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NIR excitation of upconversion nanohybrids
containing a surface grafted Bodipy induces oxygen-
mediated cancer cell death

’ , v 1* . 2 I3 . 1 . . -1
Maria Gonzalez-Béjar, Marta Liras, " Laura Francés-Soriano,' Valerio Voliani,
Vicente Herranz-Pérez,™* Maria Duran-Moreno,” Jose M. Garcia-Verdugo,3’4

aye . . , . *
Emilio I. Alarcon,” Juan C. Scaiano'? and Julia Pérez-Prieto’

We report the preparation of water-dispersible, ca. 30 nm-sized nanohybrids containing
NaYF4:Er*"Yb®" up-conversion nanoparticles (UCNPs), capped with a polyethylene glycol (PEG)
derivative and highly-loaded with a singlet oxygen photosensitizer, specifically a diiodo-substituted
Bodipy (IBDP). The photosensitizer, bearing a carboxylic group, was anchored to the UCNP
surface and, at the same time, embedded in the PEG capping; the combined action of the UCNP
surface and PEG facilitated the loading for an effective energy transfer and, additionally, avoided
photosensitizer leaching from the nanohybrid (UCNP-IBDP@PEG). The effectiveness of the
nanohybrids for generating singlet oxygen after near-infrared (NIR) excitation (975 nm) with a
continuous wavelength (CW) laser was evidenced by using a probe molecule. In vitro assays
demonstrated that the UCNP-IBDP@PEG nanohybrid was taken up by the SH-SYSY human
neuroblastoma-derived cells showing low cytotoxicity. Moreover, ca. 50% cancer cell death was

observed after NIR irradiation (45 min, 239 mW).

Introduction

Photodynamic therapy (PDT) is a non-invasive cancer treatment that
after selective delivery/administration of a photosensitizer (PS) uses
light as an activator to produce reactive oxygen species for
sequential cancer eradication. This therapy is beneficial when
compared to chemotherapy and radiotherapy since it minimizes
toxicity of healthy cells and side effects such as nauseas, vomiting,
and immune-response.l’ 2 However, most of the photosensitizers lose
photochemical activity and present limited cell-penetrating capacity
due to their easy aggregation and poor solubility in aqueous
solutions,” among them are photofrin,' methylene blue,’ rose
bengal,® Zn-phthalocyanines,” ® and merocyanine 540.” Combination
of photosensitizers (either via conjugation or complexation) with
macromolecules, such as liposomes, lipids, and oligosaccharides, L
1012 helps to deliver them. In addition, silica-based nanoparticles
were recently developed to entrap water-insoluble photosensitizing
agents and proved to be effective PDT drug carriers in aqueous
media.'*

Multifunctional nanosystems that integrate multiple materials with
different properties can provide new opportunities for simultaneous
diagnosis and therapy of diseases. In this regard, the search for
efficient PDT-photosensitizer/nanomaterial nanohybrids has been
encouraging research in the last decade.! The application of
magnetic nanoparticles,”> optical down-converting nanoparticles,
such as quantum dots'® and metallic nanoparticles,'"" and photon
up-converting nanoparticles' (UCNPs) is being explored as
functional carriers of PDT-photosensitizers.

This journal is © The Royal Society of Chemistry 2013

The so-called UCNPs are rare-carth fluoride nanocrystals, such
NaYF,, co-doped with trivalent lanthanides (such as Er, Yb, Tm)
and are particularly relevant in the field of PDT" ' 2** since they
display good biocompatibility, narrow bandwidth, long-lived
emission, high photostability, and no photoblinking.”> Most
importantly, they exhibit absorption in the near-infrared (NIR) which
penetrates soft tissues to a greater extent than visible light," 2" 262
and, consequently, induces minimum photodamage to living
organisms and reduces auto-fluorescence background. Moreover,
UCNPs can be excited with low-cost NIR continuous wave (CW)
diode lasers which can be applied to illuminate large areas using low
excitation energies and their emission wavelengths can be tuned as
desired by selecting the co-doping lanthanide ratio.”” ** These
interesting features make them useful for a large diversity of
applications, among which bioimaging®" *'** combines well with
that of the photosensitizing capacity of UCNP-PS nanohybrids.>*
Comparatively, two-photon excited PDT also uses NIR light.'
However, in this strategy, the photosensitizer (a photon down-
converting PS) is excited by simultaneous absorption of two NIR
low energy photons and requires the use of pulsed lasers as the light
source to excite focused, small areas to obtain sufficient
instantaneous energy to make the two-photon excitation possible.

There are several methods to make these UCNPs water-dispersible,
such as coating them with silica® *® or polymers.*”** Specifically,
PS-embedded in silica-coated UCNPs (PS: Ru(bpy)y>",?* zinc
phthalocyanine (ZnPc),” ** merocyanine 540, hypericin® and
methylene blue*) have recently been reported in the context of
singlet oxygen generation. In addition, rose bengal,” ZnPc,***®

J. Name., 2013, 00, 1-3 | 1



Journal of Materials Chemistry B

pyropheophorbide a*’, and chlorin e6 (Ce6)*" *° have been
embedded in polymeric shells.

The drawbacks of some of these systems are the low PS payload
and/or its leaching under experimental conditions. The high
surface/volume ratio of the nanoparticles, combined with the
capacity of their surface and ligands to establish stabilizing binding
interactions with the PDT photosensitizer is an appealing strategy for
improving the UCNP efficiency as a nanocarrier. Consequently, an
ideal UCNP-PS nanohybrid for PDT would be a water-dispersible
nanosystem with a large loading of a photosensitizer that exhibits a
high capacity to generate reactive oxygen species (ROS), such as
singlet oxygen, and is easily derivatized to incorporate a good
anchoring group to the UCNP surface, thus making a considerable
PS loading possible and, at the same time, avoiding leaching.

We report here the design and synthesis of B-NaYF,:Yb*", Er**
UCNPs carrying an efficient singlet oxygen photosensitizer,
specifically a Bodipy derivative, anchored to its surface and
embedded in the organic capping of the nanoparticle provided by a
soft organic macromolecule such as a PEG derivative (Scheme 1).
These nanoparticles, with a diameter of ca. 30 nm, bear a
considerable loading of the Bodipy derivative, and are highly
biocompatible in vitro. Their capacity for killing cancer cells after
NIR excitation has been proven in an SH-SY5Y human
neuroblastoma-derived cell line.

Visible light

HOO O-g,o
' 'P;B:{ ‘
/TEA IBDP ‘ S
1
0,

PEG = ~ A~

-
UCNP=
0,

975 nm

UCNP-IBDP@PEG

Scheme 1. Oversimplified image illustrating how UCNP@PEG
(hexagonal nanoprism with polymeric shell) transfer their energy (wavy
green arrows) to IBDP (pink ovals: see structure on the left)
coordinated to the UCNP surface after being excited with a 975 nm CW
diode. Triplet-triplet energy transfer from IBDP to oxygen leads to
singlet oxygen generation.

Experimental

Materials

The chemicals used for the UCNP synthesis were: lanthanide
chlorides (YCl;-6H,0, YbCl;-6H,O and ErCl;-6H,0 (>99.9%,
all of them)), 1-octadecene (95%), oleic acid (99.9%), NaOH
and NH4F (99.99%). All chemicals were purchased from
Sigma-Aldrich and wused as received without previous
purification. HS-PEG-NH, was purchased from Rapp-Polymere
(3.0 kDa). 9,10-Anthracenediyl-bis(methylene)dimalonic acid
(ABDA) was purchased from Aldrich. The synthesis of IBDP is
described in the supporting information.

2| J. Name., 2012, 00, 1-3

Synthesis of oleate-capped Up-converting NaYF:Yb*", Er**
Nanoparticles: UCNP@oleate

NaYF,:Yb, Er nanoparticles were synthesized following a previously
reported protocol with some modifications.”! Briefly, YCls-6H,0
(0.8 mmol), YbCl;-6H,0 (0.18 mmol), and ErCl;-6H,0 (0.02 mmol)
were mixed with 12 mL oleic acid and 15 mL octadecene (ODE) in a
50 mL round-bottom Pyrex flask under continuous stirring. The
solution was heated to 160 °C. Once everything was dissolved, the
mixture was cooled to 110 °C. A 10 mL methanol solution
containing NaOH (2.5 mmol) and NH,F (4.0 mmol) was slowly
added into the flask. The metal-oleate complexes in solution were
stirred with a glass-coated magnetic stirring bar while being slowly
heated to remove methanol, degassed at 100 °C for 30 min, heated to
305 °C and, finally, kept under N, flux during one hour. Then, the
solution was cooled to room temperature and the nanoparticles were
precipitated by centrifugation (10000 rpm, 10 min, 25 °C). Later on,
UCNP@poleate nanoparticles were washed three times with
(43.5:40.5:16 v/v) hexane/acetone/methanol solution.

Synthesis of PEG-coated
nanoparticles: UCNP@PEG

NaYF,:Yb/Er  up-converting

These nanoparticles were prepared by using a method recently
developed in our group.*’ A solution of UCNPs (10 mg) in degassed
CHCI; (5 mL) was sonicated for 15 minutes. Then, 100 mg of HS-
PEG-NH, were added. The solutions had 20 mg/mL of the hetero-
functional PEG. The conjugation process was done in the presence
of an excess of the PEG derivative.”” The mix was kept in N, under
strong stirring at 60 °C overnight.

The opalescent solution was evaporated in vacuum and 5 mL of
milliQ water were added. The dispersion was sonicated for 15
minutes. Then, 5 cycles of centrifugation at 10000 rpm x10 minutes
with a total of 50 mL of acetonitrile were carried out in order to
remove the oleate and PEG excess. The PEG-encapsulated UCNPs
(UCNP@PEG) were resuspended in 1 mL of MilliQ water (or
triethanolamine, TEA, 40 mM, pH 7.5) and stored at +4 °C during
one week maximum before their use.

Synthesis of UCNP-IBDP@PEG

The nanohybrids used in all the studies reported here (unless
indicated) were prepared as follows: a solution of UCNP@PEG
(300 pL, 10 mg/mL) in triethanolamine buffer (TEA, 40 mM, pH
7.5) was sonicated for 15 minutes and poured into a solution of 3-
(2°,6°-Diiodo-1",3",5,7’-tetramethyl-4’,4°-difluoro-4’-bora-3’a,4’a-
diaza-s-indacen-8’yl)propanoic acid (IBDP, 1.5 mg; UCNP@PEG/
IBDP 1mg/0.5 mg ratio) in TEA (0.5 mg/mL). After stirring at RT
for 24 h, the mixture was purified by centrifugation/sonication in
acetonitrile (5 cycles of centrifugation for 10 minutes at 10000 rpm;
sonication for 15 min). The nanohybrids (UCNP-IBDP@PEG) were
re-suspended in 3 mL of milliQ water or TEA and stored at +4°C.

Other UCNP-IBDP@PEG nanohybrids were prepared using
different UCNP@PEG/IBDP weight ratios to determine the best
IBDP loading for the ABDA photodegradation in the presence of
oxygen (see Fig. S8 in the supporting information).

UV-Visible absorption measurements

All UV-Visible measurements were performed using an Agilent
G1103A spectrometer equipped with quartz cuvettes. All samples
were analyzed in milliQ water or buffer solutions.

Fluorescence and upconversion emission measurements

This journal is © The Royal Society of Chemistry 2012

Page 2 of 12



Page 3 of 12

Upconversion emission spectra were collected by excitation at 975
nm using a CW 975 nm diode laser (Thorlabs L975P1WIJ) as the
excitation source coupled to the SLM Amingo Bowmann series 2
(AB2) fluorimeter (Microbeam, S.A.) and using a front-face set up.

Singlet oxygen quantum yield (®,) calculations

The singlet oxygen phosphorescence decay traces were measured as
follows: the aerated solutions placed in a 1 x 1 cm?® fused silica
cuvettes and capped with septa were irradiated at 532 nm with a
laser (frequency doubled 532 nm, ~ 8 ns pulses, 12 mJ, from a Q-
switched Nd/YAG laser 1064 nm). NIR emission studies®® were
carried out using a Peltier-cooled (-62.8°C) Hamamatsu NIR
detector (Model H10330-75) operating at 850 V coupled with a
computer-controlled grating monochromator. A long pass filter, type
FEL1150 filter from Thorlabs was placed in front of the
monochromator. The photocurrent from the photomultiplier was
stored on a digital oscilloscope (Tektronix TDS 2012). Signal rise
times as short times (50 ns) were measured using the amplifier SR-
445 from Stanford Research. Luzchem LFP software was used to
acquire and process the data. All samples were measured under
identical experimental conditions (same irradiation, day, and system
alignment).

The amount of singlet oxygen generated was determined from
phosphorescence decay curves in the NIR region by registering the
phosphorescence decay data at 1270 nm. The singlet oxygen
quantum yield is defined as the number of emitting 'O, molecules
per photon absorbed by the photosensitizer. It has been estimated by
using the ratio of slopes of linear plots of IBDP for the intensity of
singlet oxygen phosphorescence (NIR excitation) against 1-107,%
using a rose bengal (RB) solution in methanol as a standard, where
A is the absorbance of the sample at the excitation wavelength.
Different diluted solutions of IBDP and RB were prepared, such that
their absorbance at the excitation wavelength (A= 532 nm) would
be <0.40. Then the corresponding phosphorescence decay trace was
recorded using this A, and the quantum yield was obtained by:

slopeppp
slopepp
where RB stands for Rose Bengal used as a reference (©=0.76)>* and

IBDP stands for the corresponding BDP derivative. @ are the
corresponding singlet oxygen quantum yields.

@ ppp =Ppp

Singlet  oxygen Generation
photoconsumption of
bis(methylene)dimalonic acid (ABDA)

monitored by chemical
9,10-anthracenediyl-

The samples were placed in quartz cuvettes (1x1 cm path length) and
the emission was monitored in an AB2 Series spectrofluorimeter. All
measurements were carried out in oxygen-saturated deuterium oxide
solutions at room temperature. A similar method has been previously
used to determine the ability of other UCNP-photosensitizers
nanocomposites to generate singlet oxygen.* * The induced
generation of singlet oxygen was estimated by measuring the
decrease of ABDA fluorescence due to the formation of its
endoperoxide. Briefly, a phosphate buffer solution (pH 7.2, 1.5 mL)
containing 1 mg/mL of UCNP-IBDP@PEG and ABDA (2x10° M)
solution was prepared and kept under stirring. This solution was
irradiated with a CW 975 nm diode laser of 138.5 mW in order to
excite the UCNP-IBDP@PEG and generate singlet oxygen, and the
ABDA emission (A, = 380 nm) was recorded at different time
intervals. For comparative purposes, a solution of ABDA (2x10”° M)
in phosphate buffer was also irradiated under the same conditions. In
addition, a control sample containing UCNP-IBDP@PEG and

This journal is © The Royal Society of Chemistry 2012
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ABDA was kept in the dark (except when taking its fluorescence A,
= 380 nm, monitoring at 400 nm) at different time intervals.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images were taken using a
Jeol 1010 microscope operating at 100 kV equipped with a charge-
coupled device (CCD) camera. High resolution TEM (HRTEM) and
energy dispersive X-rays spectroscopy (EDX) were carried out by
using a Field Emission Gun (FEG) TECNAI G2F20 microscope
operated at 200 kV. Usually, for the preparation of the UCNP
samples, 10 puL of a 0.5 mg/mL solution of the UCNPs was left to
dry under air at room temperature on a formvar/carbon film
supported on a 300 mesh copper grid.

Cytotoxicity assays

In vitro cytotoxicity was measured using a XTT Cell Proliferation
Kit II (Roche, Mannheim, Germany) on SH-SY5Y cells (ATCC
CRL-2266). Cells were seeded onto a 96-well plate at a density of
3-10* cells per well, under 100 % humidity, and were cultured at 37
°C and 5% CO, for 24 h; different concentrations of UCNP-
IBDP@PEG (0, 25, 50, 100 and 250 pg/mL, diluted in culture
medium) were then added to the wells. The cells were then incubated
at 37 °C under 5% CO, for another 24 h.

The following day, XTT reagent (50 uL; 0.3 mg/mL) was added to
each well and the plate was incubated at 37 °C under 5% CO, for 4
h. Then, the absorbance at 450 nm was measured with a standard
scanning multi-well  spectrophotometer (Thermo  Scientific,
Massachusetts, USA). Five replicates of each condition were carried
out. The viability of untreated cells was assumed to be 100%, while
relative viability of treated cells (%) was calculated using the
formula shown bellow.

Photodynamic performance of neuroblastoma cells with UCNP-
IBDP@PEG

SH-SYS5Y cells were cultured in Dulbecco's modified Eagle
medium/F-12 (DMEM/F-12) supplemented with 10% fetal bovine
serum, 2mM L-glutamine, 50IU/mL penicillin, 50pg/mL
streptomycin. SH-SYS5Y cells were seeded onto 60 mm culture
plates, allowed to incubate for 24 h at 37° C and then washed with
PBS.

Cell viability(%) = mean of 4,5, valueof treatment group 100

mean of A5, valueof control

A power-adjustable CW 975 nm diode laser (Thorlabs L975P1WI)
was collimated and used to irradiate the Petri dish. The output power
was measured with a power-meter at the exact distance of the
irradiation area (Thorlabs PM100A) and next, the cells were
irradiated for 45 min. The Petri dish was kept at 37°C while being
irradiated.

Subsequently, cell viability was assessed by using Cell
LIVE/DEAD® Kit (Life Technologies). Fluorescence was collected
using a Zeiss Axiovert 40 CFL inverted microscope (Carl Zeiss AG,
Oberkochen, Germany), in the 515-565 nm and 590-740 nm ranges
for green (Calcein) and red (EthD1), respectively. Images were
adjusted for brightness and contrast and analyzed with Fiji imaging
software. Quantification was conducted by counting living vs. dead
cells in the microscope’s field located right in the center of the
irradiated area (n = 3 replicates).

Additionally, in order to check cellular fine morphology cells were
seeded on 4-well Permanox chamber slides (Nalgene Nunc
International, Naperville, IL). Then, cells were irradiated as
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described above and subsequently fixed in 3.5 % glutaraldehyde in
0.1 M phosphate buffer (PB) for 1 hour at 37 °C. Cells were post-
fixed in 2% OsO, for 1 hour at room temperature and stained in 2%
uranyl acetate in the dark for 2 h at 4 °C. Finally, cells were rinsed in
distilled water, dehydrated in ethanol, and embedded overnight in
Durcupan resin (Fluka, Sigma-Aldrich, St. Louis, USA). Following
polymerization, serial semithin sections (1.5 pum) were cut with an
UC-6 ultramicrotome (Leica, Heidelberg, Germany) and stained
with 1% toluidine blue. Digital photomicrographs were acquired
using a Nikon Eclipse E800 microscope. Ultrathin sections (60 — 70
nm) were also prepared and stained with lead citrate (Reynolds’
solution). Finally, photomicrographs were obtained under a FEI
Tecnai G° Spirit transmission electron microscope (FEI Europe,
Eindhoven, Netherlands) using a Morada digital camera (Olympus
Soft Image Solutions GmbH, Miinster, Germany).

Results and discussion

Synthesis of P-NaYF4:Yb**, Er** UCNP coated with a PEG
derivative and loaded with IBDP

Oleate capped B-NaYF,:Yb*", Er** up-conversion nanoparticles
(UCNP@oleate) were synthesized at high temperatures by using
oleic acid and 1-octadecene as the organic capping ligand and a non-
coordinating solvent, respectively.’" *> *® The XRD pattern of the
UCNP (Fig. S1) revealed the formation of the same pure hexagonal
phase structure as bulk B-NaYF, (JCPDS 16-0334). The atomic
ratios of lanthanides in the nanoparticles were obtained by energy-
dispersive X-ray experiments (EDX) and were
NaYF4(81%):Yb*'(16%), Er*'(3%), see Fig. S2. Fig. 1 shows the
transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images obtained for the monodisperse hexagonal
nanoprisms together with the histogram that shows they had a
uniform side length of approximately 16.1+1.4 nm, a height of
25.8+1.6 nm, and a base length of 18.0+1.4 nm. These nanoparticles
stood or lay on the TEM grids as shown in Fig. 1A and Fig. 1C. The
HRTEM shows the clear lattice fringes with a d-spacing of 0.52 nm
(Fig. 1C). This is in accordance with the lattice spacing in (100)
planes of hexagonal $-NaYF, and it is indicative of their high
crystallinity.*®

The coating of these particles made them hydrophobic thus, the
UCNP@oleate were coated with a layer of bifunctional polyethylene
glycol (HS-PEG-NH,) following our recently reported protocol.*’
The layer of the soft organic macromolecules made the UCNPs
water-dispersible without increasing significantly their size.*" In fact,
a polymeric shell thickness of about 2.5 + 0.6 nm was evident in the
TEM images of the PEG-coated UCNPs (UCNP@PEG), see Fig.
1D-E. In addition, capping of the UCNP with PEG is advantageous
from the biological point of view, since it is non-toxic and prevents
agglomeration and non-specific interactions with proteins and
cells.”

The photosensitizer, 3-(2’°,6’-diiodo-1",3",5",7’-tetramethyl-4’,4’-
difluoro-4’-bora-3’a,4’a-diaza-s-indacen-8’yl)propanoic acid (IBDP,
Scheme S1), is easily prepared®® (see SI for experimental details)
and exhibits high extinction coefficients in the visible region, in
particular ca. 525 nm (molar extinction coefficient of 202 M cm™ at
525 nm), low probability of aggregation and resistance to
photobleaching,”*®' high triplet quantum yield, due to the internal
heavy atom effect,” % and a good anchoring group to the UCNP,
specifically a carboxylic group.

4| J. Name., 2012, 00, 1-3
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Fig. 2. F-NMR of IBDP (top), UCNP-IBDP@PEG (middle) and
UCNP@PEG (bottom) in CDCl;.

‘ -146.2 ppm

Fig. S3 shows the pink colloidal solution of the nanoparticle
obtained after adding IBDP to UCNP@PEG at pH = 7.5, followed
by centrifugation and purification. The UV-Visible spectrum of this
solution showed the incorporation of IBDP in the resulting UCNP
(UCNP-IBDP@PEQG), see Fig. S4. This was further corroborated by

This journal is © The Royal Society of Chemistry 2012
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YEF-NMR; thus, the spectrum of the UCNP-IBDP@PEG
nanohybrids showed a signal at -146 ppm, ascribed to IBDP (Fig. 2).

The effectiveness in the IBDP loading was estimated from the UV-
Vis absorption spectrum of UCNP-IBDP@PEG, by using the molar
extinction coefficient of IBDP, and it tallied with TGA analysis (Fig.
S5). Thus, values of 43% and 10% with respect to the UCNP core
(w/w) were estimated for IBDP and the PEG, respectively. Examples
of Bodipy aggregation are rare.”® Consequently, we did not detect
the formation of the IBDP dimers, which would absorb at lower and
higher wavelengths than the monomer,” in the UV-Vis absorption
spectrum of UCNP-IBDP@PEG nanohybrid in spite of the large
cargo. The efficient PS loading is in accordance with the ability of
the carboxylate groups to coordinate lanthanides® and offers
advantages for PS loading.

The UCNP-IBDP@PEG nanohybrids proved to be stable in both
water and PBS after keeping them in these media for three months.
The stability of the nanohybrids was also checked in the cell culture
medium (see experimental section). After one week in this medium,
the nanohybrids were recovered by centrifugation while the
supernatant remained practically colourless.

Control experiments showed the addition of IBDP to UCNP@oleate
nanoparticles (under the same experimental conditions as those used
with  UCNP@PEG, ie., basic conditions, UCNP/CH;CN;
TEA/IBDP) led to the precipitation of the nanoparticles as a pink
solid. This confirmed that the UCNP@IBDP nanohybrids were not
dispersible in the medium due to the limited solubility of the Bodipy
moiety at the nanoparticle periphery. Attempts to suspend these
nanoparticles in water were not fruitful, while the supernatant
remained colorless. This suggests IBDP had become firmly grafted
to the nanoparticle surface. In addition, this assay corroborated that
PEG in the UCNP-IBDP@PEG nanohybrid played a key role for
their water dispersibility. Moreover, under the same conditions, the
addition of PM567, a Bodipy lacking the carboxylate group, to
UCNP@oleate nanoparticles led to a white solid and a yellowish
solution evidencing that most of the nanoparticles were centrifuged
out while PMS567 remained dissolved (UCNP/CH;CN; TEA/
PMS567).

Capacity of the UCNP-IBDP@PEG nanohybrid for singlet
oxygen generation

Fig. 3 shows the UV-Visible absorption spectrum of IBDP together
with the upconversion luminescence spectra of UCNP@PEG and
UCNP-IBDP@PEG in PBS upon 975 nm laser diode excitation. The
UCNP@PEG emission spectrum exhibits an intense band at 540 nm
(*S3p—'15,) with a small shoulder on the left (*Hyyp, *S30—L1s50)
and another at ca. 670 nm (*F3,—T;5,).5 % As expected from the
overlap between the absorption spectrum of IBDP and the emission
features of the UCNP@oleate, UCNP-IBDP@PEG excitation at 975
nm led to a quenching of the emission bands where IBDP absorbs
(decrease of a 32% of the intensity in the 513-560 nm range),
whereas the red emission was nearly unchanged. This quenching did
not result in a new emission in the spectrum, as expected from the
negligible fluorescence of IBDP (= 0.02 in methanol).”

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. IBDP (1.7 uM) UV-Visible absorption spectrum (red line) and
luminescence emission spectra of solutions of UCNP@PEG (1mg/mL,
black line) and UCNP-IBDP@PEG (1mg/mL, green line) in PBS.

The efficiency of IBDP for 'O, generation (®,) was estimated
as 0.61 in methanol by using RB as a standard (®, = 0.76, see
experimental and Fig. S6-S7). The effective generation of 'O,
was also chemically demonstrated by using a singlet oxygen
probe, specifically the disodium salt of 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA).>> ¢  Thus, the
formation of singlet oxygen after excitation at 975 nm of
UCNP-IBDP@PEG in aqueous solution (D,0) was assessed by
measuring the decrease of the ABDA emission, a selective
singlet oxygen trap, as function of the irradiation time using a
975 nm CW laser where only the UCNP core absorbs. Fig. 4
shows how the ABDA emission decreases with the exposure
time of the nanohybrid to NIR, due to the formation of the
corresponding, non-fluorescent ABDA endoperoxide. The data
were fitted into an exponential decay function (rate constant for
photobleaching of ADPA: k = 2.57 min™"); this behaviour has
been previously attributed to the probe quenching by the
generated singlet oxygen.'* The UCNP-IBDP@PEG proved
highly efficient in ABDA bleaching, since the emission of the
latter decreased in ca. 50% after only 15 min of NIR irradiation
with low power. Comparatively, under the same conditions, the
irradiation of ABDA in the absence and in the presence of
UCNP@PEG showed no decrease of ABDA fluorescence in
the same time-scale.

6
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Fig. 4. Left: decrease in ABDA emission intensity overtime due to
singlet oxygen emission generated by NIR excitation of the UCNP-
IBDP@PEG nanohybrid in deuterated water (time intervals 0, 1, 4, 6,
10, 14 min). Right: decrease in the ABDA emission intensity registered
at 430 nm for up to 200 min.
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Scheme 1 shows a simplified representation for the process that
would produce singlet oxygen upon NIR excitation of the
UCNP-IBDP@PEG nanohybrid. The photophysical pathways
that take place when this nanohybrid is excited with NIR light
(975 nm) should be as follows. First, the upconversion process
leads to the well-known erbium emissions. The IBDP
derivative absorbs light from the “F.;, and the 2H,;, erbium
levels reaching its singlet-excited state that leads to its triplet
excited state by intersystem crossing. Then, singlet oxygen is
generated by triplet-triplet energy transfer from the IBDP triplet
to oxygen in the ground state.

In vitro photocytotoxicity of UCNP-IBDP@PEG nanohybrids
against cells

The UCNP-IBDP@PEG nanohybrid proved stable in PBS and cell
culture medium and therefore, it further provided a suitable
framework for biological applications. To corroborate this, human
neuroblastoma SH-SYS5Y cells were cultured at different
concentrations of the nanohybrid in order to test their effect on cell
proliferation. This was assessed by using an XTT-assay (Fig. S9).
Cell viability of the control cells was assumed to be 100%. After 24

UCNP-IBDP@PEG
Irradiated

Not irradiated

Fig. 5. SH-SYS5Y cells incubated with UCNP-IBDP@PEG (A-F), were irradiated with a CW laser at 975 nm for 45 min. Cell viability was
subsequently assayed with Life Technologies LIVE/DEAD® Kit. Cells with compromised membranes exhibit red-fluorescence from the live-cell
impermeant nucleic acid stain ethidium homodimer-1 (Aex: 510-560 nm; Aem: 590 nm). Cells with intact cell membranes are able to use nonspecific
cytosolic esterases to convert nonfluorescent calcein AM into green-fluorescent calcein (Aex: 450-490 nm; Aem: 515-565 nm.. No perceptible changes

were detected out of the irradiation spot in either group (D-F). Scale bar = 100 um.

Then, our experiments demonstrated the efficacy of the in-vitro
PDT with the UCNP-IBDP@PEG nanohybrid, which led to
destruction of SH-SY5Y human neuroblastoma cells. Here,
cells incubated with UCNP-IBDP@PEG (25 pg/mL) were
irradiated for 45 min with CW laser light operating at 975 nm
with a total power of 239 mW, thus resulting in a 50.6 + 3.2%
cell mortality.

Our power is below 1 W and therefore suitable for clinical
applications and most PDT experiments. After NIR exposure the
components of the LIVE/DEAD® Kit were added to the Petri dish
as described in the protocol. Cells with compromised membranes
exhibit red-fluorescence from the live-cell-impermeant nucleic acid

6 | J. Name., 2012, 00, 1-3
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h incubation with UCNP-IBDP@PEG at 25 pg/mL, no effect on cell
viability was measurable. When the concentration of the nanohybrid
was increased to 50 pg/mL, cell viability dropped less than 10%.
Only with a 250 pg/mL concentration, the toxicity of the nanohybrid
was evident with a significant reduction of 40% in viable cells (n =
5; P < 0.01, Mann Whitney’s “U” test). These safe working
conditions in the 1-100 pg/mL range are in accordance with those
published®® % by others using other UCNPs derivatives and different
cell types.”® Further, at the highest 250 pg/mL condition irregular
membranes, cellular aggregates, condensed nuclear chromatin and
even picnotic cells were visible, as previously observed for the
PEGylated UCNPs (data not shown).*’

The uptake of UCNP-IBDP@PEG by SH-SYSY cells, incubation
with 10 pg/mL of the nanohybrid diluted in culture medium, was
completed in 2 h. We were also able to detect cytoplasmic
fluorescent signal in both the green and red emission spectra of the
nanohybrid, highly co-localizing (Fig. S10), which proved that this
nanohybrid could be used for simultaneous cell imaging and PDT.*
This confirms that UCNP-IBDP@PEG nanohybrids were taken up
by cells and maintained their photosensitive characteristics

intracellularly.
c Calcein

stain ethidium homodimer-1 (EthD1) whereas cells with intact cell
membranes convert nonfluorescent calcein AM into bright green-
fluorescent calcein by using nonspecific cytosolic esterases.”'”

It was determined that only NIR-irradiated cells were damaged
whereas the non-irradiated cells remained intact (Fig. 5). Control
experiments incubated with UCNP@PEG or in the absence of
nanoparticles (Figure S10 A-F and G-L, respectively) did not show
any cell death, thus proving that cell lethality is solely due to the
irradiation of the UCNP-IBDP@PEG nanohybrid.

The human neuroblastoma SH-SY5Y cell line shows neuroblastic
characteristics’ and, thus, we presumed it would serve as a good

This journal is © The Royal Society of Chemistry 2012
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model to test our system in vitro. Consequently, we tested the
potential use of this system for PDT. The mechanism of induced
cell-death by cellular 'O, accumulation was first thought to be due to
necrosis,” ’° but it was later found to be caused mainly by apoptotic
processes. This was supported by the most relevant morphological
and biochemical changes observed in cells subjected to oxygen
radicals: chromatin condensation, membrane alteration, and
mitochondrial swelling and apoptotic bodies. > 7

To further investigate the underlying processes triggered by NIR
light irradiation of UCNP-IBDP@PEG incubated cells, we seeded
SH-SYSY cells in 4-well chamber slides and irradiated a defined
area of the well surface, while the rest of it remained completely out
of the laser beam. We then obtained toluidine blue-stained semithin
sections of the cell culture in order to appreciate the fine details of
the cells (Fig. 6). We observed that the appearance of control cells
was healthy, with no detectable differences between the irradiated
and the non-irradiated cells (Fig. 6, A and B). Conversely, when the
nanohybrid-incubated cells were irradiated, they showed abundant
signs of cell damage when compared to their non-irradiated
counterpart (Fig. 6, C and D).

Not irradiated

Irradiated

Control

UCNP-IBDP@PEG

Fig. 6. Semithin and ultrathin sections of SH-SYSY cells after irradiation with a 975 nm laser diode. C
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ARTICLE

These alterations included an increase in cytosolic vacuoles,
swelling, irregular nuclear membranes and picnotic cells. When
analyzed with electron microscopy, treated cells exhibited large
masses of heterogeneous matter together with empty vacuole-
like spaces (Fig. 6E). These structures measured up to 3 pum in
diameter. Other cells presented smaller but more numerous
masses. At higher magnification, UCNP-IBDP@PEG particles
were detectable, highly electron-dense, in the periphery and
within these structures (Fig. 6F). On occasions, membranous
masses were also observed (Fig. 6G). Cytoplasmic
vacuolization upon exposure to a variety of chemicals and
bioactive substances has been extensively reported’® and in our
system it can be confidently attributed to singlet oxygen after
NIR light irradiation.

It is essential to pursue new steps with the aim of maximizing PDT
usefulness, since most studies report partial effectiveness inducing
cancer cell death and with a discrepant homogeneity.” Also, it is
crucial to improve the specificity of anti-tumoral treatments,
especially when surrounded by extremely sensitive areas like the
central nervous system. This is still more challenging due to tumoral
cell heterogeneity.

5 vt_%_‘ e

ontrol (A-B) and UCNP-IBDP@PEG

incubated cells (C-D) are compared in a NIR light irradiated zone and in a non-irradiated area of the same petri dish. The nanohybrid-treated cells of
the irradiated area (D) show exceptionally large vacuoles (black arrows) and signs of cellular damage. In electron microscopy images (E-G) UCNP
accumulations are detectable (E, white arrow), but also scattered single nanoparticles (arrowheads) within a masses of heterogeneous cellular matter.
The rest of the cytoplasmic content and microvilli are well preserved. At higher magnification UCNPs are evident within the mass (F, arrowheads),
which presents an heterogeneous appearance and severe vacuolization. This is the most frequent structure, although occasionally membranous
structures are also found (G). A-D are toluidine blue-stained semithin sections, E-G are transmission electron microscopy images. N, nucleus. Scale

bar: A-D =10 um; E=2 pm; F =1 um; G = 200 nm.

Our UCNP-IBDP@PEG nanohybrid allows for additional
functionalization since it still has the ability to bind covalently other
PS by using the free terminal amino groups, which would make a
higher loading possible (although a higher loading does not
guarantee a better PDT efficiency)*®*® The idea of PS co-loading
using silica-coated UCNPs has been recently proven successful for
PDT in vivo.%®® Alternatively, the free terminal amino groups would
be of utmost importance for the addition of potential targeting

This journal is © The Royal Society of Chemistry 2012

ligands that provide specific nanoparticle-cell surface interactions,
targeting nanoparticles to specific cancer cell membrane-receptor
proteins. This facilitated guidance of ligands enhances cellular
uptake into cancer cells, rather than increasing nanoparticle
accumulation in the tumor’s extracellular matrix.*® For this reason,
we think our system represents a good candidate for PDT, with
additional uses for bioimaging and ability to bind specific ligands in
order to improve cell specificity.
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Conclusions

In summary, we have successfully developed an UCNP-IBDP@PEG
nanohybrid comprising an upconversion nanoparticle core and a
PEG shell, and IBDP chemisorbed to the UCNP core surface and, at
the same time, embedded in the PEG capping. To our knowledge,
this is the first time that a photosensitizer has been chemisorbed on
the UCNP surface. This nanocomposite, of ca. 30-nm in diameter,
acts as an efficient carrier of a considerable amount of the
photosensitizer, it is dispersible in PBS and stable in the colloidal
solution, and it generates reactive oxygen species after NIR
excitation. These features make this nanohybrid an ideal candidate
for PDT. The terminals on PEG chains are still available for
conjugation with, for example, targeting ligands or other
photosensitizer matching the absorption of the red emission of the
UCNP (for complete use of upconversion energy to maximize PDT
efficiency).

The UCNP-IBDP@PEG nanohybrid did not cause cell death in
the standard cell culture conditions, and proved capable of
effectively reducing the number of human neuroblastoma SH-
SYSY cells in vitro. Hence, it opens the way for their use in
low-invasive tumoral phototherapy.
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A nanohybrid comprising a diiodo-substituted Bodipy anchored to the surface of NaYF,:Er'"Yb*"
nanoparticles showed effective in inducing cancer cell death under NIR irradiation.
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