results from in-vitro cell test show
good photodynamic efficacy of this nanocomposite. All ingredients involved in this
process are nontoxic, environmentally benign, and easily-available. Thus, this

nanocomposite might has great potential in PDT applications.
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» 1. Introduction

»  Photodynamic therapy (PDT) has emerged as a promising and noninvasive treatment
»  for various types of cancers, involving three key components: photosensitizer (PS,
= also called PDT drug), light source and tissue oxygen.'” The combination of these
»  three components leads to the generation of different reactive oxygen species (ROS),
»  such as singlet oxygen ('0y) through a energy-transfer process (Type II mechanism),
» and superoxide anion radical (O,") through a electron-transfer process (Type I
»  mechanism).*® Subsequently, ROS cause oxidative damage to biological substrates
w and ultimately result in cancer cell death.”” This strategy has gained wide research

w  interest as a powerful technique for cancer treatment, due to its built-in selectivity,

» low systemic toxicity, minimal invasiveness as well as the possibility of its use in
»  combination with other anticancer therapies.

u Among which, PS is the key agent in PDT application and is also the research
«  focus in the PDT-related field.'""® In clinical practice, porphyrins and its derivatives,

% such as Photofrin (a mixture of hematoporphyrin monomers, dimers, and oligomers,)

Published on 17 October 2016. Downloaded by Cornell University Library on 19/10/2016 13:26:27.

»  and Foscan (m-tetrahydroxyphenylchlorin), are the most commonly-used PDT PSs."”
»  However, these compounds suffer from several drawbacks: (1) tedious synthesis and
»  purification, (2) poor water solubility, and (3) slow clearance from the body leading to
»  possible photosensitivity after PDT treatment.'*>* Therefore, it is still imperative to
«  develop efficient, highly photostable, and excellent water dispersible PSs. Features
»  desired for ideal PDT drugs, including: (1) high photochemical reactivity, that is, it
»  can effectively produce ROS under appropriate irradiation; (2) low dark toxicity; and
«  (3) can be excited at a wavelength in the region where tissue penetration of irradiation

5 18 at a maximum.
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Natural products and their intricate molecular frameworks are often used as
starting points for drug discovery.'"*?’ Riboflavin (RF), also known as vitamin B,
is an important vitamin and widely present both in-vivo and natural environments.?*>'
It contains a unique conjugate structure, called isoalloxazine ring, which has been
reported to function as an excellent natural PS for the generation of ROS, such as 102
and/or 0,".**** In our previous studies, ROS generation, including highly reactive
hydroxyl radical (*OH), has been validated during the photosensitization process of
RF (Fig. 1). In which, RF play a dual role of photosensitizer and electron
mediator.”>>’ All ingredients involved in this process are nontoxic, environmentally
benign, and easily-available. Thus, this process might have broad medical
implications and inspires us to probe the possibility of this vitamin working as a novel
PDT drug.

However, this idea begs the following questions: (1) the limited penetration
depth of the excitation wavelength of RF (<520 nm), which inflicts biological damage
and cannot take advantage of the optical window of tissue (700-1100 nm),***’ and (2)
the poor photostability of RF under UV or visible irradiations.”*”® Nonlinear
processes (involving more than one photon) have been investigated as a potential
solution to address question (1). In this context, upconversion nanoparticles (UCNP),
a photo-transducer capable of converting NIR light to UV or visible light, was
employed as an excitation method for PDT treatment.***® To further underline the
feasibility of RF working as a PDT drug, 2',3',4',5'-tetraacetylriboflavin (RTA) was
designed and synthetized from RF through a esterification process of its ribose chain

with acetic anhydride.** *"*

In this study, RTA (a photostable derivative of RF) was used as a novel PDT

agent. Mesoporous-silica-coated NaYF4:Yb/Tm nanoparticles with a core/shell

4
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n  structure were fabricated and used as drug carriers and photo-transducers for PDT
»  treatment. The emission of UCNP was used to excite the PS, as shown in Fig. 2. RTA
»  molecules were incorporated into the mesoporous silica shell and the fluorescent
»  emission from the UCNP can be absorbed by RTA molecules coated on their surfaces
5 under NIR irradiation. Subsequently, the excited RTA molecules interact with
% surrounding ground-state molecular oxygen for the generation of ROS, leading to

»  oxidative damage of cancer cells.

» 2. Experimental section

s 2.1. Chemicals and reagents

w2 Riboflavin (RF), 2,2,6,6-tetramethyl-4-piperidone (4-0x0-TEMP),
s  5,5-dimethyl-1-pyrroline-N-oxide (DMPO), catalase, yttrium chloride (YCls, 99%),
s ytterbium chloride (YbCls, 99%), thulium chloride (TmCls, 99%), octadecene (ODE),

s ammonium fluoride (NH4F), octadecyltrimethoxysilane (C;sTMS), tetraethyl

Published on 17 October 2016. Downloaded by Cornell University Library on 19/10/2016 13:26:27.

s  orthosilicate (TEOS), oleic acid, igepal CO-520 and cyclohexane were purchased
»  from Sigma-Aldrich Co. (USA). Ferrous sulfate heptahydrate (FeSO4.7H,0), sodium
s  hydroxide (NaOH), hydrochloric acid (HCI), dimethyl sulfoxide (DMSO), acetic
»  anhydride, HPLC-grade acetic acid, and HPLC-grade ammonium acetate were
o  purchased from Shanghai Chemical Reagent Co. (China). HPLC-grade methanol was
o purchased from Merck Inc. (Germany). Ultrapure (MilliQ Inc., USA) water
o (resistivity of 18.2 MQ-cm) was used in the experiments. All chemicals were of

»  analytical grade (or HPLC-grade) and used without further purification.
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RTA, a synthetic derivative of RF, was prepared through a easy-to-operated
esterification process of RF with acetic anhydride (Scheme 1).34’ 448 In brief, RF 5.0
g) was suspended in acetic anhydride solution (50 mL), then added sulfuric acid (0.1
mL) to initiate the esterification reaction, and magnetic stirred at 80°C for 4 h under
argon atmosphere. The cooled solution was neutralized with 1.0 M NaHCO; (200
mL), extracted with CH,Cl, and washed with ultrapure water. The organic layer was
dried with anhydrous magnesium sulfate, and evaporated under reduced pressure. The

raw product was further recrystallized from MeOH/H,0 (4:1; v/v) to yield pure RTA.

[0}

N A

S “NH N
;@[ ﬁ,g H,S04(98%, wt) N 'N" "0
NN So o\n/
OH 0 o

80°C, Ar >—0 0
0 )~

0§< o

RF RTA

HO OH
OH

Scheme. 1. Schematic representation of synthetic procedure to obtain

2°.3°.4’,5 -tetraacetylriboflavin (RTA) from riboflavin (RF).

A LTQ XL orbitrap high resolution mass spectrometry (Thermo Fisher Sci. Inc.,
USA), coupled with an electrospray ionization (ESI) source, was used for direct
injection ESI-MS analysis. Data acquisition was performed with Xcalibur 2.0
software (Thermo Fisher Sci. Inc., USA). The spray voltage was set to 5.0 kV,
capillary temperature to 280°C. The sheath and auxiliary gas flow rate (both nitrogen)
were set at 18 and 3 arbitrary units, respectively. Full MS scans were acquired in the
orbitrap analyzer in a positive mode with the resolution set to a value of 60000.
'H-NMR spectrum were collected using a Agilent 600 MHz NMR spectrometer
(Agilent Inc., USA). FTIR spectrum of RTA was recorded on a VERTEX 70 FT-IR
spectrometer (Bruker Inc., Germany) operated at a setting of 32 scans at a spectral

resolution of 4 cm™. Analysis data: HR-MS (ESI) m/z calculated for CysHy9N4O1
6


http://dx.doi.org/10.1039/c6ra23440b

Page 7 of 35 RSC Advances
View Article Online
DOI: 10.1039/C6RA23440B

v [M+H]" 545.1883, experimental found 545.1879. "H-NMR (600 MHz, DMSO-d6,
ns  ppm): 10.32 (s, 1H, Ar-NH), 7.88 (s, 1H, Ar-H), 7.72 (s, 1H, Ar-H), 5.46 (m, 1H,
w  -CHOACc), 5.33 (m, 1H, -CHOAc), 4.83 (m, 1H, -CHOACc), 4.36-4.25 (d, 2H,
w  -CHyOACc), 4.22-4.15 (dd, 2H, -CHH), 2.50 (s, 3H, Ar-CHj3), 2.45 (s, 3H, Ar-CH,),
o 2.38 (s, 3H, -COOCHj3), 2.18 (s, 3H, -COOCH3), 1.98 (s, 3H, -COOCH3), 1.60 (s, 3H,
= -COOCHs3). FT-IR (neat KBr): v (cm™) = 3200 (br), 3029(m), 1745 (m), 1668 (s),

s 1370 (s), 1509 (s), 1360 (s), 1231 (vs), 1171 (vs), 1035 (s), 850 (vs).

s 2.2. Electrochemical analysis of RTA

126 Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) tests were
7 conducted in a 3-electrode system with a CHI 660C electrochemical workstation
s (Chenhua Instrument Co., China). The system utilized glassy carbon (GC) electrode
»  as working electrode, KCl-saturated Ag/AgCl as reference electrode, platinum wire as
w0  counter electrode. Before each test, the GC electrode (d = 3 mm) was polished with
wm 0.3- and 0.05-pm alumina powder in succession, and sonicated in water for 30

»  seconds. The electrolyte, consisted of 100 uM RTA in 100 mM PBS (pH 7.0), was

Published on 17 October 2016. Downloaded by Cornell University Library on 19/10/2016 13:26:27.

»  deoxygenated by nitrogen prior to the electrochemical tests. All experiments were
s conducted at ambient temperature of 25°C.

ne  2.3. Synthesis of mesoporous silica-coated NaYF 4 Yb/Tm nanoparticles

9 NaYF4:Yb/Tm nanoparticles were fabricated and used as photo-transducers in
ws  this study. NaYF4Yb/Tm nanocrystals with uniform size distribution were
s synthesized via an efficient and user-friendly method.*'* NaYF4:Yb(18%)/Tm(2%)
16,41

w  nanocrystals were synthesized following a protocol that was reported previously.

w  YCl3 (0.8 mmol), YbCl; (0.18 mmol), and TmCl; (0.02 mmol) were mixed with 12
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mL oleic acid and 15 mL octadecene (ODE) in a 50 mL flask. The solution was
heated to 160°C to form a homogeneous solution, and then cooled to ambient
temperature (25°C). A 10 mL methanol solution containing NaOH (2.5 mmol) and
NH4F (4 mmol) was slowly added into the flask and stirred for 30 min. The solution
was slowly heated to remove methanol, degassed at 100°C for 10 min, and then
heated to 300°C and maintained for 2.0 h under argon protection. After the solution
was cooled naturally, nanocrystals were precipitated from the solution with ethanol
and washed with ethanol/water (1:1 v/v) three times.

Porous silica-coated NaYF4:Yb/Tm nanoparticles were further achieved
successfully by one pot facile synthetic process.”” Octadecyltrimethoxysilane
(C1sTMS) was used as soft template, which has been used for preparing hydrophobic
coatings and self-assembled monolayers. Briefly, CO-520 (1.0 mL), cyclohexane (6.0
mL) and NaYF4:Yb/Tm nanocrystal solution in cyclohexane (40 mL, 0.01 M) were
mixed and stirred for 60 min. Then, 1.0 mL ammonia (28 wt%) was added into the
previous solution and sonicated for 30 min until a transparent emulsion was formed.
The mixture solution of 120 pL TEOS and 50 pL octadecyltrimethoxysilane
(C13TMS) was then added into the previous solution. Finally, the solution was stirred
for 48 h at a speed of 800 rpm at ambient temperature of 25°C. Silica-coated
NaYF4:Yb/Tm nanoparticles were collected by centrifugation after precipitation by
adding acetone, washed with ethanol three times and finally dried at 60°C for 10 h.
The as-prepared sample was calcinated at 500°C in static air with a heating rate of

1.0°C/min and a dwelling time of 2.0 h.

Mesoporous-silica-coated NaYF4:Yb/Tm nanoparticles (20 mg) were soaked in
aqueous solutions of PSs (RTA or RF, 50 mL, 10 pg/mL) for 24 h at ambient

temperature (25°C). The nanoparticles were then collected by centrifugation (5000 g,
8
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w 5 min) and washed with phosphate buffer saline solution (PBS, 0.02 M, pH=7.40).
s Initial and residual concentrations of PSs were analyzed using a high performance
w  liquid chromatography system (HPLC-1100, Agilent Inc., USA) equipped with a
mw VWD detector and a Hypersil ODS column. A mixture of methanol and water (30:70,
m  v/v) was used as the isocratic mobile phase with 0.1% acetic acid in water. The flow
m  rate was set at 1.0 mL/min, the UV detector was set at 360 nm, and the column

s temperature was set at 30°C.

174 The morphology and size of the as-prepared samples were investigated by
v transmission electron microscopy (TEM, JEOL 3010, JEOL Co., Japan). UV-visible
s  absorption spectra were performed using a UV-visible spectrometry (UV-2450,
»m  Shimadzu Co., Japan). The spectra were collected from 200 nm to 800 nm by an
i  increment of 0.5 nm. All measurements were performed in standard 10 mm quartz
mw  cuvettes. Excitation—emission matrix  fluorescence spectroscopic analysis was
w  performed using a luminescence spectrometry (LS-55, Perkin-Elmer Co., USA)

w  equipped with a 980 nm excitation source. Fluorescence spectra were collected with

Published on 17 October 2016. Downloaded by Cornell University Library on 19/10/2016 13:26:27.

w  subsequent scanning emission spectra from 200 to 800 nm by an increment of 0.5 nm
w  under the 980 nm-excitation.

ws  2.4. Photostability analysis of RTA

186 The photostabilities of RTA and RF under both visible and NIR irradiation were
w  evaluated in aqueous solutions (pH=7.0). A 50-W Xe-arc lamp (XD-300, Nanjing
s Yanan Co., China) equipped with an UV-cutoff (>400 nm) was used as visible light
w source and a 980 nm NIR laser (MDL-980, Changchun New industries

w  optoelectronics tech. Co., China) was used as NIR light source. Samples were
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irradiated, and aliquots were removed and analyzed at given time intervals (10 min).
The light dependence processes were monitored and analyzed using both high
performance liquid chromatography (HPLC-1100, Agilent Inc., USA) and UV-visible

spectrometry (UV-2450, Shimadzu Co., Japan).

2.5. ROS detection using electron paramagnetic resonance spectroscopy

EPR spectra were obtained using a JEOL JES-FA200 EPR spectrometer (JEOL
Co., Japan) with a 500-W Xe-arc lamp equipped with an UV-cutoff (>400 nm) as
visible-light source and a 980-nm laser with an output power of 1000 mW as a
near-infrared (NIR) light source. Spectrometer with X-band microwave frequency of
9.072 GHz, microwave power of 2.02 mW, spectral window of 100 G, and
modulation amplitude of 1.00 G was used at ambient temperature of 25°C.
4-0x0-TEMP was used to detect 'O,, and DMPO was utilized to measure O, and
«OH_ 35 36.50-53

'0, was detected with the EPR method using 4-oxo-TEMP as a spin-trapping
reagent (Reaction 1).>°° Solutions of RTA were prepared in ultrapure water. Under
visible irradiation, the incubation of RTA at 100 uM with the spin-trapping agent
4-0x0-TEMP of 100 mM resulted in the formation of a adducts. 200 puL of the freshly
prepared mixture was added to a quartz EPR tube and illuminated for 0, 1.0, 2.0, 3.0,
4.0, and 5.0 min before recording the EPR spectra. Under NIR-irradiation, the
incubation of RTA/UCNP (5 mg/mL) with the spin-trapping agent 4-oxo-TEMP of
100 mM resulted in the formation of the adducts of 4-oxo-TEMP/'O,. 200 uL of the
freshly prepared mixture was added to a quartz EPR tube and illuminated for 10 min
before recording the EPR spectra. The generation of 'O, was detected as an EPR

signal, because 4-oxo-TEMPO is formed by the reaction of '0, with 4-0x0-TEMP.

10
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>Hj< o
N

4-oxo-TEMP 4-0x0-TEMPO

DMPO was used as a spin-trapping agent for the detection of O, (Reaction 2).*>
3630 Solutions of RTA were prepared in DMSO. Under visible irradiation, the
incubation of 100 uM RTA with 100 mM spin-trapping agent DMPO resulted in the
formation of the radical adducts. 200 pL of the freshly prepared mixture was added to
a quartz EPR tube and illuminated for 0, 0.5 ,1.0, 1.5, and 2.0 min before recording
the EPR spectra. Under NIR-irradiation, the incubation of RTA/UCNP (5 mg/mL)
with 100 mM spin-trapping agent DMPO resulted in the formation of the radical
adducts. 200 pL of the freshly prepared mixture was added to a quartz EPR tube and

illuminated for 10 min before recording the EPR spectra.

0;
HC 72 e HC OOH

T T ®)
0 0
DMPO DMPO/0O;

DMPO was also used as a spin-trapping agent for the detection of HO+ (Reaction
3).36 3132 golutions were prepared in ultrapure water. Under visible irradiation, the
incubation of RTA (100 pM) and FeSO4 (10 uM) with 100 mM spin-trapping agent
DMPO resulted in the formation of the radical adducts. Then, 200 pL of the freshly
prepared mixture was added to a quartz EPR tube and illuminated for 0, 1.0, 2.0, and
3.0 min before recording the EPR spectra. Under NIR-irradiation, the incubation of
RTA/UCNP (5 mg/mL) and FeSO4 (2 pM) with 100 mM spin-trapping agent DMPO
resulted in the formation of the radical adducts. Then, 200 pL of the freshly prepared
mixture was added to a quartz EPR tube and illuminated for 10 min before recording

the EPR spectra.

11
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H;C 7 H,C OH )

N N
é :
DMPO DMPO/HO-

2.6. Cell culture and in-vitro PDT test

In-vitro cytotoxicity assays were further performed using the human breast
cancer cell line MDA-MB-231 from the American Type Culture Collection (ATCC).
MDA-MB-231cells were cultured in RPMI 1640 medium, supplemented with 10%
fetal bovine serum and 2 mM L-glutamine at 37°C using a humidified 5% CO,
incubator. The MDA-MB-231 cells were seeded onto 96-well plates at 2.0x10° cells
per well and further incubated for 24 h. The culture medium was then replaced with
100 pL of freshly prepared culture medium containing either free PS or PS/UCNP at
different concentrations.

Cells were treated with free RF, RTA, RF/UCNP or RTA/UCNP composites and
incubated for 24 h and then exposed to visible or 980 nm-NIR irradiation. All cells
were then incubated for another 48 h at 37°C and evaluated by MTT viability assay.
For MTT assay, MDA-MB-231 cancer cells were collected and diluted to a cell
density of 1x10°/mL in complete medium, and then seeded into 96-well plates (100
uL/well). After being cultured for 24 h, the nanoparticles with different concentrations
(0.625, 1.25, 2.5, and 5.0 mg/mL) with and without PS were added to the cells and the
cells were incubated for 24 h at 37°C. The exposure time of NIR-irradiation was
divided into several sections (2 min per section) to avoid the over-heating possibility.
The cells were then incubated at 37°C for 48 h. The cell viability was measured by
MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide) and

expressed as a percentage of the control.

12
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w 3. Results and Discussion

xw  3.1. Electrochemical characteristics of RTA

26 The known ability of isoalloxazine ring to act as an excellent PS has been
. supposed to play a key role in the generation of 'O, or O,”. In our previous study, RF
xs  has been reported to play a dual role of excellent PS and effective electron mediator in
«w  the process of *OH generation.”> *® Some PSs have been shown to produce different
.+ kind ROS, and synergistic effects of 'O, and *OH on PDT treatment has been
.« proposed.'” However, RF is susceptible to photodegradation, likely due to the
x  instability of the ribose chain. Chemical modification of the ribose chain of the
- molecule is highly desired, and can improve the yield and lifetime of the triplet state
= and result in a more photostable derivative.** ** RTA was synthesized through a
o easy-to-operated esterification process of RF with acetic anhydride. The electron
- shuttling capacity of RF as a redox-active molecule paly a key role in the generation
x of Oy or *OH. Thus, electrochemical characterization of RTA and RF were fristly

»  conducted to analysis of their oxidation-reduction potentials.

Published on 17 October 2016. Downloaded by Cornell University Library on 19/10/2016 13:26:27.

76 The sterile glassy carbon electrodes were exposed to 0.05 mM RF. CV analysis
- was performed at a scan rate of 100 mV/s. The potential difference between oxidation
= and reduction peaks was 58 mV and the centers of the reversible voltammetric peaks
»  were at -0.40V (Fig. 3A). These results show the oxidation-reduction process of RF is
x  reversible and RF could be used as a mediator in electron transfer process. To test the
x  redox property of RTA, CV experiments were conducted in RTA solution. Compared
x  to the blank electrolyte (PBS solution), RTA shows a pair of obvious reversible redox
x  peaks with potential difference between oxidation and reduction peaks was 49 mV,

»  and the centers of the reversible voltammetric peaks were at -0.37 V. The redox peaks

13
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of RTA were more positive than that of RF, which was consistent with DPV results
(Fig. 3B). The DPV results show that the redox potential of RTA was larger than that
of RF by 30 mV. These results indicate that RTA was more easily to be reduced.
Additionally, the peak separation of RTA was also smaller, suggesting that RTA was
more electrochemically reversible than RF. These results demonstrate that RTA was
successfully synthesized from RF and its electrochemical properties were improved

after the modification.

3.2. Characteristics of NaYF ;:Yb/Tm upconversion nanoparticles

TEM analysis was used to examine the morphology of the UCNP nanoparticles.
The results clear show that the nanoparticles were discrete and uniform with an
average diameter of 30 and 50 nm for NaYF,:Yb/Tm (Fig. 4A) and porous
silica-coated NaYF4:Yb/Tm (Fig. 4B), respectively. Brunauer—-Emmet-Teller (BET)
analysis reveal mesoporous structure of silica-coated NaYF,:Yb/Tm with an average
pore-size distribution of 2.30 nm and a specific surface area of 680 m?/g.
Mesoporous-silica-coated NaYF4:Yb/Tm nanoparticles (100 mg) were soaked in PS
aqueous solution (RF or RTA, 100 mL, 0.1 mM) for 24 h at ambient temperature of
25°C. The nanoparticles were then collected by centrifugation and washed with PBS
solution (0.02 M, pH=7.4). Concentrations of PS solutions (RTA or RF) were
determined using HPLC method and the amount of adsorbed into the mesoporous

silica was about 2.0 wt%.

3.3. Emission spectrum analysis of NaYF,:Yb/Tm nanoparticles and absorbance
spectrum analysis of RTA
The luminescent spectrum of NaYF4:Yb/Tm nanoparticles and the UV-visible

absorption spectrum of the RTA and RF solutions were further analyzed. The
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sn luminescence spectrum of the mesoporous silica-coated NaYF4:Yb/Tm upon
s NIR-irradiation (980 nm) is shown in Fig. SA. The dominant emissions are located at
s 345,360, 451, and 476 nm. As shown in Fig. 5B, there is a good overlap between the
s fluorescence emission of NaYF,4:Yb/Tm nanoparticles and the UV-visible absorption
s of RTA and RF solutions (main peaks located at 372 and 450 nm). It is envisaged that
s the PS (RTA or RF) can be aborted and activated by the UCNP to produce ROS and
s kill cancer cells when exposed to NIR irradiation.

s 3.4. Photostability analysis of RTA

20 Qualitative evaluation of the photostabilities of RTA and RF were performed
= under visible or NIR (980 nm, 500 mw) irradiation. Initial and residual concentrations
= of RTA and RF were analyzed using HPLC. Free RF in solution was degraded
= completely after one hour of visible irradiation, while RTA was degraded only 20%
»  under similar conditions. Compared with visible irradiation, both free RTA and RF,
»s and in the form of PS/UCNP nanocomposites exhibit an appreciable photostability

»  under NIR irradiation, as shown in Fig. 6. These results indicate that the RTA

Published on 17 October 2016. Downloaded by Cornell University Library on 19/10/2016 13:26:27.

»  molecule in the form of RTA/UCNP nanocomposite has a good photostability under
»s  NIR irradiation, and could used as a potential candidate of PS for PDT applications.

w 3.5 Analysis of ROS using electron paramagnetic resonance spectroscopy

B ROS generation during the NIR-triggered photosensitization process RTA was
w  analyzed using EPR spectroscopy combined with spin trapping. Solution of
w  RTA/UCNP (5 mg/mL) with DMPO (100 mM) was prepared in ultrapure water
w  (pH=3.0). 4-0x0-TEMP was used to detect 'O,, and DMPO  was utilized to measure

w 0,7 and *OH."*2200 L of this freshly prepared mixture was added to a quartz EPR
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tube and illuminated for 5.0 min before recording the EPR spectra. The specific
signals of 4-oxo-TEMP/'O, were produced by 'O, generated from photoexcited RTA
(Fig. 7A). The spectrum is composed of a triplet of lines, with a peak height ratio of
1:1:1, with parameters including hyperfine constants, ax=16.30 G and a
g-value=2.0055. These parameters exactly matched with accurate EPR spectrum
simulation of 4-OXO-TEMP/102. O, is sensitive to the presence of proton and its
lifetime is very short in protic solvents.>*® Thus, it is difficult to detect O,™ in protic
solvent and an aprotic solvent of DMSO was used in this study to facilitate O,"
detection.”’™® The hyperfine splitting constants for DMPO/O,” were ax=12.80 G;
ai’=10.41 G; ay'=1.35 G; g=2.0021 (Fig. 7B). An accurate EPR spectrum simulation
of DMPO/O," has also been performed.

On the basis of the analysis of both O,” and '0,, we further examined the
feasibility of NIR-initiated *OH generation of RTA solution in the presence of
dissolved-iron. Solution of RTA/UCNP (5 mg/mL) and FeSO4 (5 uM) with DMPO
(100 mM) was prepared in acidic water (pH=3.0). Upon exposure to NIR irradiation,
a major radica/DMPO adduct was formed and assigned to DMPO/*OH. The
hyperfine splitting constants for DMPO/*OH were a"'=4"=14.96 G and a
g-value=2.0050 (Fig. 7C). Among the signals for DMPO/*OH (1:2:2:1), a weak EPR
signal was composed of a triplet of lines with a peak height ratio of 1:1:1. There is a
signal of oxidized DMPO (DMPOX) in the EPR spectra. Similar results of ROS

generation were obtained with RF/UCNP solution under NIR irradiation.

3.6. In-vitro PDT activity of RTA/UCNP nanocomposites
As designed, the NIR-triggered release of ROS from RTA/UCNP

nanocomposites was deemed to exhibit the spatio-temporal controlled anticancer
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w  effects. Therefore, the therapeutic potential of RTA/UCNP composite was evaluated
w  in-vitro using the human breast cancer cell. Cells with free RTA or RF (10 pg/mL)
w  were exposed to a 50-W Xe-arc lamp equipped with an UV-cutoff (>400 nm). The
w  cell viability with different exposure time to visible irradiation (5, 10, 20, and 30 min)
w indicated that the cell viability decreased with the exposure time under visible
w  irradiation, suggesting an increased amount of ROS produced by the PS (RTA or RF).
s Normal incubated cells was used as control (Control-1). Cells incubated without
s visible irradiation show that both RF (Control-2) and RTA (Control-3) are nontoxic
w  and biocompatible. Cells of control-4 were incubated under visible irradiation without
w  adding any PS. RTA has a much better PDT effect than RF, which can be attributed to
= the improved photostability of RTA. The results of the control tests show that PS and
s visible irradiation were both required.

s Fig. 8A shows the effect of exposure time to NIR irradiation on the cell viability
= in the presence of RTA/UCNP or RF/UCNP (5 mg/mL). Cells cultured with
s PS/UCNP were exposed to a 980 nm-NIR-laser with an output power of 500 mW.

s The cell viability of cancer cells clearly decreased with increasing irradiation time.

Published on 17 October 2016. Downloaded by Cornell University Library on 19/10/2016 13:26:27.

s Control experiments with NIR irradiation in the absence of PS/UCNP also showed
»  that NIR irradiation alone did not initiate cell death. Fig. 8B showed that the viability
w  of cells incubated with the amount of RTA/UCNP (0.625, 1.25, 2.5, and 5 mg/mL)
w  exposed to NIR irradiation for 30-min was significantly lower as compared to the
s nanoparticles without RTA/UCNP (Control-1) or without NIR irradiation (Control-2).
w  Similar results were obtained with RF/UCNP solution under NIR irradiation.

w Fig. 8C shows the effect of Fe** on the cell viability. At a low concentration
w range (0-1.0 pg/mL), the cell viability decreased with an increase of Fe*'

w  concentration. Interestingly, the adding of Fe*" facilitates the generation of *OH, and
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results in a increase of phototoxicity. Howerver, with Fe*" concentration further

increased, the cell viability increased with increasing Fe** concentration.

4. Conclusions

In summary, a novel NIR-light-triggered PDT nanosystem has been developed using
an old vitamin (VB;) integrated with the upconversion nanotechnology.
Mesoporous-silica-coated NaYF,4:Yb/Tm nanoparticles were successfully fabricated,
which played a dual role of drug carrier and photo transducer. Chemical
modification of this old vitamin was performed through a easy-to-operated
esterification process to improve its photostability. This nanoplatform has some
desired features for an ideal PDT drug, including: (1) high water-solubility; (2)
excellent photochemical reactivity to produce reactive oxygen species; (3) low dark
toxicity; and (4) can be excited at NIR region where tissue penetration of irradiation is
at a maximum. The results of in-vitro cell experiment demonstrate that RTA/UCNP

nanocomposite of the proposed design has great potential in PDT application.
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Fig. 1. Schematic illustration of RF-initiated ROS generation under visible irradiation

(RF: Riboflavin; ISC: Intersystem Crossing).
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Fig. 2. Schematic illustration of the PS/UCNP nanoplatform for PDT and Proposed
NIR-triggered ROS generation leading to oxidative damage of cancer cells, RTA
(2°,3°,4°,5 -tetraacetylriboflavin, a chemical derivative from RF) was used as PDT

agent.
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Fig. 3. (A) Cyclic voltammetry (CV) analysis of RTA (blue), RF (red) and 0.1 M PBS
(pH 7.0, black) between -0.8 and 0.2 V vs. Ag/AgCl at a scan rate of 100 mV/s; (B)
Differential pulse voltammetry (DPV) analysis RTA (blue), RF (red) and 0.1 M PBS

(pH 7.0, black) between -0.8 and 0.2 V vs. Ag/AgCl at a scan rate of 100 mV/s.
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|

Fig. 4. (A) TEM image of NaYF,:Yb/Tm nanoparticles; and (B) TEM image of

mesoporous silica-coated NaYF4:Yb/Tm nanoparticles.
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Fig. 5. (A) Emission fluorescence spectrum of NaYF4:Yb/Tm nanoparticles excited

under 980nm-NIR irradiation; and (B) UV-visible absorbance spectra of the RTA and

RF solutions.
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Fig. 6. Photostabilities of RF, RTA, RF/UCNP, and RTA/UCNP under diffierent
conditions (visible irradiation or 980nm-NIR irradiation). A 50-W Xe-arc lamp
(XD-300, Nanjing Yanan Co., China) equipped with an UV-cutoff (>400 nm) was
used as visible light source and a 980 nm NIR laser (MDL-980, Changchun New
industries optoelectronics tech. Co., China) was used as NIR light source. Initial
concentrations of different solutions: RF solution of 10 uM; RTA solution of 10 uM;

RF/UCNP solution of 5 mg/mL; RTA/UCNP solution of 5 mg/mL).
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Fig. 7. ROS generation in RTA/UCNP solution (5 mg/mL) under NIR irradiation (980
nm): (A) EPR spectra of 4-oxo-TEMP/'O, generated in aqueous solution (pH 7.0) and
Simulation of EPR spectra of 4-0x0-TEMP/'O,; (B) EPR spectra of the DMPO/O,"

generated in VB, solution (dimethyl sulfoxide) and Simulation of EPR spectra of
DMPO/O,"; and (C) EPR spectra of DMPO/*OH produced by RTA/UCNP solution
(pH 3.0) in the presence of Fe*" (5 puM) and Simulation of EPR spectra of

DMPO/+OH.
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Fig. 8. MDA-MB-231 cancer cell viability: (A) PS/UCNP composites (5 mg/mL)
after different exposure time to 980nm-NIR irradiation (5, 10, 20, and 30min); (B)
Different concentration of PS/UCNP (0.625, 1.25, 2.5, and 5 mg/mL) after 10-minute
NIR irradiation; and (C) Effect of Fe*" under 980 nm-NIR irradiation. 48 hours after
irradiation, cell death was measured and bar graphs represent means of

triplicateststandard deviation.
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