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ABSTRACT: Near-infrared (NIR)-to-visible upconversion nanoparticle (UCNP)
has shown promising prospects in photodynamic therapy (PDT) as a drug carrier
or energy donor. In this work, a photosensitizer pyropheophorbide a (Ppa) and
RGD peptide c(RGDyK) comodified chitosan-wrapped NaYF,:Yb/Er upconver-
sion nanoparticle UCNP-Ppa-RGD was developed for targeted near-infrared
photodynamic therapy. The properties of UCNP-Ppa-RGD, such as morphology,

il
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stability, optical spectroscopy and singlet oxygen generation efficiency, were

investigated. The results show that covalently linked pyropheophorbide a molecule not only is stable but also retains its
spectroscopic and functional properties. In vitro studies confirm a stronger targeting specificity of UCNP-Ppa-RGD to integrin
a,By-positive U87-MG cells compared with that in the corresponding negative group. The photosensitizer-attached
nanostructure exhibited low dark toxicity and high phototoxicity against cancer cells upon 980 nm laser irradiation at an
appropriate dosage. These results represent the first demonstration of a highly stable and efficient photosensitizer modified
upconversion nanostructure for targeted near-infrared photodynamic therapy of cancer cells. The novel UCNP-Ppa-RGD
nanoparticle may provide a powerful alternative for near-infrared photodynamic therapy with an improved tumor targeting

specificity.
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B INTRODUCTION

Photodynamic therapy (PDT) is an emerging cancer treatment
modality involving a combination of light, photosensitizer (PS),
and molecular oxygen. It offers unique control in the
photosensitizer’s action, because the key cytotoxic agent, singlet
oxygen ('0,), is produced only upon in situ irradiation." PDT
can be used as a primary therapy for early stage disease,
palliation of late stage disease, or as a surgical adjuvant for
tumors that show locoregional spread.””

Although PDT has been widely used in clinical application,
there are still several challenges that should be overcame to
enhance its treatment efficiency. The first one is to improve the
therapeutical depth of PDT. There is an “optical window” of
tissue from 700 to 1100 nm, where tissue has maximum
transparency to light. So the therapeutical depth of PDT would
be greatly improved if the excitation light lies within this
window.® The second one is to improve the selectivity of
photosensitizers to tumors. Photosensitizers are known to
spontaneously accumulate in tumors with leaky vasculature by
an enhanced permeability and retention (EPR) effect.”””
However, most anticancer drugs are not selective enough due
to their accumulation in normal tissues. Selectivity can be
further enhanced by combining the photosensitizer with
molecular delivery systems or by conjugating it with targeting
agents such as monoclonal antibodies, receptor ligands or
recognition peptides.'” Another challenge to PDT is the
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process of photosensitizer delivery. Since most commonly used
photosensitizers are hydrophobic in nature, they are poorly
water-soluble and apt to aggregate under physiological
condition. Nanoparticle-based delivery vehicles have been
introduced to solve these problems.'' "> Numerous delivery
approaches have been devoted to keep the photosensitizer
stable on the carrier in monomeric form, without loss or
alteration of its spectroscopic and functional properties.'®'”
Upconversion is an anti-Stokes process in which long
wavelength radiation, usually near-infrared (NIR) or infrared
(IR), is converted to shorter wavelength such as ultraviolet
(UV) or visible (VIS) radiation. Upconversion nanoparticles
have low toxicity, weak background fluorescence, high
detection sensitivity, and deep light-penetration depth in tissues
compared with conventional downconversion fluorescent
materials."*™>* Upon radiation of near-infrared or infrared,
upconversion nanoparticles would emit visible light that can be
used to excite photosensitizer to generate reactive oxygen
species. Modified with photosensitizers, these near-infrared to
visible upconversion nanoparticles have the potential of
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increasing the limited therapeutical depth of current PDT
techniques.>

The application of upconversion nanoparticles in photo-
dynamic therapy has shown promising prospects and attracted
much attention. Some groups have shown the potential of
photosensitizer modified upconversion nanostructure for near-
infrared photodynamic therapy.23_27 To our best knowledge,
physical encapsulation or physical adsorption was used to keep
the photosensitizer close to the upconversion nanocrystal in
previous studies. However, the methods of physical adsorption
or physical encapsulation by mesoporous silica do not exclude
the release of photosensitizer from the nanostructure durin
systemic circulation, thus leading to phototoxic side effects.'?
To the method of physical encapsulation by silica shell, the
efficiency of PDT is low because it is difficult for reactive
oxygen species to exit the silica shell for its designed purpose.””

To construct a stable and efficient photosensitized nanodrug,
O-carboxymethylated chitosan (OCMC) and chemical covalent
linkage were used to modify biofunctional molecules on to
upconversion nanoparticles. The choice of O-carboxymethy-
lated chitosan as coating polymer is based on its nontoxicity,
biocompatibility, water-solubility and availability for further
modification of functional groups.”®~*' The chitosan coated
nanoplatform OCMC-UCNP was then comodified with
targeting peptide c¢(RGDyK) and photosensitizer pyropheo-
phorbide a (Ppa) to construct the nanoparticle UCNP-Ppa-
RGD. Pyropheophorbide a was chosen as photosensitizer
because it has an absorption maximum with high extinction
coefficient (€445,m = 4 X 10 M™' cm™) at 668 nm which
significantly overlaps with the red emission peak of NaYF,
nanocrystal. In addition, it has a free carboxylic group for
further modification.®” Our objective is to build a highly stable
and efficient photosensitizer modified upconversion nanostruc-
ture for targeted near-infrared photodynamic therapy of cancer
cells.

B EXPERIMENTAL SECTION

Materials. O-Carboxymethyl chitosan (M, 200,000,
deacetylation degree >60%, substitution degree >60%) was
purchased from Aoxing Biochemistry Co. Ltd. (Zhejiang,
China). Pyropheophorbide a (Ppa) was purchased from J&K
Scientific Ltd. Cyclic Arg-Gly-Asp-(D)-Tyr-Lys c(RGDyK) was
parchased from GL Biochem Ltd. (Shanghai, China). CCKS$
was parchased from Dojindo Laboratories (Kumamoto, Japan).
Fluoresceinyl cypridina luciferin analogue (FCLA) was
purchased from Tokyo Kasei Kogyo Co. (Tokyo, Japan).
CM-H,DCFDA, S-aminofluorescein, N-hydroxysulfosuccini-
mide (NHS), 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDC), di-tert-butyl dicarbonate (Boc,0) and
trifluoroacetic acid were purchased from Sigma-Aldrich Co. All
chemicals mentioned above were of analytical grade and used
without further purification. Deionized water was used
throughout.

Polyethylenimine (PEI)-capped NaYF,:Yb/Er upconversion
nanoparticle (PEI-UCNP) was kindly supplied by the Prof.
Xianggui Kong research group. It was prepared by solvothermal
methods.>

Synthesis of Upconversion Nanoplatform OCMC-
UCNP. The upconversion nanoplatform OCMC-UCNP was
synthesized by wrapping PEI-UCNP nanoparticle with a layer
of O-carboxymethyl chitosan. This wrapping process contains
two steps. In the first step, amino group of chitosan was
protected using boc anhydride and carboxyl group of chitosan
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was activated using EDC/NHS. In the second step, PEI-UCNP
nanoparticle was wrapped by chitosan utilizing the condensa-
tion reaction between the activated carboxyl groups of chitosan
and the amino groups of polyethylenimine.

Step 1. O-Carboxymethyl chitosan (10 mg) was dissolved in
water (10 mL), di-tert-butyl dicarbonate (7.8 mg) was added as
a solution in para-dioxane, and the mixture was stirred at room
temperature overnight. The reaction mixture was gradually
poured into a vigorously stirred solution of ethanol (200 mL).
White precipitate was collected by filtration and dried under
vacuum. The precipitate was dissolved again in water (10 mL)
and activated by EDC/NHS for 2 h (molar ratio,
chitosan:EDC:NHS = 1:1:2.5).

Step 2. Nanoparticle PEI-UCNP (10 mg) was added into
the final solution of step 1, and the mixture was vortexed for 4
h. The chitosan wrapped nanoparticle OCMC-UCNP was
obtained by centrifugation at 10,000 rpm for 10 min and
washed three times with deionized water.

Synthesis of UCNP-Ppa-RGD Nanoparticle. UCNP-Ppa-
RGD was synthesized in two steps, including the modification
of nanoplatform OCMC-UCNP first with c¢(RGDyK), then
pyropheophorbide a.

Step 1. ¢(RGDyK) (1.25 mg) was dissolved in Na,CO,
buffer solution (pH 8.0, 2 mL). OCMC-UCNP (5 mg) was
added into the solution and vortexed at room temperature for 4
h. The c(RGDyK) modified nanoparticle was isolated by
centrifugation and washed as described above.

Step 2. The t-Boc-NH group of chitosan was deprotected by
dissolving the c(RGDyK) modified nanoparticle in 95%
trifluoroacetic acid (2 mL) and stirring gently at room
temperature for 2 h. After centrifugation, the precipitation
was added into pyropheophorbide a solvent (2 mM, 2 mL),
where the photosensitizer had been activated by EDC/NHS for
2 h (molar ratio, Ppa:EDC:NHS = 1:1:2.5). The mixture was
stirred for 4 h, and the final product UCNP-RGD-Ppa was
isolated by centrifugation and washed as described above.

Characterization. To further examine the morphology and
size of the nanoparticles, a JEM-100CXII transmission electron
microscope (TEM) with parameters of 100 kV voltage and 70
PA current was used. Samples were prepared by placing a drop
of dilute dispersions in water on the surface of copper grids.
Fourier transform infrared (FT-IR) spectra were recorded with
KBr pellets on a Bio-Rad FTS 6000 spectrometer (Bio-Rad
Company, Hercules, CA, USA) at room temperature. The
absorption spectra of pyropheophorbide a, OCMC-UCNP and
UCNP-RGD-Ppa in water were obtained using a UV/vis
spectrometer (Lambda 3S, Perkin-Elmer, USA). Fluorescence
spectra were obtained using LS-55 fluorescence spectropho-
tometer (Perkin-Elmer, USA) with an excitation of 414 nm.
The upconversion fluorescence spectra of OCMC-UCNP was
recorded by using a 150 mW/cm* continuous-wave (CW) 980
nm diode laser as the excitation source. To examine the stability
of UCNP-RGD-Ppa, the nanoparticle was soaked in water
solution with different pH conditions (pH = S, 7.4 and 8).
Twenty-four hours later, they were centrifugated (10,000 rpm,
10 min) and the supernatants were collected. Fluorescence
spectra of the supernatants were measured compared with that
of free pyropheophorbide a solution.

Cell Culture. U87-MG human glioblastoma cancer cells
(high integrin a,f; expression) and MCF-7 human breast
cancer cells (low integrin a,f}; expression) were cultured in
Eagle’s minimal essential medium (EMEM) and Dulbecco’s
modified Eagle’s medium (DMEM), respectively. The media
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Figure 1. An illustration of the procedures of producing the UCNP-Ppa-RGD nanoparticle.

were supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin in 5% CO, at 37 °C in a humidified
incubator.

Photodynamic Therapy Chemiluminescence of UCNP-
RGD-Ppa Mediated by Fluoresceinyl Cypridina Luciferin
Analogue (FCLA) in Solution. The basic photodynamic
therapy chemiluminescence measurement system is based on
measurement of chemiluminescence from fluoresceinyl cypri-
dina luciferin analogue when activated by PDT-generated
reactive oxygen species.34’35 The experiments were carried out
with three parallel groups: (1) 1 yM Ppa and 1 yM FCLA in
PBS; (2) 100 pug/mL UCNP-Ppa-RGD (~1 uM pyropheo-
phorbide a) and 1 uM FCLA in PBS; (3) 1 uM FCLA in PBS
(control). The total volume of solvent in each group was 1 mL.
The prepared samples were transferred to 1 mL glass cuvettes
and irradiated with laser (635 nm, 20 mW/cm?). Chem-
iluminescence signals were collected before and immediately
after the laser irradiation.

Targeting Specialty of UCNP-Ppa-RGD to Cancer
Cells. To study the integrin targeting specialty of UCNP-
Ppa-RGD, both U87-MG and MCEF-7 tumor cells were
incubated in a serum-free medium containing 100 ug/mL
UCNP-Ppa-RGD or 100 pg/mL UCNP-Ppa nanostructures for
30 min and then rinsed with PBS and replaced with fresh cell
medium. To further validate that UCNP-Ppa-RGD was
internalized into cells mainly through the receptor-mediated
endocytosis pathway, preblocking experiments were designed
with U87-MG cells’ incubation with 2 uM free c(RGDyK) for
30 min before their incubation with UCNP-Ppa-RGD. The
cells were imaged by a commercial laser scanning microscope
(LSM 510/ConfoCor 2) combination system (Zeiss, Jena,
Germany) equipped with a Plan-Neofluar 40x/1.3 NA Oil DIC
objective. Pyropheophorbide a was excited at 633 nm, and its
fluorescence emission was recorded through a LP650 nm filter.

Intracellular Reactive Oxygen Species Detection. The
production of intracellular reactive oxygen species was
measured using nonfluorescent compound CM-H,DCFDA.
U87-MG cells were preloaded with 100 pg/mL UCNP-Ppa-
RGD and treated with 5 uM CM-H,DCFDA for 30 min in
darkness. Then the cells were irradiated by 980 nm laser (0.5
W/cm?) for different doses of 0, 150, and 300 J/cm?
respectively. Production of reactive oxygen species was
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visualized by confocal microscope. DCF was excited at 488
nm with an Ar ion laser, and the fluorescence emission was
recorded through a 500—550 nm infrared band-pass filter. To
quantitatively assess the fluorescence intensity, U87-MG tumor
cells were incubated with 100 ug/mL UCNP-Ppa-RGD
solution in a 12-well microplate. After similar treatments as
mentioned above, cells were washed and resuspended in ice-
cold PBS. The fluorescence histograms of cells in different
treatments were obtained from 10,000 cells by flow cytometry
(Becton Dickinson FACScan).

Selective Photodynamic Therapy of Cancer Cells with
UCNP-Ppa-RGD upon Near-Infrared Irradiation. For cell
phototherapy studies, U87-MG cells and MCF-7 cells (1 X 10*
per well) growing in 35 mm Petri dishes were incubated with
UCNP-Ppa or UCNP-Ppa-RGD nanoparticle solution for 30
min. Both solutions were at a concentration of 100 pg/mL.
They were then rinsed with PBS and exposed to a 980 nm laser
at a fluence of 0.5 W/cm? for S min. After being cultured for
another 2 h, cancer cells under different treatments were
observed using optical microscope.

For CCK8 assay, U87-MG and MCEF-7 cancer cells were
collected and diluted to a cell density of 1 X 10° /mL in
complete medium, and then seeded into 96-well plates (100
mL/well). After being cultured for 24 h, UCNP-Ppa-RGD with
different concentrations of 0, 50, 100, 200 ug/mL were added
and the cells were incubated for another 24 h at 37 °C. Then
the cells were washed to remove the unbound nanoparticle and
exposed to 980 nm laser with an output power of 0.5 W/cm?
for different doses of 0, 75, 150, 225, 300 J/cm? After
incubation at 37 °C for 48 h, cell cytotoxicity was assessed with
CCKS8. OD450, the absorbance value at 450 nm, was read with
a 96-well plate reader (INFINITE M200, Tecan, Switzerland),
to determine the cell viability. The cell viability was calculated
as follows: cell viability (% of control) = ODTre/ODCon X
100% (where ODTre is the absorbance value of treated cells;
ODCon is the absorbance value of untreated cells which were
exposed to 980 nm laser without treatment with UCNP-Ppa-
RGD).

B RESULTS

Characteristics of Chitosan-Wrapped Upconversion
Nanoplatform OCMC-UCNP. In this work, a photosensitizer

dx.doi.org/10.1021/mp200590y | Mol. Pharmaceutics 2012, 9, 1580—1589
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TEM images showed that both OCMC-UCNP and PEI-UCNP nanoparticles were spherical, water dispersible. The average diameters of the

nanoparticles before and after chitosan wrapping were measured to be about 50 and 53 nm, respectively. The result of FTIR spectra demonstrated
that the nanoparticle PEI-UCNP was successfully wrapped by O-carboxymethyl chitosan.
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pyropheophorbide a and RGD peptide c(RGDyK) comodified
chitosan-wrapped upconversion nanoparticle UCNP-Ppa-RGD
was synthesized. Figure 1 shows the procedures of producing
the UCNP-Ppa-RGD nanoparticle. First, polyethylenimine-
capped NaYF, nanocrystal was wrapped by O-carboxymethyl
chitosan to develop an upconversion nanoplatform OCMC-
UCNP. The nanoplatform was further comodified with
c(RGDyK) and pyropheophorbide a to construct the UCNP-
Ppa-RGD nanoparticle. O-Carboxymethyl chitosan has abun-
dant amino groups and carboxyl groups. The carboxyl groups
were used to link with the amino groups of polyethylenimine
polymer and targeting peptide, while its amino groups were
used to link with the carboxyl groups of photosensitizers.

The absorption spectrum of nanoparticle PEI-UCNP in
water was obtained using a UV /vis spectrometer. No
characteristic absorption peaks were observed on the
absorption spectrum of nanoparticle PEI-UCNP (Figure S1
in the Supporting Information). The Yb ions have a large
absorption cross-section around 980 nm and can transfer their
energy nonradiatively to the *I;;,, erbium level. Thus 980 nm
was chosen as the excited wavelength.

The morphology and size of nanoparticle PEI-UCNP and
OCMC-UCNP were studied by transmission electron micro-
scope (Figure 2A). Both were spherical and water-dispersible.
The average diameters of the nanoparticles before and after
chitosan wrapping were measured to be about 50 and 53 nm,
respectively. Thus the thickness of the wrapping O-carbox-
ymethyl chitosan is approximately 3 nm. FT-IR spectra of PEI-
UCNP, OCMC and OCMC-UCNP were measured to
demonstrate that chitosan was successfully wrapped upon
nanoparticle PEI-UCNP (Figure 2B). Pure O-carboxymethyl
chitosan shows three strong peaks at 1598, 1417, and 1094
cm™" (Figure 2B(c)), corresponding to the bending vibration of
N—H group, symmetrical stretching vibrations of COO— group
and bending vibration of C—O group, respectively. Two peaks
on the spectra of PEL-UCNP at 1633 and 1444 cm™' were
assigned to the vibrations of NH, group of polyethylenimine
(Figure 2B(a)), which is consistent with the report of Wang.36
On the characteristic FT-IR spectrum of OCMC-UCNP, two
peaks appear at 1635 and 1094 cm™" (Figure 2B(b)), ascribed
to the —CONH amide band and the C—O bend of O-
carboxymethyl chitosan, respectively. These results indicate that
the nanoparticle PEI-'UCNP was successfully wrapped by
chitosan through forming the amide linkages between the
amino groups of polyethylenimine and the carboxyl groups of
chitosan.

Characteristics of UCNP-RGD-Ppa Nanoparticle. The
stability of UCNP-RGD-Ppa nanoparticle under different pH
conditions was measured. UCNP-RGD-Ppa was soaked in
water with different pH of 5, 7.4 and 8, respectively. Twenty-
four hours later, the nanoparticle still showed good
dispersibility in different pH conditions. After centrifugation,
green precipitate and nearly colorless supernatant were
observed in all UCNP-RGD-Ppa samples with different pH,
while no precipitate or color change was noted in free
pyropheophorbide a sample (Figure 34, the results only show
the UCNP-RGD-Ppa samples at pH 7.4). Fluorescence spectra
(Figure 3B) also showed that there was no free pyropheo-
phorbide a detected in the supernatants of the nanoparticle
samples with different pH. All of these results demonstrate a
high stablility of UCNP-RGD-Ppa.

Upconversion fluorescence spectra of OCMC-UCNP and
absorption spectra of photosensitizer were measured. The
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absorption maximum of pyropheophorbide a at 668 nm
overlaps significantly with the red emission peak of the
NaYF, nanocrystal (Figure 3C). The result suggests an efficient
energy transfer between the NaYF, nanocrystal and the
modified photosensitizer.

To check whether the spectroscopic property of photo-
sensitizer had changed after the covalent modification, the
absorption and fluorescence spectra of pyropheophorbide a,
OCMC-UCNP and UCNP-Ppa-RGD were measured. The
absorption spectra (Figure 3D) show UCNP-Ppa-RGD nano-
particle has the same characteristic absorption peaks as
pyropheophorbide a does. This indicates that photosensitizer
has been successfully conjugated to the nanoplatform without
change in its chromophore. Since there are plenty of chemical
active groups outside OCMC-UCNP, this nanoplatform has
great potential in carrying biofunctional molecules. The loading
ability of pyropheophorbide a and c(RGDyK) was measured by
the absorbance method, and it was calculated to be 527:2.8:1
upconversion nanoparticle:pyropheophorbide a:c(RGDyK) by
weight basis (Figure S2 in the Supporting Information).

By controlling both free pyropheophorbide a and UCNP-
Ppa-RGD solvents with equal pyropheophorbide a concen-
tration (1 M), UCNP-Ppa-RGD exhibits the same fluo-
rescence spectral peak at 678 nm as free pyropheophorbide a
does (Figure 3E). However, the fluorescence emission intensity
of UCNP-Ppa-RGD is obviously stronger than that of free
pyropheophorbide a, probably due to the concentration
quenching derived from self-aggregation of pure pyropheo-
phorbide a molecules.

Aggregation of the photosensitizer chromophores can
decrease both fluorescence intensity and singlet oxygen
generation. To check wheather the photosensitizer retained
its original functional property, the efficiency of reactive oxygen
species generation of both UCNP-Ppa-RGD and free
pyropheophorbide a samples was evaluated by fluoresceinyl
cypridina luciferin analogue chemiluminescence. The mecha-
nism for photodynamic therapy involves singlet oxygen ('O,)
generated by energy transfer from photosensitizers. 'O, can
react with fluoresceinyl cypridina luciferin analogue, which is a
cypridina luciferin analogue and a specific chemiluminescence
probe for detecting 'O,. The reaction of the probe and 'O, can
give emission with peak wavelength at about 532 nm, which can
be detected by a highly sensitive intensified charge-coupled
device detector.®**> The results (Figure 3F) show the
cumulative chemiluminescence of free pyropheophorbide a
and UCNP-Ppa-RGD samples. In the result, the cumulative
chemiluminescence generated by free pyropheophorbide a is
significantly lower than that by UCNP-Ppa-RGD. The decrease
in the singlet oxygen generation efficiency is correlated with the
decrease in the fluorescence yield because of the low solubility
of the photosensitizers and corresponding aggregation effects.

Targeting Specificity of UCNP-Ppa-RGD in Vitro
Tumor Cells. Integrin a,f; plays a pivotal role in tumor
angiogenesis and is a receptor for the extracellular matrix
proteins with the exposed RGD tripeptide sequence. To
demonstrate the a,f; integrin specificity of the nanoparticle,
two different cell lines, U87-MG cells and MCF-7 cells, were
used. The results show a strong red fluorescence in U87-MG
cells incubated with UCNP-Ppa-RGD, and a low fluorescence
both in MCEF-7 cells and U87-MG cells incubated with UCNP-
Ppa (Figure 4). These results demonstrate that the cyclic
pentapeptide c(RGDyK) can selectively bind to a,f; integrin

dx.doi.org/10.1021/mp200590y | Mol. Pharmaceutics 2012, 9, 1580—1589
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Figure 4. Confocal luminescence images of integrin positive cells
(U87-MG) and integrin negative cells (MCF-7) after incubation in a
solution of UCNP-RGD-Ppa or UCNP-Ppa under different treat-
ments, 4., = 488 nm. Bar scale: 10 ym.

with high affinity, thus improving the targeting specificity of
UCNP-Ppa-RGD to integrin a,fB;-rich tumor cells.

To further validate that UCNP-Ppa-RGD was internalized
into cells mainly through the receptor-mediated endocytosis
pathway, a preblocking experiment was conducted by
incubating U87-MG cells with excess free ¢(RGDyK) for 30
min before their incubation with UCNP-Ppa-RGD. As a result,
significantly lower fluorescence was detected in the c((RGDyK)-
treated group than that in the untreated group. This suggests
that free RGD peptides blocked the binding of UCNP-Ppa-

RGD nanoprobe with a,f; integrins overexpressed in tumor

cells, accordingly confirming receptor-mediated endocytosis of
the nanoparticle to tumor cells.

Dark Toxicity and Phototoxicity of UCNP-Ppa-RGD in
Vitro. To demonstrate the biocompatibility of the nanoparticle,
we examined the dark cytotoxicity of UCNP-Ppa-RGD on the
U87-MG cells using CCK8 assay. U87-MG cells were
incubated for 48 h with the UCNP-Ppa-RGD nanoparticle
whose concentration ranged from 25 to 400 pg/mL. The result
(Figure 6A) shows the cell viability is still beyond 85% even at
400 pg/mL dose of UCNP-Ppa-RGD, indicating a low dark
cytotoxicity of the nanoparticle.

We evaluated the potential of reactive oxygen species
generation caused by UCNP-Ppa-RGD upon 980 nm
irradiation in vitro. Photosensitized U87-MG cells were labeled
with DCFH-DA for 30 min and imaged after irradiation at 0,
150, 300 J/cm? respectively. The group without irradiation
served as control and showed very weak fluorescence, while the
other two groups showed an significantly increased fluores-
cence in cytoplasm where the nanoparticle accumulated (Figure
SA), indicating an intracellular reactive oxygen species
generation mediated by UCNP-Ppa-RGD. Such increase was
further demonstrated by fluorescence histograms obtained by
flow cytometry (Figure SB). This irradiation dose-dependent
cytotoxicity suggests that the UCNP-Ppa-RGD nanoparticle is
a promising candidate for near-infrared photodynamic therapy.

Selective Killing of Cancer Cell with UCNP-Ppa-RGD.
Following the PDT treatment, U87-MG and MCEF-7 cells were
observed using an optical microscope (Figure 6B). Extensive
cell death was observed only in U87-MG cells incubated with
UCNP-Ppa-RGD, evidenced by drastic cell morphology change
(Figure 6B, right column). The cells incubated with UCNP-Ppa
showed no significant cell death (Figure 6B, middle column).
As control, untreated cells that received light exposure alone
remained intact (Figure 6B, left column).

A

UCNP-Ppa-RGD without light

100

UCNP-Ppa-RGD + 150 J/cm?

UCNP-Ppa-RGD + 300 J/cm?

control

UCNP-Ppa-RCGD without light
s UCNP-Ppa-RGD + 150 J/em?
— UCNP-Ppa-RGD + 300 J/em?
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Figure 5. (A) Qualitative characterization of reactive oxygen species generation by DCFH-DA staining using confocal microscopy. (B) Quantitative
characterization of reactive oxygen species generation by DCFH-DA staining using flow cytometry. U87-MG cells were incubated with 100 pg/mL
UCNP-Ppa-RGD and S yM of DCFH-DA, and treated with 980 nm laser for different doses of irradiation.
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Figure 6. (A) Viability of U87-MG cells after being grown with different concentrations of UCNP-Ppa-RGD for 48 h in the dark. The cell viability
still was beyond 85% with high dose of nanoparticle at 400 pg/mL. (B) Optical images of U87-MG and MCF-7 cancer cells under different
treatments. Extensive cell death was observed only under laser irradiation after tumor cells” incubation with targeting UCNP-Ppa-RGD. (C)
Quantification of PDT effect on cancer cell killing under different treatments. Only targeted cancer cells showed an apparent decrease of viability
upon irradiation. (D) PDT efficacy vs different concentrations of UCNP-Ppa-RGD and doses of irradiation with 980 nm laser. The control
experiment was cells without UCNP-Ppa-RGD under the same radiation dosage. Bars, means + SD (n = 6).

Under the same experiment conditions, the viability of cells
was determined by CCKS. After irradiation, the viability of
MCE-7 cells treated by the UCNP-Ppa-RGD nanoparticle
showed a negative result, while the viability of U87-MG cancer
cells decreased by 30—50% (Figure 6C). Both cells incubated
with UCNP-Ppa showed a slight viability decrease of about 8%.
No decrease of cell viability was observed when cells were
treated by laser irradiation or UCNP-Ppa-RGD nanoparticle
alone. These results accord with what was observed under the
optical microscope.

To further demonstrate the potential of UCNP-Ppa-RGD in
near-infrared photodynamic therapy, U87-MG cells were
treated with different concentrations of UCNP-Ppa-RGD
together with different doses of photoirradiation. The viability
of cells was measured by CCKS8 assay (Figure 6D). UCNP-Ppa-
RGD with concentrations less than 200 pg/mL exhibited low
cytotoxicity before photoirradition, and the phototoxic effect of
UCNP-Ppa-RGD was proportional to the concentration of
nanoparticle and the dose of photoirradition. The optimal
PDT-induced cell death could be achieved while the UCNP-
Ppa-RGD concentration was higher than 100 yg/mL and the
photoirradiation energy was larger than 225 J/cm®

B DISCUSSION

For upconversion nanoparticle, stability, monodispersity,
biocompatibility and being rich in chemical functional groups
are requisite to meet the demand of its bioapplication. Many
researchers have focused on the surface chemistry and
functional design of upconversion nanoparticles. Several
methods such as liggand exchange,” polymer encapsulation®®
and silica coating® were used to convert the hydrophobic
nanocrystals into hydrophilic ones. Although these methods
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improved their water solubility, there is still great need to
render them with higher biocompatibility and diversity of
modification. O-Carboxymethylated chitosan is a derivative of
chitosan where the H of hydroxyl group of monomer is
replaced by a carboxymethyl group through an ether bond.** It
is an ideal polymer in biological applications because it is
hydrophilic, biocompatible, nonantigenic and biofunction-
al?*7*! Its amino and carboxyl groups afford the convenience
for diverse modification. There is an electrostatic interaction
between the positively charged chitosan and the negatively
charged cell membrane.*' In the tumor site, the electrostatic
interaction will be enhanced since the acidic microenvironment
might increase the positive charges on the surface of chitosan,
thereby achieving an effect of tumor-specific accumulation of
OCMC-UCNP.*"** When conjugated with targeting or
therapeutic or imaging agents, this nanoplatform could become
a targeted multifunctional probe for cancer diagnosis or
treatment.

Most photosensitizers are poorly water-soluble and aggregate
easily under physiological conditions. This aggregation will
decrease their quantum yields due to self-quenching, thus
affecting their spectroscopic and functional properties.*’ For
delivery of these drugs, special formulations are required to
make them well dispersed into aqueous systems, often by
means of nanoparticle-based delivery vehicles."'™" In this
work, pyropheophorbide a was modified on to OCMC-UCNP
nanoplatform for near-infrared PDT. The fluorescence intensity
and singlet oxygen generation produced by free pyropheo-
phorbide a are significantly lower than those produced by
UCNP-Ppa-RGD at the same pyropheophorbide a concen-
tration (Figure 3E and 3F). These results indicate that the
tested nanoplatform can weaken the concentration dependent
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self-aggregation of photosensitizer. The reason is probably that
the water solubility of nanoplatform together with the uniform
distribution of photosensitizer upon the nanoplatform
improved the water dispersibility of pyropheophorbide a.

Stable and targeted drug delivery is a main requirement for
PDT. It can increase the concentration of photosensitizer in the
site of disease, thus improving efficacy of PDT and reducing
side effects.'”'®"” To construct a highly stable UCNP-
photosensitizer formulation, photosensitizer pyropheophorbide
a was modified on to upconversion nanoplatform through
covalent linkage. The obtained UCNP-Ppa-RGD nanoparticle
exhibits good dispersibility and stability in water solution with
different pH conditions (Figure 3A,B). This modified
pyropheophorbide a molecule retains its original spectroscopic
and functional properties, indicating there is no change in the
chromophore.

Integrin a,f;, an important biomarker overexpressed in
sprouting tumor vessels and most tumor cells, but not in
quiescent endothelium and normal tissues, plays a critical role
in tumor angiogenesis and metastasis.** c((RGDyK) peptide can
selectively bind to the a,f; integrin with high affinity, and has
been widely used for tumor cell targeting.***® Here, it was
selected as the targeting molecule for targeted near-infrared
PDT. Our results exhibit that c((RGDyK) markedly enhances
the tumor targeting specificity of the upconversion nanoparticle
(Figure 4). The prepared UCNP-Ppa-RGD nanoparticle can
specifically target and destroy integrin a,f; positive tumor cells
under near-infrared laser irradiation (Figure 6).

Strong targeting specificity of UCNP-Ppa-RGD is likely due
to the joint efforts of an active targeting based on c(RGDyK), a
passive targeting based on EPR effects and the electrostatic
interaction between chitosan and tumor cell membrane. This
electrostatic interaction is helpful to get the nanoparticle to
approach the tumor cell membrane and facilitate the binding
between RGD peptide and the «,f; integrin on the surface of
the tumor cell. Upon systemic administration, the targeting
UCNP-Ppa-RGD nanoparticle could bind with the a3,
integrin on the surface of melanoma cells and inner walls of
tumor vessels, and enter into cytoplasm via receptor-mediated
endocytosis pathway.*® Upon near-infrared laser irradiation,
UCNP-Ppa-RGD could generate reactive oxygen species,
causing direct tumor cytotoxicity and vascular damage.*’ This
renders UCNP-Ppa-RGD a great potential for melanoma
targeting and selective photodynamic therapy.

There is an efficient energy transfer between the
upconversion nanocrystal and the modified photosensitizer
because the absorption maximum of pyropheophorbide a
overlaps with the red emission peak of the NaYF, nanocrystal
(Figure 3C). The modified pyropheophorbide a molecule
retains its original spectroscopic and functional properties and
is not easy to get self-aggregated. Also, it is important to note
that the loading ability of pyropheophorbide a in our study
(~0.5% (w/w)) is higher than that by physical encapsulation
utilizing mesoporous silica (0.1% (w/w)).*” Because of these
properties, the UCNP-Ppa-RGD nanoparticle is expected to be
efficient in single oxygen generation upon 980 nm laser
irradiation. This supposition is confirmed by the experimental
results (Figure S). The nanodrug shows a phototoxic effect
which is proportional to its concentration and the dose of
photoirradition. And it is also demonstrated to be effective in
destroying tumor cell upon near-infrared laser irradiation

(Figure 6).
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In vivo toxicity of upconversion nanoparticle has been
studied by Xiong et al.*® and Chatterjee et al.*’ The results
indicated that mice intravenously injected with 15 mg/kg
upconversion nanoparticles survived for 115 days without any
evident (observational, histological, hematological and bio-
chemical) toxic effects.*” After intravenous injection, the
nanoparticles had a rapid accumulation in lungs and spleen,
with the highest concentration in the spleen, by about 24 h
postinjection. Then the concentration reduced in the liver and
spleen, and almost no upconversion luminescence signal was
detected in the liver and spleen at 14 days postinjection.
However, the presence of upconversion luminescence signals in
the intestinal tract indicates a clearance of upconversion
nanoparticles via hepatobiliary transport.***’

One of the main advantages for upconversion nanoparticle
based PDT is that it has a deep therapeutical depth. In vivo
demonstration of the therapeutical depth, therapeutical efficacy
and targeting specificity of UCNP-Ppa-RGD is ongoing
research. A “see and treat” approach could be used in vivo by
utilizing the UCNP-Ppa-RGD nanoparticle as a single agent for
both imaging and therapy.

Bl CONCLUSION

We have reported a highly stable and efficient nanoparticle
UCNP-Ppa-RGD for targeted near-infrared phtotodynamic
therapy. Upconversion nanocrystal NaYF,:Yb/Er was wrapped
by O-carboxymethylated chitosan and comodified by pyro-
pheophorbide a (Ppa) and RGD peptide c(RGDyK) to afford
the final nanoparticle UCNP-Ppa-RGD. The nanoparticle has
improved water solubility, stability, biocompatibility and
resistance to photosensitizers’ self-aggregation during delivery.
It can specifically target integrin a,f3; positive tumor cells and
destroy them efficiently under near-infrared laser irradiation.
This novel UCNP-Ppa-RGD nanostructure shows great
potential for targeted near-infrared photodynamic therapy.
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