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Generation of Singlet Oxygen by Persistent Luminescent
Nanoparticle-Photosensitizer Conjugates: A Proof of
Principle for Photodynamic Therapy without Light

Tugba Ozdemir",” Yu-Chen Lu*,” Safacan Kolemen,® Esra Tanriverdi-Ecik,’” and

Engin U. Akkaya*™ 9

The broader application of photodynamic therapy as a treat-
ment procedure for cancer is hampered by the limited pene-
tration of light through mammalian tissues. Since the photo-
sensitized generation of cytotoxic singlet oxygen requires ef-
fective excitation of the tumor-localized photosensitizer, pho-
todynamic action can only be guaranteed for the first few milli-
meters of the irradiated tissues. In this work, we demonstrated
that the phenomenon of persistent luminescence, that is, de-
layed emission from certain metal-ion excited states (with crys-
tal defects acting as energy traps), can provide an alternative
excitation possibility. Thus, persistent luminescent nanoparti-
cles functionalized by FRET-matching Bodipy sensitizers
(FRET =Forster resonance energy transfer) were excited in situ
before administration into a cell culture or an organism. It was
found that this system continues to produce singlet oxygen re-
gardless of their location and without any need for continuous
photonic excitation.

Photodynamic therapy (PDT) of cancer, which is based on the
photosensitized generation of singlet oxygen in tumor tissues,
has attracting renewed interest in recent years."™ Unlike the
previous decades, most of this recent work is focused on the
selective activation of photosensitizers and the precise delivery
of the cytotoxic agent, singlet oxygen, rather than the synthe-
sis of newer photosensitizers.”'*! However, there are a few lin-
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gering problems associated with PDT which hinder its develop-
ment into a broadly applicable therapeutic procedure.*®
One of these problems is the issue of light penetration
through tissues."” Although the term “therapeutic window”
implies that light with a wavelength in the 1=650-800 nm
range is more penetrating inside mammalian tissues, a closer
inspection reveals that even at these optimal wavelengths, ef-
fective penetration is limited to a few millimeters."® This
would limit the applicability to superficial lesions.

We surmised that materials with a long afterglow may offer
a solution, eliminating altogether the need for external excita-
tion. Naturally, most appropriate materials for this purpose
would be persistent luminescent nanoparticles (PLNP). There
has been considerable progress in the design of such materi-
als." 2% Some of these systems have even been proposed as
in vivo imaging agents.”>>% Persistence luminescence is an in-
teresting phenomenon resulting from the embedding of metal
ions in certain inorganic matrices with particular energy-trap
states, which can relax by thermal equilibration or photonic
emission with emissive states of other ions present in the
same matrix.?*3* Compared to bulk persistent luminescent
materials, nanoparticles are less emissive as a result of the rela-
tive increase in the defect structures.”® Nevertheless, efficient
energy transfer to dyes on PLNPs have been amply document-
ed.[32'34]

Our proposed design concept is shown schematically in
Figure 1. Thus, excitation of the photosensitizer-functionalized
PLNPs can be done outside of the biological medium (in vivo
or in vitro), and then transferred to the location of the tumor.
As result of the long afterglow, or in this case, delayed energy
transfer, the energy of the excited ionic species in the PLNPs
will be transferred to the photosensitizer (PS) in the dark, and
most likely, even minutes after the UV irradiation has stopped.
Generation of singlet oxygen inside the tumor would lead to
apoptosis and cell death, as it takes place in regular PDT.?%3
The great advantage here would be the fact that once the (1)-
PLNP conjugate is activated by irradiation, it will be capable of
producing singlet oxygen regardless of the depth of the
tumor.

The zinc-germanogallate-based PLNP sample used in this
study was previously characterized and reported,”” with the
preparation procedure involving a citrate sol-gel method fol-
lowed by calcination. The intensity and the persistence of the
PLNP emission were improved by co-doping with Pr**/Cr’*.
The PLNPs had a composition of Zn,-sGa; ¢sG€;0005:Croor,Proos
based on X-ray fluorescence spectrometry. The average size of
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Figure 1. Ex situ “charging” of the PLNP by UV irradiation, followed by
energy-transfer excitation of the tethered photosensitizers (PS), leads to sin-
glet oxygen generation in situ long after the excitation source is turned off
and PLNPs have been transferred to a different locale (cell culture or

a tumor model).

the NPs were approximately 50 nm based on TEM, with hydro-
dynamic diameter of 70 nm calculated on the basis of dynamic
light scattering (DLS) data. The luminescence band maximum
of the nanoparticles occurred at A =695 nm. The PLNPs were
then coated by the reaction of 3-aminopropyltriethoxysilane
(APTES) with the surface hydroxy groups on the PLNPs.

In order to experimentally investigate the premise of this
work, we targeted compound 1 as the photosensitizer
(Figure 2). Here, to ensure an efficient energy-transfer from
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Figure 2. The structure and synthesis of the (1)-PLNP conjugate.

PLNP to compound 1, a long-wavelength-absorbing Bodipy
dye (distyryl-Bodipy)®" that has significant spectral overlap
with the PLNP emission was selected. Heavy atoms (iodines)
were placed on the Bodipy chromophore to facilitate intersys-
tem crossing to the triplet manifold for an efficient singlet
oxygen generation.”**¥ A meso-substituent was chosen for po-
tential further derivatization. The 3-position of the Bodipy core
carries an aliphatic carboxylic acid function, placed for straight-
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forward conjugation to amine-modified PLNPs. Compound
1 was synthesized in nine steps from commercially available
materials (detailed procedures and the synthetic scheme are
available in the Supporting Information). The coupling reaction
of the carboxylic acid functionalized photosensitizer 1 to the
amino-ligated PLNP was carried out in DMF using BOP as a re-
agent  (BOP=benzotriazol-1-yloxy)tris-(dimethylamino)-phos-
phonium hexafluorophosphate). The (1)-PLNP conjugated
nanoparticles were purified by centrifugation and washing.

The singlet-oxygen generation capacity of the (1)-PLNP con-
jugates was first investigated by looking for singlet-oxygen
phosphorescence at A=1270 nm following UV excitation of
the nanoparticles. The data unequivocally shows that bare
PLNPs do not generate singlet oxygen, whereas the (1)-PLNP
conjugate show the characteristic phosphorescence band (see
the Supporting Information). Further experiments with the se-
lective singlet-oxygen trap compound 2'-(anthracene-9,10-diyl-
bis(methylene))dimalonic (ADMDA) in aqueous solutions
(Figure 3) also corroborate the activity of the (1)-PLNP conju-
gate for singlet-oxygen generation.
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Figure 3. Relative singlet-oxygen efficiency of just the trap (red circles), PLNP
alone (blue triangles) and the (1)-PLNP conjugate (black squares) in aqueous
solutions. The efficiency was detected by the absorbance intensity decrease
of ADMDA at /=376 nm with time. During the first 20 min, the samples
were kept in the dark and for the following 60 min, the samples were irradi-
ated with 254 nm light using a UV lamp.

In order to confirm that singlet-oxygen generation continues
in darkness, we carried out the following experiment: Instead
of following absorbance changes, the 'O, generation capability
of (1)-PLNP was examined by recording the decrease in fluo-
rescence emission of the singlet-oxygen probe 1,3-diphenyl-
isobenzofuran (DPBF; Figure 4). In a typical experiment, the
solvent acetonitrile was bubbled with air for 30 min to ensure
the availability of dissolved oxygen during '0, detection. Then,
the DPBF (200 pL, 20 pum in acetonitrile) was added to the dis-
persion of pre-excited (254 nm, 6W) (1)-PLNP (2 mL,
1TmgmL™") in the dark. The fluorescence of DPBF at A=
480 nm was recorded at two minute intervals (1.,,=410 nm).
The results (Figure 4) clearly indicate that singlet oxygen pro-
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Figure 4. Persistent-luminescence-sensitized generation of '0,. The time
course of the relative fluorescence emission intensity change of DPBF moni-
toring emission at 1 =480 nm caused by the generation of 'O, in the dark
was monitored. The PLNP-compound 1 or the bare-PLNPs were pre-excited
at 254 nm for 5 min before addition of DPBF in acetonitrile. F, is the DPBF
emission intensity at t=0.
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duction continues in darkness only for the PLNP-Bodipy com-
pound 1 conjugate.

Cell culture studies were done using HepG2 cells. The cells
were incubated with PLNP (Bare PLNPs) or (1)-PLNP and sub-
jected to UV irradiation at 254 nm for 5 min (Figure 5). Without
irradiation, the cells showed no staining with fluorescein-la-
beled Annexin V (FITC-Annexin V). This indicates that there is
no apoptotic cell death under those conditions, as FITC-Annex-
inV is a specific marker of phosphatidylserine flipped to the
outer leaf of the cellular membrane during apoptosis.*¥ The
situation is not much different with PNLP and UV light expo-
sure. Only when (1)-PLNP derivative was used, significant An-
nexin V labeling and propidium iodide (PI) staining was ob-
served. Pl enters the cells only when membrane integrity is se-
verely compromised, another indication of cell death.

In order to quantify the effectiveness of the applied method-
ology, standard MTT assays were carried out. In Figure 6, the
surviving fraction of the HepG2 cells was shown as a function
of the concentration of the agent used. As expected, UV irradi-
ation and PLNPs alone result in some cell death under the ex-
perimental conditions. However, the cytotoxic effect is signifi-
cantly enhanced when (1)-PLNP conjugates were used.

Pl Merge

Figure 5. (1)-PLNP induced cell apoptosis as determined by fluorescence imaging using Annexin V-FITC/PI staining on HepG2 cells. A) HepG2 cells with Bare-
PLNP (200 pgmL ") treatment and without irradiation. B) HepG2 cells incubated with Bare-PLNP (200 ug mL™") and exposed to UV light for 5 min. C) HepG2
cells treated with (1)-PLNP (200 ug mL™") without irradiation. D) HepG2 cells incubated with (1)-PLNP (200 ugmL "), and exposed to UV light for 5 min. Scale

bar =100 um.
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Figure 6. MTT assays (performed after 24 h): Surviving fractions of HepG2
cells incubated with Bare-PLNP for 8 h, followed by UV light irradiation (5 W,
254 nm). A) HepG2 cells with Bare-PLNP treatment, without irradiation.

B) HepG2 cells incubated with Bare-PLNP, exposed to UV light for 5 min.

C) HepG2 cells treated with (1)-PLNP, without irradiation. D) HepG2 cells in-
cubated with (1)-PLNP, exposed to UV light for 5 min. Data correspond to
mean + S.D. values.

The PDT efficacy of the (1)-PLNP conjugate was investigated
using tumor-bearing mice models (adult athymic BALB/c mice).
Tumor-bearing mice were established by subcutaneous inocu-
lation of a HepG2 cell suspension (5x 10° cells per mouse) into
the flank region of 3-4-week-old male nude mice. The experi-
ment included two groups for comparison: Bare PNLP-NH,
with irradiation as the control, and Bodipy-conjugated (1)-
PLNP conjugate as the experiment group. The nanoparticles
solutions (40 uL,15 mgmL~" in PBS at pH 7.4) were irradiated
with a UV lamp for 2 min at 254 nm before they were injected
intratumorally to mice. The nanoparticles were injected into
the tumor site every 24 h for 10 days after pre-excitation under
UV light irradiation.

To evaluate the therapeutic efficacy, tumor growth was
monitored, measuring the tumor size with a digital caliper. On
day 11, a modest but statistically significant reduction in tumor
volume (15 %) was recorded.

Considering the fact that the PLNP afterglow was short, it is
not surprising that the in vivo PDT effect is modest. However,
persistence luminescence is a vibrant field, thus new and
longer afterglow nanoparticles are expected. On the other
hand, singlet-oxygen trap experiments, cell culture and MTT
experiments all validated our proposal, and as a proof of prin-
ciple, the (1)-PLNP conjugate was shown to function in accord-
ance with the design parameters. Needless to say, we expect
further work along this line to bring more persistent genera-
tors of singlet oxygen in the dark. It is also possible to block
the singlet-oxygen generation by a disulfide-tethered quench-
er, which would be cleaved under the reductive conditions of
the tumors. Thus, this proof of principle may offer a unique po-
tential for addressing a persistent problem of PDT. Our work in
that direction is in progress.

ChemPhotoChem 2017, 1, 183 -187 www.chemphotochem.org
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Note on Animal Experiments Described
herein:

Animal treatment and maintenance were performed in accordance
with the Principle of Laboratory Animal Care (NIH Publication
number 85-23, revised 1985). All animals were treated in accord-
ance with the guidelines of the Committee on Animals of Nankai
University (Tianjin, Peoples’ Republic of China). All animal proce-
dures were approved by the Nankai University Experimental
Animal Ethics Committee.
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