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Preface to “Photodynamic Therapy 2021”

Photodynamic therapy (PDT) is a light-based photochemistry process. The illumination of a
photoactivatable molecule (also called photosensitizer) with visible or near infrared light produces
reactive oxygen toxic species to destroy tumor cells. This treatment modality leads to highly targeted
actions, because reactive oxygen species are produced only where light is applied. Light is not
harmful, nor is the photoactivable molecule. Only the combination of three elements (photosensitizer,
oxygen, and light) is required to induce photo-oxidation reactions. PDT has proven to be a promising
modality in many medical applications including cutaneous condition, infectious diseases, and
various cancers at different stages. This reprint is the compilation of original articles shedding light
on the challenges and opportunities of the development of innovative solutions for photodynamic

therapy.

Serge Mordon
Editor
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Abstract: The combination of photodynamic therapy and chemotherapy is a promising strategy
to enhance cancer therapeutic efficacy and reduce drug resistance. In this study two zinc(II)
phthalocyanine-tin(IV) conjugates linked by a triethylene glycol chain were synthesized and char-
acterized. In these complexes, the zinc(Il) phthalocyanine was used as a potential photosensitizer
for PDT and the tin complex was selected as cytostatic moiety. The two dyads composed of zinc(II)
phthalocyanine and tin complexes exhibited high cytotoxicity, in absence of light stimulation, against
MCF-7 human breast cancer cells with low LCs values in the range of 0.016-0.453 uM. In addition,
these complexes showed superior cytotoxicity than their mixture of equimolar component, accompa-
nied with a higher activity towards cancer cells compared to human healthy fibroblasts. However,
under irradiation of the zinc phthalocyanine unit (at 650 nm) no photodynamic activity could be
detected, due to the most likely quenching of zinc(II) phthalocyanine singlet excited state by the
nearby tin complex according to a photoinduced electron transfer process. This study demonstrates
the potential of heterometallic anticancer chemotherapeutics composed of a zinc phthalocyanine and
tin complex, and it highlights that the development of such conjugates requires that the sensitizer
preserves its photophysical properties and in particular its singlet oxygen sensitization ability in the
conjugate in order to combine the PDT activity with the cytotoxicity of the anticancer drug.

Keywords: photodynamic therapy; chemotherapy; zinc (II) phthalocyanine; tin complex

1. Introduction

Recently, there has been considerable interest in combining photodynamic therapy
(PDT) with a chemotherapeutic anticancer agent [1-6]. The combination of different thera-
peutic approaches that acts on distinct disease pathways has shown several advantages,
such as enhanced therapeutic efficacy, reduced side effects, and drug resistance prob-
lems. There are generally three approaches to combine PDT and chemotherapy, including
consecutive administration of a photosensitizer and an anticancer drug, the use of their
covalent and noncovalent conjugates, and co-encapsulation of these agents in a polymeric
nanocarrier [7,8]. The combination of a photosensitizer with an appended anticancer
drug, cisplatin [9,10], carboplatin [11,12], doxorubicin (DOX) [13-15], and organometallic
ruthenium(Il) complexes [16,17] has been attempted, in order to evaluate the possibility
of synergistic anticancer properties between the two entities. Interesting results were
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obtained showing an enhanced anticancer efficacy at lower drug doses [18] due to the dark
chemostatic effect of the drug amplified by the PDT effect generated upon light excitation
of the photosensitizer.

Tin organometallic derivatives are important classes of organometallic drugs, as they
exhibit a wide spectrum of biological effects and have been widely studied as bactericides,
fungicides, acaricides and wood preservatives. In addition, some compounds possess
antitumor activity. The cytotoxic activity of these compounds results from the inhibition
of macromolecular synthesis, the alteration of energy-producing metabolism in the mito-
chondria, and the reduction of DNA synthesis. In addition, the cytotoxicity induced also
arises from their interaction with the cell membrane which increases the concentration of
cytosolic Ca?* and induces apoptosis. Phthalocyanines are promising second-generation
photosensitizers for PDT, owing to their suitable photo-physical and photo-chemical prop-
erties, such as the strong absorption in the tissue-penetrating red visible region and high
efficiency in generating singlet oxygen [19-23].

In this work, we have investigated the combination of tin complexes with a zinc
phthalocyanine photosensitizer in order to take advantage of the intrinsic cytotoxicity of
tin complex in the dark added to the potentially high phototoxicity of zinc phthalocyanine
upon light excitation. The two entities were linked with a triethylene glycol chain, which
can enhance the biocompatibility of the system (Figure 1). Although the length of this
spacer might have an impact on the biological activity, this parameter was not explored in
this study. Two dyads are composed of tetrasubstituted zinc phthalocyanine connected to
a tin phenyl complex liganded via a malonate anchor. One tin organometallic compound
bears two phenyl groups in its coordination sphere (SnPhy), while the other is bound
to three phenyls (SnPh3). Phenyl was selected as organometallic moiety around tin(IV),
because it was shown in previous studies that this type of complex gives the most potent
anticancer activity [24]. The cytotoxicity of the three dyads was assessed on human healthy
(fibroblasts) and cancer cell lines (MCE-7) to quantify their therapeutic potential. It was
shown that the two dyads ZnPc-SnPh; and ZnPc-SnyPhg exhibit superior cytotoxicity
than their equimolar mixtures of individual components and they display higher selectivity
towards MCE-7 carcinoma cell line than healthy cells. On the other hand, these two dyads
showed no photodynamic activity under light irradiation.
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Figure 1. Structures of the compounds investigated in this study.
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2. Results and Discussion.
2.1. Synthesis of the Compounds

Scheme 1 illustrates the synthetic route used to prepare the two dyads ZnPc-SnPh;
and ZnPc-Sn,Phg. An excess of phthalonitrile 1 underwent mixed cyclisation with ph-
thalonitrile 27 in the presence of Zn(OAc),.2H,0 and 1,8-diazabicyclo [5.4.0Jlundec-7-ene
(DBU) in n-pentanol to give the «3 + 1» unsymmetrical phthalocyanine 3 in 18% yield
(Scheme 1). The ethyl esters of the malonate were subsequently hydrolyzed with sodium
hydroxide in acetone and then acidified to afford the phthalocyanine 4 with 85% yield.
The introduction of tin complex was accomplished by activating the carboxylic acid group
by deprotonation with triethylamine (TEA) before being reacted with the tin precursor
containing two or one chloro ligands [24].
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Scheme 1. Synthetic route for the preparation of the dyads composed of a zinc phthalocyanine linked to a tin complex.
Reagents and conditions: (a) n-pentanol, DBU, Zn(OAc),.2H,;0, 140-150 °C, 12 h, 18%; (b) acetone, NaOH, reflux, 2 h;
(c) HCl, 85%; (d) THF, TEA, room temperature, 12 h, 100%.

The complexes were characterized by proton NMR and elemental analysis as well as
by high resolution mass spectrometry. The dyads ZnPc-SnPh;, ZnPc-Sn;Phg are soluble
in CHCl3, DMSO, THF and DMF.
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2.2. UV-Vis Electronic Absorption Properties

The absorption spectra of the dyads are compared with those of their components,
which are displayed in Figure 2 and the spectroscopic data are gathered in Table 1. In
chloroform, ZnPc(EG3)4 and the dyads ZnPc-SnPh; and ZnPc-Sn;Phg give typical UV-Vis
spectra of non-aggregated phthalocyanines showing intense and sharp Q-bands in the
red visible region around 680 nm along with the less intense vibronic overtone at 616 nm
(Figure 2A). They also displayed a Soret band at 360 nm. The presence of the appended tin
complex does not alter the spectrum of the dyads because: (i) it does not absorb beyond
300 nm (Supplementary Figure S1) and (ii) there is no electronic communication between
the malonate group and the zinc phthalocyanine on the ground state.

B —2ZnPc-SnPh2

= = ZnPc-Sn2Ph6

—ZnPc(EG3)4

Absorbace (a. u.)

350 450 550 650 750 850

t i
Wavelength (nm)

Figure 2. (A) Normalized absorption spectra of the phthalocyanine derivatives recorded in chloroform and (B) in water
with 1% of DMSO at a concentration of about 107° M.

Table 1. Maximum absorption wavelengths and molar extinction coefficients of the compounds.

Compounds Aabs/nm (log e/M—1 em—1)
32 360 (4.83); 616 (4.46); 683 (5.19)
42 360 (4.86); 616 (4.48); 683 (5.21)
ZnPc(EG3)y P 351 (5.45); 615 (5.04); 681 (5.71)
ZnPc-SnPh, 2 360 (4.82); 616 (4.45); 683 (5.17)
ZnPc-SnyPhg 360 (4.84); 616 (4.47); 683 (5.2)

2 recorded in DMF at room temperature. ° recorded in CHCl at room temperature.

The spectra were also recorded in water with 1% of DMSO to approach the conditions
used in biological tests (Figure 2B). The shape and the relative intensity of the Q-bands
are clearly different in aqueous environment with a broadening and an inversion of the
intensity of the Q(0,0) and Q(0,1) bands, which are located respectively around 620 nm and
690 nm. This change witnesses the formation of H-aggregates. Although the solubility of
the compounds is maintained in aqueous medium owing to the ethylene glycol chains, the
hydrophobicity of phthalocyanine core induces the formation of m-stacked H-aggregates in
aqueous environment.

2.3. Infra-Red (IR) Spectroscopic Study

Carboxylate ligand can chelate tin(IV) cation according to several potential binding
modes (Figure 3) [25-27]. In solid state, the tin(IV) complexes are usually polymeric
compounds with cis-trigonal bipyramidal geometry having five-coordinate tin sites under
the bridging mode (type A).
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Figure 3. Illustration of three main binding modes of carboxylate ligand with tin(IV).

Particularly in solution, the complexes can exist as monomers either under a five-
coordinate chelating bridged mode (type B) or as four-coordinated tin with carboxylate
acting as a monodentate ligand (type C). ATR-IR spectra can be used as tools to diagnose
the mode of coordination of tin complexes [28]. More specifically, the mode of binding
can be deduced by the wavenumber difference (v = v,s — vs) between the carboxylate
antisymmetric (vas) and symmetric (vs) stretches. If this difference is larger than 250 cm~l,
tin(IV) is involved in a tetrahedral geometry (type C binding mode), while values between
250 and 150 cm~! indicate a bridging polymeric structure (type A). When v is lower
than 150 cm ™!, then carboxylate is bidentate and binds to Sn(IV) under the chelating
bridged mode (type B). The strong asymmetric stretching band of the carbonyl group in
the acid form of compound 4, situated at 1725 cm ! has shrunk and is shifted to lower
energy (~1550 cm ™) after the reaction with chloro-phenyl tin derivatives, which is a clear
indication that complexation of tin by the carboxylate has occurred. The wavenumber
values of the stretching bands of the carboxylate before and after complexation of tin(IV)
are gathered in Table 2.

Table 2. Wavenumber values of the stretching bands of the compounds recorded in the solid state by
IR-ATR spectroscopy.

Compound v(Sn:?) vas(OSO) Vs (OEO) v
cm cm cm
4 - 1725 1396 329
ZnPc-SnPh, 452 1557 1430sh 127
ZnPc-Sn,Phg 454 1547 1429 118

For the dyads ZnPc-SnPh; and ZnPc-Sn,Phg, the v values are less than 150 cm L
which indicates that the carboxylate ligand is bidentate and binds to Sn(IV) under the
chelating bridged mode.

2.4. Fluorescence Spectroscopy

Fluorescence spectra of the dyads ZnPc-SnPh;, ZnPc-Sn,Phg were compared to those
of the reference zinc phthalocyanine ZnPc(EG3)4 in order to study the possibility of a
singlet excited state quenching by the tin complex. As for the electronic absorption
spectra, the fluorescence emission measurements were conducted both in CHCl3 and
water with 1% of DMSO (Figure 4). Whatever the solvent conditions, the fluorescence
intensity of the dyads ZnPc-SnPhy, ZnPc-Sn,;Phg decreased compare to the reference
phthalocyanine ZnPc(EG3)4.
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Figure 4. Fluorescence spectra of the dyads ZnPc-SnPh;, ZnPc-Sn;Phg recorded in (A) CHCl3 or (B) in water with 1%
of DMSO and compared to the spectra of the reference phthalocyanine ZnPc(EG3)4 all excited at the same wavelength

(Aexc = 615 nm) with an iso-absorbing solution.

Based on the relative fluorescence intensities, the quenching of ZnPc-SnPh; and
ZnPc-Sn,Phg is estimated at 60% and 36% in CHCl3 and 70% and 75% in water + 1%
DMSO respectively. In aqueous medium, the fluorescence intensity is lower than in CHCls,
most probably because the H-aggregates impart a supplementary quenching process. In
addition to the formation of H-aggregates, another fluorescence quenching process in the
dyads could be attributed to photoinduced electron transfer to the tin complex (formation
of «ZnP*-Sn'!'»). Indeed, energy transfer is unlikely from thermodynamic point of view
because the organo-tin complex absorbs in the deep UV, therefore its lowest energy excited
state is necessarily higher than that of the singlet excited state of the zinc phthalocyanine
(Supplementary Figure S1).

Overall, the fluorescence of the zinc phthalocyanine in these dyads is significantly
quenched relative to that of the reference ZnPc(EG3)s. The fluorescence inhibition is due
to the presence of tin complex and the formation of H-aggregates, particularly in aqueous
environment for the latter. The singlet excited state quenching could affect the efficiency of
PDT, due to the reduction of the quantum yield of triplet excited state formation by the
intervention of a competitive deactivation processes, which depopulate the singlet excited
state (see below).

2.5. Singlet Oxygen Measurements

In order to directly estimate the impact of the tin complex on the production of singlet
oxygen, the singlet oxygen quantum yield of the compounds was determined in CHCl3 and
deuterated water + 1% of DMSO by recording the fluorescence intensity of singlet oxygen
emission at 1270 nm. D,O was chosen instead of H,O since the singlet oxygen lifetime
value in DO is higher than in HyO. This is known that solvents with high vibrational
frequencies are more able to quench 10, [29]. The data are collected in Table 3.

Table 3. Singlet oxygen quantum yields of the compounds determined in CHCl3 and D,O + 1% of
DMSO upon excitation at 615 nm.

Compound In CHCl; In DO + 1% of DMSO
ZnPc(EG3)y 0.21 £ 0.05 0+£0.05
ZnPc-SnPh; 0.09 £ 0.05 0+£0.05
ZnPc-Sn;,Phg 0.12 £ 0.05 0+£0.05

In CHCl3, the singlet oxygen quantum yield measurements reflect, within experimen-
tal errors, the degree of fluorescence quenching. Moreover, the singlet oxygen quantum
yield of ZnPc(EG3)y is in agreement with previously reported in DMSO [30]. In D,0O,
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however, the singlet oxygen emission is importantly reduced and could not be detected
because the quantum yields is too low for the sensitivity of this technique. However,
we cannot exclude that the singlet oxygen quantum yield of ZnPc(EG3)4 is not null in
biological medium as the latter is quite active in PDT (see below).

2.6. Biological Effect Analysis of ZnPc(EG3)4:Cytotoxicity, PDT and ROS Production

The cytotoxic effect of ZnPc(EG3)4 on human breast cancer cells (MCF-7) was deter-
mined and compared with that on healthy fibroblasts. For this, a dose-response experiment
was performed by incubating cells in the darkness with increasing doses of ZnPc(EG3)4
for 72 h. Then, the viability of cells was quantified and reported in Figure 5a. ZnPc(EG3)4
exhibited a LCsq of 16.55 uM on MCE-7 cells and of 63.80 uM on fibroblasts. This difference
(4 fold) between these two cell lines demonstrated that this compound was more cytotoxic
on cancer cells than healthy cells.

The photodynamic therapeutic potential was also investigated on breast cancer and
healthy cells. Several concentrations of compound (from 0.01 to 0.50 uM) were tested. Cells
were incubated 24 h with ZnPc(EG3)4 and submitted or not to laser excitation (650 nm,
20 min, 39 J.cm~2). Two days later, the viability was quantified MCF-7 cells demonstrated
a significant photosensitivity from 0.05 uM of ZnPc(EG3)4 (Figure 5b). Indeed, cells sub-
mitted to laser excitation exhibited 31% cell death. This PDT effect increased in accordance
with increasing concentration of ZnPc(EG3)4 to reach 92% cell death when cells were incu-
bated with 0.50 uM of ZnPc(EG3)4 and submitted to photoexcitation. This effect is very
strong and indicates that the reference compound ZnPc(EG3), is quite active in PDT, most
reasonably upon production of singlet oxygen. We also investigated this PDT efficiency
on healthy cells in order to verify if the discriminatory effect already observed on dark
cytotoxicity (Figure 5c) could be reproduced under laser excitation. Unfortunately, this
effect is about the same on cancer or healthy cells, with a significant effect from 0.05 pM
and a high PDT efficiency at 0.50 uM. However, we could note a difference between the
two cell lines at this concentration; indeed, only 8% of cancer cells survived when 28% of
fibroblasts survived after irradiation.

To identify the phototoxicity mechanism involved here, ROS quantification was
performed and reported in Figure 5d. Cells were incubated with DCFH,-DA (2/,7'-
dichlorodihydrofluorescein diacetate), which is a non-fluorescent molecule. In the presence
of ROS this molecule is oxidized into the fluorescent 2’,7’-dichlorodihydrofluorescein (DCF),
whose green luminescence can be detected using a fluorescence microscope. The results
showed that in the presence of 0.50 uM of ZnPc(EG3)y, light excitation at a wavelength
of 650 nm induced green fluorescence inside the cells, mainly on cancer cells but also on
healthy cells, thus demonstrating ROS production and confirming cell death induced by
PDT effect.

Altogether these data demonstrated that this compound is very efficient for dark
cytotoxicity and overall for PDT action, but it is not really discriminant between cancer and
healthy cells. Although often, the main limitation of cancer therapy is the poor selectivity
of cancer cells inducing a large panel of secondary effects on healthy organs and cells.
So we decided to graft organotin complex on ZnPc(EG3)4 to improve the effect and the
selectivity on cancer cells.
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Figure 5. (a) Cytotoxicity measurement of increasing concentrations of ZnPc(EG3)4. Dose-responses on cancer MCF-7
cells and healthy fibroblasts incubated 72 h with ZnPc(EG3)4. (b) Phototoxicity of the compound ZnPc(EG3)4 incubated
at increasing concentrations (from 0.01 to 0.50 uM) with cancer cells MCF-7 or (c) healthy fibroblasts for 24 h and then
irradiated (20 min, Aexc = 650 nm, 39 ].cmfz). * p < 0.05 statistically different from “No laser”. The bar graph corresponds
to the mean =+ standard deviation of the values of 2 independent experiments in triplicate. (d) Demonstration of ROS
production in cells (highlighted by red arrows) incubated for 24 h with 0.50 uM of ZnPc(EG3)4, then incubated with
DCFH,-DA (20 uM, 45 min) and irradiated for 10 min at 650 nm. The green fluorescence inside the cells reflects ROS
production (imaged at 480 nm).
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2.7. Cytotoxic Potential Analysis of the Dyads ZnPc-SnPhy and ZnPc-SnyPhg on Cancer and
Healthy Cells

In order to determine the therapeutic potential of these new compounds, the cytotoxic
activity on MCF-7 cells and also on healthy fibroblasts was studied. Towards this goal, the
cells were incubated 72 h in darkness, with increasing concentrations of each compound
(from 0.01 to 100 uM). Drug concentrations leading to 50% cell mortality (LCsp) were
determined using the classical sigmoidal dose-response curves of cytotoxicity obtained
when plotted as a logarithmic function of the concentration (uM).

The analysis of the curves in Figure 6, shows that the compound ZnPc-Sn;Phg is about
30 times more toxic on MCEF-7 cells (LCs¢ = 0.016 pM) than the compound ZnPc-SnPh,
(LCsp = 0.453 uM). It is also interesting to note that both tin dyads present a higher toxicity
on cancer cells compared to healthy cells (Figure 6). Indeed, the LCs; are lower on cancer
cells than on fibroblasts with LCsg of 0.016 vs. 0.032 uM for the compound ZnPc-Sn;Phg,
and LCsg of 0.453 and 0.513 for the compound ZnPc-SnPh;. These results suggest that the
ZnPc-SnPh; dyad may be a potentially interesting basis to develop targeting cancer cells.
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Figure 6. Cytotoxic study of ZnPc-SnPh; and ZnPc-SnyPhg. (a) MCE-7 cells and (b) healthy fibroblasts were incubated
72 h with increasing concentrations of ZnPc-SnPh; and ZnPc-Sn;Phg, and maintained in darkness. (c) LCsy values are
reported for each cell line. Values are means =+ standard deviation of 2 experiments in triplicate.

In order to confirm the therapeutic interest of using a dyad rather than its constituents,
we compared the cytotoxicity of tin dyads to the cytotoxic effect of equimolar mixtures of
the phthalocyanine ZnPc(EG3)4 and SnPh; or SnyPhg (Figure 7). For all conditions tested
here, and as reported in the Figure 7e, the cytotoxicity induced by dyads is always higher
than the equimolar mixture of their constituents.
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Figure 7. Study of the comparative cytotoxicity of the tin dyads with the equimolar mixture of their constituents, tin and
zinc phthalocyanine. Comparison of the cytotoxic efficiency of the compound ZnPc-Sn,;Phg and the mixture ZnPc(EG3)4
+ SnyPhg (a) on MCEF-7 cells and (b) on healthy fibroblasts. Comparison of the cytotoxic efficiency of the compound
ZnPc-SnPh; and the mixture ZnPc(EG3)4 + SnPh; (c) on MCEFE-7 cells and (d) on healthy fibroblasts. Cells were incubated
during 72 h with increasing concentrations of the dyads or the mixture (Mix) and maintained in darkness. (e) LCsy values

are reported for each cell line. Values are means + standard deviation of 2 experiments in triplicate.

2.8. Photodynamic Therapy Investigations of Dyads

The PDT efficiency was first studied on cancer cells with the dyads ZnPc-Sn;Phg and
ZnPc-SnPh; under laser excitation of the zinc phthalocyanine in its Q-band at 650 nm.
Experiments were performed at the concentration of LCsp and below up to a factor of 10.
Several concentrations were tested, as reported in the tables below, (Tables 4 and 5) but
unfortunately no specific mortality due to the laser was obtained under these conditions.
This result can be explained by fluorescence quenching of the zinc phthalocyanine in these

dyads, which most probably inhibits the energy transfer process to oxygen.
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Table 4. Values of cellular survival in % corresponding to the mean =+ standard deviation of 2 independent experiments

conducted in duplicate.

MCEF-7 with ZnPc-Sn,Phg (in uM) 0 0.005 0.01 0.05
% cell survival, in dark 100 £2 9+3 77 £ 2 38+3
% cell survival, Aexc = 650 nm 98 + 1 98 +4 75+3 41+3

Table 5. Values of cellular survival in % corresponding to the mean =+ standard deviation of 2 independent experiments

conducted in duplicate.

MCEF-7 with ZnPc-SnPh, (in pM) 0 0.05 0.1 0.5
% cell survival, in dark 100 £5 92+3 88 +4 38+5
% cell survival, Aexc = 650 nm 90+ 9 90+ 4 80 +2 36 +2

Another series of experiments was carried out under light excitation 390/420 nm, on
MCE-7 cells and also on healthy fibroblasts. Again, no effect could be observed.

Taken together, these results show that these two dyads have a cytotoxic effect on cells
and would allow cancer cells to be targeted more effectively than healthy cells. However,
they did not show efficacy in PDT under all of the conditions tested most probably because
the singlet excited state is quenched by the appended tin complex, that inhibits singlet
oxygen production.

3. Materials and Methods
3.1. Synthesis of the Compounds
Generalities

'H and '3C NMR spectra were recorded on an AVANCE 300 UltraShield BRUKER and
AVANCE 400 BRUKER. Chemical shifts for "H NMR spectra are referenced relative to resid-
ual proton in the deuterated solvent (CDCl3 & = 7.26 ppm for 'H, DMSO-dg § = 2.50 ppm
for 'H, THF-dg & = 3.57, 1.72 ppm for IH) or to an internal reference (TMS, § = 0 ppm
for both 'H and '3C). NMR spectra were recorded at room temperature, chemical shifts
are written in ppm and coupling constants in Hz. High-resolution mass (HR-MS) spectra
were obtained by electrospray ionization coupled with high resolution ion trap orbitrap
(LTQ-Orbitrap, ThermoFisher Scientific), working in ion-positive or ion-negative mode. UV-
visible absorption spectra were recorded on a Variant Cary 300, using 1 cm path length cells.
Emission spectra were recorded on a Fluoromax-4 Horiba Jobin Yvon spectrofluorometer
(1 cm quartz cells).

Chemicals were purchased from Sigma-Aldrich or Alfa Aesar and used as received.
CHCl; is stabilized with EtOH. Thin-layer chromatography (TLC) was performed on silica
sheets precoated with Merck 5735 Kieselgel 60F54. Column chromatography was carried
out with Merck 5735 Kieselgel 60F (0.040-0.063 mm mesh). Reference ZnPc(EG3)4 was
synthesized according to literature [30].

Phthalocyanine 3. A mixture of 2 66 mg (1.52 mmol), phthalonitrile 13.1 g (10.68 mmol)
and Zn(OAc),.2H,0 83 mg (3.81 mmol) in n-pentanol (25 mL) was heated to 100°C, and a
small amount of DBU (0.9 mL) was subsequently added. The mixture was heated at 150 °C
for 12 h. After cooling the volatiles were removed under reduced pressure. The residue
was dissolved in CHCl3 and a part of the symmetrical phthalocyanine was separated from
the desired compound by flash chromatography using CHCls/MeOH (98:2 v/v) as the
eluent. The product was further purified by preparative TLC using the same eluent as
before to give a blue green oily compound. Yield: (360 mg, 18%). UV-Vis (DMF, nm) Amax
(log e/M~1 em™1): 360 (4.83); 616 (4.46); 683 (5.19). 'H NMR (CDCl3, 300 MHz) § (ppm):
9.12 (br, 4H), 8.68 (s, 4H), 7.61 (br, 4H), 4.66 (br, 8H), 4.16-4.06 (m, 12H), 3.91-3.90 (m, 6H),
3.84-3.83 (t, 2H, ] = 4.95 Hz), 3.81-3.78 (m, 6H), 3.73-3.66 (m, 8H), 3.62-3.56 (m, 8H), 3.37 (s,
9H), 2.26-2.22 (t, 2H, ] = 6.98 Hz), 1.45 (s, 3H), 1.24-1.18 (tt, 6H, ] = 1.56, 7.34 Hz). HRMS
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(ES+) [M + H]* m/z 1367.5042 found, 1367.5066 calc. Elem. Anal. Exp C, 58.97; H, 6.47; N,
7.74. calc C,58.59; H, 6.1; N, 8.11.

Phthalocyanine 4. A mixture of 370 mg (5 x 10~2 mmol), NaOH 18 mg (45 x 10~2 mmol),
and acetone (8 mL) was heated under reflux for 2 h. The volatiles were removed under
reduced pressure. The green residue was washed thoroughly with acetone, and then
redissolved in water and acidified with 3 M HCl until pH = 4. The green precipitate
was washed thoroughly with water and ethanol, and then dried under vacuum. Yield:
(57 mg, 85%). UV-Vis (DMF, nm) Amax (log /M1 em™1): 360 (4.86); 616 (4.48); 683 (5.21).
'H NMR (DMSO-d¢ with a trace amount of pyridine, 300 MHz) 6 (ppm): 9.29-9.24 (m, 4H),
8.93-8.88 (m, 4H), 7.79-7.75 (m, 4H), 4.68-4.63 (br, 8H), 4.07-4.04 (br, 8H), 3.64-3.66 (m,
10H), 3.57-3.52 (m, 12H), 3.42-3.40 (t, 8H, ] = 6.06 Hz), 3.23 (s, 9H), 2.23-2.20 (2H, m), 1.36
(s, 3H). HRMS (ES-) [M-H] m/z 1309.4309 found, 1309.4238 calc. Elem. Anal. Exp C, 54.4;
H, 5.52; N, 7.95. calc C, 54.82; H, 5.95; N, 8.12.

ZnPc-SnPh;. A solution of phthalocyanine 4 35 mg (2.6 x 102 mmol) in THF
(1 mL) was added dropwise to a solution of SnPh,Cl, 9 mg (2.6 x 10~2 mmol) in THF
(1 mL) at room temperature. The reaction was stirred for 20 min, subsequently NEt3 8 uL
(5.3 x 1072 mmol) was added dropwise. The reaction was then stirred overnight. The
solvent was evaporated and the residue was washed with water and dried in vacuum.
Yield: (42 mg, 100%). UV-Vis (DMF, nm) Amax (log /M~ ecm™1): 360 (4.82); 616 (4.45);
683 (5.17). '"H NMR (THF-dg, 400 MHz) § (ppm): 9.26-9.24 (br, 4H), 8.90 (br, 4H), 7.77-7.72
(m, 8H), 7.45-7.37 (m, 6H), 4.68—4.66 (t, 8H, | = 4.71 Hz), 4.12-4.10 (t, 8H, | = 4.48 Hz),
3.84-3.82 (t, 8H, ] = 5.17 Hz), 3.75-3.71 (m, 8H), 3.67-3.64 (t, 8H, | = 4.82 Hz), 3.52-3.50 (m,
8H), 3.31 (s, 9H), 1.28 (s, 3H). HRMS (ES+) [M + H]* m/z 1583.4023 found, 1583.4088 calc.
Elem. Anal. Exp C, 51.43; H, 5.82; N, 6.63. calc C, 51.63; H, 5.77; N, 6.42.

ZnPc-Sn;Phg. A solution of phthalocyanine 4 33 mg (2.5 x 10~2 mmol) in THF (1 mL)
was added dropwise to a solution of SnPh3Cl 19 mg (5 x 10~2 mmol) in THF (1 mL) at
room temperature. The reaction was stirred for 20 min, subsequently NEt3 7 uL (5 x 1072
mmol) was added dropwise. The reaction was then stirred overnight. The solvent was
evaporated and the residue was washed with water and dried in vacuum. Yield: (50 mg,
100%). UV-Vis (DMF, nm) Amax (log /M1 ecm™1): 360 (4.84); 616 (4.47); 683 (5.2). '"H NMR
(DMSO-dg with a trace amount of pyridine, 300 MHz) § (ppm): 9.05-9.04 (br, 4H), 8.66-8.61
(br, 4H), 7.85-7.82 (br, 6H), 7.71-7.64 (br, 6H), 7.43-7.41 (br, 9H), 7.28 (br, 13H), 4.64—4.62
(br, 8H), 4.08 (br, 8H), 3.82-3.79 (br, 6H), 3.71-3.69 (br, 8H), 3.63-3.62 (br, 8H), 3.51-3.48
(t, 8H, ] = 4.88 Hz), 3.26 (s, 9H), 1.19 (s, 3H). HRMS (ES+) [M + H]* m/z 2011.4662 found,
2011.4675 calc. Elem. Anal. Exp C, 57.28; H, 6.12; N, 5.54. calc C, 57.37; H, 5.88; N, 5.78.

3.2. Biological Experiments
3.2.1. Cell Culture

Human breast adenocarcinoma cells (MCF-7) (purchased from ATCC) were cultured
in Dulbecco Eagle’s Minimal Essential Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Adult Human Dermal Fibrob-
last cells (FS 20-68) were maintained in Roswell Park Memorial Institute (RPMI) medium
supplemented with 10% FBS and 1% P/S. Both cell lines were allowed to grow in humidi-
fied atmosphere at 37 °C under 5% CO,. For cytotoxic studies, the compounds (powder)
were first diluted in DMSO at the concentration of 10 mM. Then, they were sonicated
during 30 s and diluted at the required concentrations in culture medium of each cell line.

3.2.2. Cytotoxicity Study

MCF-7 and fibroblasts (FS 20-68) cells were seeded into 96-well plates at a density
of 1000 cells cm~2. One day after cell growth, cells were incubated with or without
different concentrations of compounds (from 0.01 to 100 uM) for 3 days. To quantify the
percentage of living cells in each condition, cells were incubated 4 h with 0.5 mg.mL~!
MTT (3-(4, 5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazoliumbromide) in order to determine
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mitochondrial enzyme activity. Then, MTT precipitates were dissolved in ethanol/DMSO
(1:1) solution and absorbance was measured at 540 nm.

3.2.3. Phototoxicity Assay at 650 nm

MCEF-7 cancer cells were seeded into 96-well plates at a concentration of 1000 cells per
well in 100 pL of culture medium and allowed to grow for 24 h. Then, cells were incubated
24 h, with or without various concentrations of compound solutions. After incubation,
cells were submitted or not to laser irradiation (650 nm; 39 J-cm™2) during 20 min. Two
days after irradiation, MTT assay was performed to measure the level of living cells.

3.3. Statistical Analysis

Statistical analysis was performed using the Student’s ¢-test to compare paired groups
of data. A p value < 0.05 was considered as statistically significant.

3.4. Singlet Oxygen Quantum Yield

Absorption spectra were recorded on a UV-3600 UV-visible double beam spectropho-
tometer (SHIMADZU, Marne La Vallee, France). Fluorescence and singlet oxygen spectra were
recorded on a Fluorolog FL3-222 spectrofluorimeter (HORIBA Jobin Yvon, LONGJUMEALU,
Paris, France) equipped with 450 W Xenon lamp, a thermo-stated cell compartment (25 °C),
a UV-visible photomultiplier R928 (Hamamatsu, Japan) and an InGaAs infrared detector
(DSS-16A020L Electro-Optical System Inc., Phoenixville, PA, USA).

Excitation beam is diffracted by a double ruled grating SPEX monochromator
(1200 grooves/mm blazed at 330 nm). Emission beam is diffracted by a double ruled
grating SPEX monochromator (1200 grooves/mm blazed at 500 nm). Singlet oxygen emis-
sion was detected through a double ruled grating SPEX monochromator (600 grooves/mm
blazed at 1 um) and a long-wave pass (780 nm). All spectra were measured in 4 faces
quartz cuves. All the emission spectra (fluorescence and singlet oxygen luminescence)
have been displayed with the same absorbance (less than 0.2) with the lamp and photomul-
tiplier correction. The standard used for the singlet oxygen quantum yield was the Zinc(II)
2,9,16,23-(tetra-t-butyl)phthalocyanine with a standard quantum yield of 0.25.

4. Conclusions

Two new dyads ZnPc-SnPh;, ZnPc-SnyPhg were prepared, by combining a zinc
phthalocyanine sensitizer with a cytotoxic entity such as a tin-based complex. Cytotoxicity
studies of the ZnPc-SnPh; and ZnPc-Sn,Phg dyads on cancer cells (MCF-7) and on healthy
fibroblasts show that they exhibit high cytotoxicity. In particular, the dyad ZnPc-SnyPhg
containing two tin atoms is highly potent towards cancer cells (LC5p = 0.16 uM) and is
twice less toxic towards healthy human fibroblasts. In contrast, no PDT activity was
detected for these two dyads at concentrations close to and below LCsj, most probably
due to quenching of the singlet excited state of phthalocyanine by the tin complex, which
decreased the singlet oxygen quantum yield. This result highlights that for the development
of conjugates consisting of a sensitizer connected to a chemotherapeutic agent, one must
pay attention that the photophysical properties of the sensitizer and in particular its singlet
oxygen quantum yield is maintained in the conjugate in order to combine the PDT activity
with the cytotoxicity of the anticancer drug. This can be estimated from Stern-Volmer
quenching experiments before synthesizing the conjugates. This aspect has been mostly
overlooked in many previous studies dealing with similar approach.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ph14050413/s1, Figure S1: UV-Vis. absorption spectra of compounds SnPh, and Sn,Phg
recorded in dichloromethane.; Figure S2: Mass spectrum of phthalocyanine 3; Figure S3: Mass
spectrum of phthalocyanine 4; Figure S4: Mass spectrum of compound ZnPcSnPh;; Figure S5: Mass
spectrum of compound ZnPcSnyPhg; Figure S6: 'H NMR spectrum of phthalocyanine 3 recorded
in CDCl3; Figure S7: 'H NMR spectrum of phthalocyanine 4 recorded in DMSO-dg with a trace of
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pyridine; Figure S8: TH NMR spectrum of compound ZnPc-SnPh; recorded in THF-dg; Figure S9:
'H NMR spectrum of compound ZnPc-SnyPhg recorded in DMSO-dg with a trace of pyridine.
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Abstract: A photosensitizer is a molecular drug for photodynamic diagnosis and photodynamic
therapy (PDT) against cancer. Many studies have developed photosensitizers, but improvements
in their cost, efficacy, and side effects are needed for better PDT of patients. In the present study,
we developed a novel photosensitizer 3-mannose-conjugated chlorin e6 (3-M-Ce6) and investigated
its PDT effects in human glioblastoma U251 cells. U251 cells were incubated with 3-M-Ce6, followed
by laser irradiation. Cell viability was determined using the Cell Counting Kit-8 assay. The PDT
effects of 3-M-Ce6 were compared with those of talaporfin sodium (TS) and our previously reported
photosensitizer 3-glucose-conjugated chlorin e6 (3-G-Ce6). Cellular uptake of each photosensitizer
and subcellular distribution were analyzed by fluorescence microscopy. 3-M-Ce6 showed 1000x more
potent PDT effects than those of TS, and these were similar to those of 3-G-Ce6. 3-M-Ce6 accumulation
in U251 cells was much faster than TS accumulation and distributed to several organelles such as
the Golgi apparatus, mitochondria, and lysosomes. This rapid cellular uptake was inhibited by low
temperature, which suggested that 3-M-Ce6 uptake uses biological machinery. 3-M-Ce6 showed
potent PDT anti-cancer effects compared with clinically approved TS, which is a possible candidate
as a next generation photosensitizer in cancer therapy.

Keywords: 3-mannose-conjugated chlorin e6; talaporfin sodium; glioblastoma; U251; photodynamic
therapy; PDT
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1. Introduction

Photodynamic therapy (PDT) is a less invasive treatment for cancer [1-4]. PDT uses a photosensitizer
that accumulates in cancer cells and a harmless laser to elicit the photosensitizer to produce reactive oxygen
species (ROS) to kill cancer cells [1,5,6]. Many photosensitizers for PDT have been developed, but effective
photosensitizers with low side effects and costs are needed for better therapeutic effects in patients.

Talaporfin sodium (TS, NPe6, mono-L-aspartyl chlorin e6, Laserphyrin®) is a second generation
photosensitizer approved by the Japanese Ministry of Health, Labor, and Welfare and clinically used
in PDT for early-stage lung cancer, primary malignant brain tumors, and locally remnant recurrent
esophageal cancer in Japan [7-12]. TS shows fast clearance from the body and relatively short-term
side effects, such as skin photosensitivity, compared with the first generation clinically approved
photosensitizer porfimer sodium (Photofrin) [13].

Recently, we developed {-glucose-conjugated chlorin e6 (3-G-Ce6) as a next generation
photosensitizer [14]. It shows drastic anti-tumor effects in normal immortalized esophageal epithelial
cells and esophageal cancer cells both in vitro and in vivo. Glucose conjugation is based on Warburg
effects whereby cancer cells in general consume more glucose than normal cells [15,16]. Another strategy
to enhance the cancer specificity of a photosensitizer is targeting tumor-associated macrophages (TAMs),
a class of immune cells that exist in high numbers in the solid tumor microenvironment [17-19].
TAMs with high expression of mannose receptor are pro-tumorigenic cells that negatively affect therapy
responsiveness [17-20]. In this context, we also developed a mannose-conjugated chlorin derivative,
H2TFPC-SMan, 5,10,15,20-tetrakis (4-(x-d-mannopyranosylthio)-2,3,5,6-tetrafluorophenyl)-2,3-(methano
(N-methyl) iminomethano) chlorin, which shows significant anti-cancer effects and accumulation in
M2-polarized macrophages [21,22]. In the present study, we synthesized novel 3-mannose-conjugated
chlorin e6 (3-M-Ce6) as a photosensitizer derived from the core structure of chlorin e6 (Figure 1).
We compared the anti-cancer effects of 3-M-Ce6 with those of TS and our previously reported
photosensitizer 3-G-Ce6 [14] in human glioblastoma cell line U251.
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Figure 1. Chemical structures of talaporfin sodium (TS) and 3-mannose-conjugated chlorin e6 ((3-M-Ce6).
(A) TS. (B) 3-M-Ceéb.

2. Results

2.1. Potent Anti-Cancer Effects of B-M-Ce6 Compared with TS

We first compared the anti-cancer effects of 3-M-Ce6 with those of TS and 3-G-Ce6 as PDT
photosensitizers on the viability of human glioblastoma U251 cells. The cells were treated with
several concentrations of each photosensitizer for 1 h and then irradiated by a 664 nm laser (1 J/cm?)
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(Figure 2). Photosensitizer-treated cells without irradiation did not show any cell death (data not
shown). However, laser-irradiated cells showed significant cell death after photosensitizer treatment
in a dose-dependent manner. Importantly, the median lethal dose (LDs) of 3-M-Ce6 (30 nM) was
1000x lower than that of TS (26 uM) (Figure 2D) and similar to that of 3-G-Ce6 (21 nM), as reported
previously [14]. These data suggest that 3-M-Ce6 has potent anti-cancer effects compared with TS.
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Figure 2. Dose dependency of anti-cancer effects for 1 h treatments. (A) Talaporfin sodium (TS),
(B) B-glucose-chlorin e6 (3-G-Ce6), and (C) p-mannose-chlorin e6 (3-M-Ce6). (D) Semi-log graph
of all tested compounds. n = 6, 6, and 8 for each compound and condition, respectively. * p < 0.05
and ** p < 0.01 vs. 0 uM of each photosensitizer, one-way analysis of variance (ANOVA) with the
Tukey—Kramer post-hoc test.

2.2. Fast Cellular Accumulation Property of B-M-Ce6

Next, we investigated the cellular accumulation rate of each photosensitizer by cell viability
assays (Figure 3). The concentrations of each photosensitizer we used in this experiment (62.5 uM for
TS, 78.1 nM for (3-G-Ce6, and 93.8 nM for 3-M-Ce6) were determined by a preliminary experiment
that showed around 5% cell viability at 180 min of treatment with each photosensitizer. Using these
concentrations, we performed the cellular accumulation assay of each photosensitizer revealed by
changing the incubation time from 5 to 180 min. TS treatment resulted in significant cell death (24.9%
viability) at 30 min of treatment and the maximal effect (5.7% viability) at 180 min of treatment.
However, the maximal effects (5-10% viabilities) of 3-M-Ce6 and (3-G-Ce6 were already obtained at
30 min of treatment and sustained until 180 min (Figure 3). These data suggest that 3-M-Ce6 has faster
cellular accumulation than TS and the rate is at least six times faster than that of TS.
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Figure 3. Time dependency of treatments. Doses that resulted in ~5% viability at 180 min of treatment
were used. (A) Talaporfin sodium (TS, 62.5 uM), (B) B-glucose-chlorin e6 (3-G-Ce6, 78.1 nM), and (C)
-mannose-chlorin e6 (3-M-Ce6, 93.8 nM). nn = 6, 6, and 8 for each compound and condition, respectively.
**p < 0.01 vs. 5 min, ** p < 0.01 vs. 30 min, and ™ p < 0.01 vs. 60 min of each photosensitizer, one-way
analysis of variance (ANOVA) with the Tukey—Kramer post-hoc test.

2.3. Fast Cellular Accumulation of p-M-Ce6 is Mainly Caused by Biological Machinery

There are two major factors for cellular accumulation of a substrate. One is the physical property of
the substrate, especially the partition coefficient. The other is biological machinery such as influx/efflux
transporters, endo-/exo-cytosis, and several metabolic enzymes. To investigate whether the physical
property of them or biological machinery were responsible for the fast cellular accumulation of
-M-Ce6, we first measured the partition coefficient (log P) defined by Equation (1):

[Cl—ocmnol ]
[Cps]

where [Cyctanoi] and [Cpps] denote the concentrations of the photosensitizers being portioned into
the 1-octanol phase and the phosphate buffered saline (PBS) phase, respectively. The log P-values of
-M-Ce6 and 3-G-Ce6 were 1.88 and 1.89, respectively. In contrast, the value of TS was less than —3.00
(pH 8-12), in accordance with its pharmaceutical interview form that supplements the package insert
and is provided only in Japanese. These data suggested that 3-M-Ce6 had the potential to more easily
accumulate and penetrate lipid bilayer than TS. Biological machinery acts properly at the appropriate
temperature. Therefore, if accumulation of 3-M-Ce6 used biological machinery, its accumulation
would be suppressed by a low temperature. We performed a photosensitizer transport assay at
normal (37 °C) and cold (4 °C) temperatures and their accumulations were analyzed by fluorescence
microscopy (Figure 4). TS showed almost no fluorescence under this experimental condition (2 uM,
30 min of exposure) at both temperatures. This result was consistent with the result of cell viability
assays (Figure 2). 3-M-Ce6 and (3-G-Ce6 showed bright fluorescence at 37 °C, but the fluorescence of
each photosensitizer was significantly lower at 4 °C. Taken together, these data suggested that the fast
cellular accumulations of 3-M-Ce6 and 3-G-Ce6 were mainly mediated by biological machinery.

logP = log 1)
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Figure 4. Accumulation of photosensitizers. (A) Representative fluorescence micrographs. (B) Mean
fluorescent intensities of each photosensitizer (2 uM, 30 min) and temperature condition (4 and 37 °C),
n = 40 for each photosensitizer and condition. *** p < 0.001, Student’s t-test. * p < 0.05 and ** p < 0.01
vs. 37 °C for TS and # p < 0.01 vs. 37 °C for B-G-Ce6, one-way analysis of variance (ANOVA) with the
Tukey—Kramer post-hoc test.

2.4. B-M-Ceb Accumulates in Lipid-Containing Organelles Such as the Golgi Apparatus, Mitochondria, and Lysosomes

Subcellular distribution of a photosensitizer affects its PDT efficiency. Because of their photodynamic
effect, ROS production and subsequent destruction of biological molecules, such as proteins, lipids,
and nucleotides, are affected by the position of the photosensitizer. Therefore, we investigated the
localization of photosensitizers by co-staining of several organelle markers and photosensitizers (Figure 5).
Interestingly, all conjugated chlorins were distributed to all stained organelles such as the Golgi apparatus
(Figure 5A), mitochondria (Figure 5B), and lysosomes (Figure 5C). Such phenomena were confirmed by
simultaneous staining of all markers together with photosensitizers (Figure 5D). These data suggested that
-M-Ce6 and (3-G-Ce6 were distributed to all lipid-containing organelles and this feature may be caused by
their lipophilic properties.

PS Merge

Merge

B-M-Ce6 pB-G-Ce6 >

Merge

20 ym

Figure 5. Representative images of the subcellular distribution of each photosensitizer. Brightfield (BF),

B-M-Ce6 pB-G-Ce6 O

organelle markers (Golgi apparatus (Golgi), Mitochondria (Mito), Lysosomes (Lyso), and co-staining of
all markers (All)), 2 uM photosensitizer (PS), and merged images (green for organelle markers and
red for PS) are shown. The distributions of photosensitizers compared with (A) the Golgi apparatus,
(B) mitochondria, (C) lysosomes, and (D) all markers.
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3. Discussion

In the present study, we demonstrated that novel 3-M-Ce6 has a potent anticancer effect in human
glioblastoma U251 cells. This anti-cancer effect of 3-M-Ce6 was 1000x higher than that of TS, a clinically
approved PDT drug in Japan. The cellular uptake rate of 3-M-Ce6 was at least six times faster than
that of TS and its uptake may employ biological machinery. Furthermore, the subcellular distribution
of 3-M-Ce6 may depend on its physical properties such as a high partition coefficient.

Compared with TS, 3-M-Ce6 has two large different molecular regions. One molecular region of
TS has four sodium carbonate regions, but 3-M-Ce6 has three methyl ester regions. This difference
makes 3-M-Ce6 more lipophilic than TS. Consistently, the partition coefficient of 3-M-Ce6 was much
higher than that of TS. This log P-value of 3-M-Ce6 (1.88) was reasonable compared with our previously
reported chlorin derivative that has four glucosyl residues and a log P-value of 0.13 [23]. Lipophilicity
is thought to simply increase cellular permeability and enhancement of lipophilicity is usually used
in prodrug design [24]. In the present study, this physical feature of 3-M-Ce6 may not largely affect
intracellular uptake, but affect subcellular accumulation. A low temperature significantly decreased
cellular uptake of 3-M-Ce6, which indicated that uptake of 3-M-Ce6 may employ biological machinery.
However, 3-M-Ce6 showed subcellular localization in not only the plasma membrane, but also several
organelles such as the Golgi apparatus, mitochondria, and lysosomes. All these cellular structures
have lipid bilayers. Therefore, 3-M-Ce6 localization to these subcellular regions may be explained
by its physical features, lipophilicity. Furthermore, this accumulative feature of 3-M-Ce6 to several
organelles may enhance PDT by simultaneous degeneration of organelle functions.

The other different molecular region of 3-M-Ce6 compared with TS is a mannose residue.
This approach was based on the high expression of the mannose receptor in TAMs [17,19,20,25].
TAMs influence progression, metastasis, and tumor recurrence, which originate mainly from circulating
monocytes, but resident macrophages also develop in a tumor [26,27]. Therefore, mannose residues may
enhance accumulation of a drug in a tumor by targeting the mannose receptor expressed on TAMs [28,29].
In the present study, we did not investigate whether 3-M-Ce6 accumulates in TAMs or macrophages.
However, it is noteworthy that the mannose conjugation enhanced the PDT effects in glioblastoma cells.
One of the effects is thought to be associated with highly expressed sugar transporters in tumors [30,31].
Fourteen glucose transporters (GLUT) and 12 sodium-glucose cotransporters (SGLT) have been
reported in humans, and at least GLUT1-3 and SGLT4/5 have some affinity for mannose [30,32,33].
Therefore, the expression of these glucose transporters may explain the potent anti-cancer effects of
3-M-Ce6. In addition to glucose transporters, several proteins have the potential to bind mannose
and affect cellular uptake [34,35]. Indeed, U251 cells express several genes encoding proteins that
potentially bind to mannose, which include 16 genes that have mannose in their gene name (GSM723932;
DNA microarray study deposited in Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/)).
In particular, mannose receptor C type 2 and mannose-6-phosphate receptor expressed in U251
cells are possible candidates to enhance PDT effects via mannose residues. In addition to these
mannose-associated proteins, other candidates may exist. Therefore, the possible mechanism of
enhanced PDT effects by mannose conjugation should be clarified in a future study.

Taken together, our results strongly suggest that 3-M-Ce6 has potent PDT effects compared with
clinically approved TS and potential as a next generation photosensitizer. Further investigation to
reveal the mechanisms and possible side effects and an in vivo study should be required for future
clinical trials.

4. Materials and Methods

4.1. Synthesis of p-M-Ce6

1-thio-3-d-tetraacetylmannose and 3-(3-bromopropoxy) chlorin-e6-TME were prepared by a literature
method [36-38]. EtzN (63.5 L) was added to a stirred solution of 3-(3-bromopropoxy) chlorin-e6-TME
(276 mg, 0.078 mmol) in CH,Cl, under a N, atmosphere. To the mixture cooled at 0 °C, the solution
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of 1-thio-B-d-tetraacetylmannose (3.2 equiv.) in CH,Cl, was added dropwise. After being stirred for
3 h at room temperature under a N, atmosphere, the mixture was transferred to a separating funnel,
then CH,Cl, and water were added, and the organic layer was separated. The aqueous layer was washed
with brine and dried over sodium sulfate, then evaporated to dryness. The residue was purified by column
chromatography (CH,Cly/AcOEt, 1:2) to give acetylated 3-M-Ce6. Deprotection was carried out in the
ordinary way. NaOMe/MeOH suspension (10 equiv.) was added to acetylated 3-M-Ce6 (0.152 mmol) in
dried MeOH under the N, atmosphere. After being stirred for 0.5 h at room temperature, the solution was
then quenched by AcOH (100 uL) and the mixture was evaporated to dryness. The residue was purified by
column chromatography (CH,Cly/AcOEt, 10:1) to give 3-M-Ce6. H NMR (400 MHz, CDCls): & = 9.78
(d, ] =132 Hz, 1H), 9.67 (d, ] = 5.2 Hz, 1H), 8.69 (d, ] = 2.4 Hz, 1H), 5.85-5.86 (m, 1H), 5.20-5.40 (m, 4H),
4.35-4.50 (m, 2H), 4.20 (s, 3H), 3.85-3.65 (m, 6H), 3.54-3.60 (m, 11H), 3.40-3.50 (m, 2H), 3.42 (s, 3H), 3.29 (s, 3H),
2.90-3.20 (m, 2H), 2.30-2.80 (m, 7H), 2.20-2.05 (m, 3H), 1.65-1.80 (m, 8H), —1.55 (s, 2H). MALDI-TOF-MS:
(C46H60N40125) calcd. 892.39; found. 892.37.

4.2. Cell Culture

Human glioblastoma U251 cells (Riken Cell Bank, Tsukuba, Japan) were cultured in 100 mm cell
culture dishes (Thermo Scientific, Waltham, MA, USA) and 96-well plates (Thermo Scientific, Waltham,
MA, USA) in Dulbecco’s modified eagle medium (DMEM, Nissui, Tokyo, Japan) supplemented
with 10% fetal bovine serum (Nichirei Bioscience, Tokyo, Japan) at 37 °C with 5% CO, as described
previously [39]. Cells were seeded at 1 x 10* cells/well and cultured for 24 h before all experiments,
except for the photosensitizer transport assay. Experimental protocols were approved by the Regulations
for Biological Research at Tokyo University of Pharmacy and Life Sciences.

4.3. PDT

PDT was performed as described previously with small modifications [40]. The stock solutions of
each photosensitizer were prepared with saline for TS (Meiji Seika Pharma, Tokyo, Japan) and dimethyl
sulfoxide (DMSO) for other photosensitizers. For the dose dependency test, cultured cells were treated
with 0-62.5 uM TS, 0-156.3 nM p-G-Ce6, or 0-187.5 nM (-M-Ce6 in fresh medium for 1 h. For the
time dependency test, cells were treated with TS (62.5 uM), 3-G-Ce6 (78.1 nM), or 3-M-Ce6 (93.8 nM)
in fresh medium for 5-180 min. Immediately after washing with PBS, cells were subjected to laser
irradiation (wave length: 664 nm; laser power: 3.4 mW/cm?; total dose of laser irradiation: 1 J/cm?)
using a semi-conductor laser irradiator, ZH-L5011H]JP (Meiji Seika Pharma, Tokyo, Japan).

4.4. Cell Viability Assay

The cell viability assay was performed as described previously [41]. Twenty-four hours after
laser irradiation, cell viability was measured using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).
The Cell Count Kit-8 solution was mixed with culture medium at a final concentration of 10% and the
mixture was applied to PDT-treated cells for 1 h at 37 °C. After incubation, absorbance was measured
at 450 nm using a Varioskan Flash microplate reader (Thermo Scientific, Waltham, MA, USA).

4.5. Measurement of the Partition Coefficient

Both 3-M-Ce6 and (3-G-Ce6 were dissolved individually in DMSO to prepare stock solutions
(5 x 1073 M). The stock solution was diluted with a 1:1 1-octanol/acetone mixed solution, which was
characterized by UV-vis spectroscopy (V-500 spectrophotometer, JASCO, Tokyo, Japan) to determine
the molar absorbance coefficient in the 1:1 1-octanol/acetone-mixed solution. Similarly, the molar
absorbance coefficient in a 1:1 PBS/acetone-mixed solution was determined. A 1:1 1-octanol/PBS-mixed
solution was prepared. From the solution, the 1-octanol phase (600 uL) and PBS phase (600 pL) were
collected and combined. A stock solution (3 puL) was added, mixed using a vortex mixer, and then
centrifuged to obtain the partition solution. The 1 — octanol phase (500 pL) was collected from the
partition solution and diluted with 1-octanol (500 puL) and acetone (1.00 mL), which was characterized
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by UV-vis spectroscopy to determine the concentration in the 1:1 1-octanol/acetone-mixed solution
([C1=octanor])- Similarly, the PBS phase (500 pL) was collected from the partition solution and diluted with
PBS (500 pL) and acetone (1.00 mL), which provided the concentration in the 1:1 1-PBS/acetone-mixed
solution ([Cpps]). The 10g([C1—octanoll/[Cpps]) values were calculated to provide the log P-values.

4.6. Photosensitizer Transport Assay

For fluorescence microscopy, U251 cells were cultured on 8-chamber glass-bottomed dishes coated
with 0.04% Polyethyleneimine (Merck, Darmstadt, Germany) at 3 x 10* cells/well. Cells were cultured
for 24 h before the transport assay. Precooled (4 °C) or prewarmed (37 °C) fresh HEPES containing
DMEM without phenol red (FUJIFILM Wako Pure Chemical, Osaka, Japan) with 2 pM photosensitizer
was applied to the culture for 30 min at 4 or 37 °C. Cells were washed twice with PBS and fixed
with 4% paraformaldehyde (Merck, Darmstadt, Germany) in 0.1 M phosphate buffer for 30 min at
room temperature. Fluorescence of the photosensitizer was observed under an Eclipse Ti-U inverted
microscope (Nikon, Tokyo, Japan) equipped with a filter cube (Ex: 340-380 nm; DM: 400 nm; Em:
672-716 nm) and CMOS Zyla5.5 camera (Andor technology, Belfast, UK). Fluorescence data were
collected and processed by NIS-elements (Nikon, Tokyo, Japan) and Photoshop CS6. Fluorescence
intensities were measured by Image] 1.52k. Data were analyzed by Excel for Mac 2016.

4.7. Photosensitizer Distribution Assay

U251 cells were cultured on eight-chamber glass-bottomed dishes coated with 0.04% PEI at
3 x 10* cells/well. Cells were cultured for 24 h before the distribution assay. CytoPainter Golgi staining
kit Green (200X, Abcam, Cambridge, UK), MitoBright LT Green (50 nM, Dojindo, Kumamoto, Japan),
and Lysotracker Green (200 nM, Thermo Scientific, Waltham, MA, USA) were used in accordance with
the manufacturers’ protocols to stain the Golgi apparatus, mitochondria, and lysosomes, respectively.
Briefly, fresh medium containing each dye and 10 pM photosensitizer was applied to the cells for
30 min at 37 °C with 5% CO;. The cells were washed twice with PBS, and medium was replaced
with HEPES containing DMEM without phenol red. Fluorescence of each organelle marker and the
photosensitizer were obtained and processed by the same methods described above using a filter cube
GFP-B for organelle markers (Ex: 460-500 nm, DM: 505 nm; Em: 510-560 nm) and photosensitizers
(Ex: 340-380 nm; DM: 400 nm; Em: 672-716 nm).

4.8. Statistical Analysis

If not stated otherwise, data are expressed as the mean + SEM. Differences between two datasets
and multiple datasets were assessed using the Student’s f-test and one-way analysis of variance
(ANOVA) with the Tukey—Kramer post-hoc test, respectively. All data were collected and analyzed
using a double-blinded approach.
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Abstract: 5-Aminolevulinic acid (5-ALA) is an amino acid derivative and a precursor of protopor-
phyrin IX (PpIX). The photophysical feature of PpIX is clinically used in photodynamic diagnosis
(PDD) and photodynamic therapy (PDT). These clinical applications are potentially based on in vitro
cell culture experiments. Thus, conducting a systematic review and meta-analysis of in vitro 5-ALA
PDT experiments is meaningful and may provide opportunities to consider future perspectives
in this field. We conducted a systematic literature search in PubMed to summarize the in vitro
5-ALA PDT experiments and calculated the effectiveness of 5-ALA PDT for several cancer cell types.
In total, 412 articles were identified, and 77 were extracted based on our inclusion criteria. The
calculated effectiveness of 5-ALA PDT was statistically analyzed, which revealed a tendency of
cancer-classification-dependent sensitivity to 5-ALA PDT, and stomach cancer was significantly
more sensitive to 5-ALA PDT compared with cancers of different origins. Based on our analysis, we
suggest a standardized in vitro experimental protocol for 5-ALA PDT.

Keywords: 5-aminolevulinic acid; 5-ALA; dALA; SALA; PpIX; protoporphyrin IX; photodynamic
therapy; PDT

1. Introduction

5-Aminolevulinic acid (5-ALA) is a naturally occurring amino acid derivative that
acts as a precursor of protoporphyrin IX (PpIX) [1-3]. 5-ALA administration to animals,
including humans, leads to the synthesis of PpIX, especially in tumors [4-7]. PpIX is
activated by violet light (405 nm) or orange-red light (635 nm), subsequently emitting
red fluorescence (620-710 nm) or generating reactive oxygen species (ROS) [8]. These
features can potentially be used to visualize or kill cancer. Specifically, 5-ALA has been
clinically tested for photodynamic diagnosis (PDD) during surgery to visualize cancer
cells by fluorescence and photodynamic therapy (PDT) to target unfavorable neoplasms
by increasing ROS production [9,10]. To date, 5-ALA has been clinically approved by the
U.S. Food and Drug Administration (FDA) as GLEOLAN® (GLIOLAN® according to the
European Medicines Agency (EMA)) for PDD for malignant glioma, and LEVULAN® and
AMELUZ® have been approved for the PDT of patients with actinic keratoses. However,
there are no FDA- or EMA-approved applications of 5-ALA-PDT for cancer.

Clinical anti-cancer applications of 5-ALA-PDT have been widely reported for sev-
eral organs, such as the brain [11-16], skin [17-23], pharynx [24], blood and lymph [25],
esophagus [26], urethra and prostate [27], and uterus [28]. In addition, 97 clinical trials
of 5-ALA PDT for cancer treatment have been registered in the U.S. National Library of
Medicine (ClinicalTrials.gov) as of 10 March 2021. Therefore, 5-ALA will hopefully be
approved in the near future as a PDT drug for cancer patients. These clinical trials and
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applications are based on in vivo animal experiments, and these animal experiments are
based on in vitro cell culture experiments. For the clinical application of 5-ALA PDT in
cancer, a comprehensive review of in vitro 5-ALA PDT experiments and analysis of these
results are meaningful and may provide important opportunities to consider for the future
direction of 5-ALA experiments and clinical trials.

In this study, we systematically extracted and listed in vitro experiments that inves-
tigated 5-ALA PDT. We also performed a meta-analysis of these data by calculating and
comparing the effectiveness of 5-ALA PDT in several cancer cell types from each article.
Finally, we suggest a standard experimental protocol for the validation of future in vitro
5-ALA PDT experiments.

2. Methods
2.1. Literature Search and Selection

A systematic literature review using PubMed was performed according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-analyses Statement (PRISMA)
guidelines [29]. For the title or abstract search, we used the term sets [5-aminolevulinic acid,
aminolevulinic acid, dALA, §ALA, 5-ALA, 5ALA], [in vitro, culture], and [photodynamic
therapy, PDT] for OR searching in each term set, and each term set was used together for
AND searching. In addition, the publication date was limited to the beginning of 1900 to
the end of 2019 (available online). Together, the search query used was ((aminolevulinic
acid [Title/ Abstract] OR aminolevulinic acid [Title/ Abstract] OR dALA [Title/ Abstract]
OR 5ALA [Title/ Abstract] OR 5-ALA [Title/ Abstract] OR 5ALA [Title/ Abstract]) AND
(in vitro [Title/ Abstract] OR culture [Title/ Abstract]) AND (photodynamic therapy [Ti-
tle/ Abstract] OR PDT [Title/ Abstract])) AND (1900/01/01 [Date-Publication]: 2019/12/31
[Date-Publication]). The searched articles were further selected based on whether they in-
cluded all of the following information: cell name, fluence, irradiation wavelength, time of
incubation with 5-ALA, duration between 5-ALA treatment and irradiation, and duration
between irradiation and viability assays. The selected articles that described the median
lethal concentration (LCsg) in the text or those in which the LCsg could be estimated and /or
calculated from the table or graph were included. Estimated LCs and fluence from graphs
were rounded.

2.2. Consistency of Terminology

Some papers used different terms to express the same thing. In addition, some
standardizations of different terms were required to perform statistical analysis. Therefore,
some terminologies were unified as follows: astrocytoma was used as glioblastoma, glioma
stem-like cell was used as glioma stem cell, and glioblastoma stem-like cell was used as
glioblastoma stem cell.

2.3. Data Collection, Processing, and Statistics

For data comparisons, the effectiveness of each application was calculated by the
reciprocal of the fluence multiplied by the LCsq (cm?/(J-uM)). This effectiveness is thought
to be proportional to the sensitivity of the cell to 5-ALA PDT. If there were more than three
articles that used the same classified cells or cells from the same organ, similar wavelengths
for irradiation (around 635 nm), the same duration of 5-ALA incubation (4 h), and the
same duration between irradiation and viability assays (24 h), the values of effectiveness
were averaged and assessed by one-way analysis of variance (ANOVA) with the post hoc
Tukey—Kramer test using Statcel2 software (Seiunsha, Tokyo, Japan). If the sample size
was greater than six, the data were assessed by the Wilcoxon rank-sum test using JMP Pro
software (SAS Institute Japan, Tokyo, Japan).
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3. Results
3.1. Collection of In Vitro 5-ALA PDT Experiments

The initial search resulted in 412 articles, of which 77 articles met the inclusion criteria
mentioned in the Methods section. These articles included a total of 146 in vitro viability
assays of cells treated with PDT under different conditions. They included 116, 12, 9, and
9 viability assays for cell lines derived from humans, mice, rats, and canines, respectively.
The PDT experiments using human cell lines are listed in Table 1, and the total number
of studies was 62. Eighty cell lines from different origins (21 organs) and classifications
(16 classes) were tested. Brain cancer and adenocarcinoma were the most tested cancer
origin and classification, respectively. Overall, several different experimental conditions
were adapted in each study, including various durations of incubation with 5-ALA, ir-
radiation wavelengths, fluences, and durations between irradiation and viability assays.
Therefore, it was difficult to directly compare these experimental results. To ensure the
comparability of the results, we extracted the data from studies that used similar experi-
mental conditions (irradiation wavelength, duration of 5-ALA incubation, and duration
between irradiation and viability assays). Then, we roughly estimated the effectiveness of
5-ALA PDT for different cells using the following equation. The effectiveness is the new
parameter we introduced, which is thought to correlate to the sensitivity of the cells to
5-ALA PDT because both LCsy and fluence parameters are roughly inversely proportional
to the sensitivity of the cells in PDT experiments [30,31].

1

Effectiveness = ————
ff LCsg x Fluence

(cm? /-] ) M

The effectiveness indicates the extent of 5-ALA effects on the treated cells under the
individual experimental conditions. The larger the effectiveness value, the more effective 5-
ALA PDT was against the cell. Although there were different effectiveness values estimated
for the same cell types in different papers (such as 0.1 to 1,131.9 for A431 cells), most results
showed a similar range of effectiveness values.

Table 1. In vitro 5-Aminolevulinic acid photodynamic therapy (5-ALA PDT) experiments for human cancer cell lines.

Duration

of Irradiation Duration between

Name Effectiveness Incubation Wavelength Fluence Irradiation and
Organ Classification [s]: Sphere  (x10~%cm?/(J-uM)) LCsp (M) (h) (nm) (Jlem?)  Viability Assay (h)  Ref.
Bladder Carcinoma HCV-29 0.2 597 4 635 100 24 [32]
Carcinoma J82 1.1 597 4 635 15 24 [32]
Carcinoma J82 12.0 597 3 590-700 1.4 48 [33]
Carcinoma RT112 419 597 3 590-700 0.4 48 [33]
Carcinoma RT4 22 298 4 635 15 24 [32]
Carcinoma RT4 419 597 3 590-700 04 48 [33]
Carcinoma RT4 [s] 20.9 597 3 400-700 0.8 24 [34]
Bone Chordoma U-CH2 3.0 181 6 635 18.75 24 [35]
Osteosarcoma HOSM-1 2.5 200 6 580-740 20 24 [36]
Osteosarcoma HOSM-2 0.5 1000 12 600-1600 20 24 [37]
Brain AT/RT BT-16 1.1 370 4 635 25 12 [38]
Glioblastoma A172 3.3 1000 24 635 3 24 [39]
Glioblastoma ACBT [s] 0.6 597 4 635 30 24 [40]
Glioblastoma U251IMG 3.3 1000 0.5 All (white) 3 20-24  [41]
Glioblastoma U251MG 5.0 1000 4 627 2 O/N [42]
Glioblastoma U373 3.7 144 4 635 18.8 24 [43]
Glioblastoma U373 1.2 650 4 635 12.75 24 [44]
Glioblastoma U373 3.2 315 4 635 + 20 10 24 [45]
Glioblastoma U373MG 35 500 2 635 5.7 48 [46]
Glioblastoma U373MG 71 1000 4 627 14 O/N [47]
Glioblastoma U373MG 51 1000 4 635 1.95 48 [48]
Glioblastoma U373vIIl 0.7 1100 4 635 12.75 24 [44]
Glioblastoma U373vIIl 25 407 4 635 + 20 10 24 [45]
Glioblastoma usz 1.5 510 4 635 12.75 24 [44]
Glioblastoma U8z 1.1 931 4 635 + 20 10 24 [45]
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Table 1. Cont.

Duration
of Irradiation Duration between
Name Effectiveness Incubation Wavelength Fluence Irradiation and

Organ Classification [s]: Sphere  (x10~4 cm?/(J-uM)) LCs (LM) (h) (nm) (J/lem?)  Viability Assay (h)  Ref.
Brain (cont.) Glioblastoma Us7MG 25 1000 0.5 All (white) 4 20-24  [41]
Glioblastoma US7MG 24 1000 6 634 £7 4.1 48 [31]

Glioblastoma US7MG 4.2 1000 4 627 24 O/N [47]

Glioblastoma U87MG 3.3 1000 4 627 3 O/N  [42]

__ Glioblastoma __ __USMII_ 03 __ 280 __ __ s __es s ]
Glioblastoma U87vIIl 0.9 1161 4 635 + 20 10 24 [45]

GSC BT273 [s] 44 122 4 635 18.8 24 [43]

GSC BT275 [s] 10.7 49.5 4 635 18.8 24 [43]

GSC BT379 [s] 8.8 60.3 4 635 18.8 24 [43]

,,,,,, GSC_ Gl _ 43 w44 ____ 5 __ s 24 (8]

GSC GS5 [s] 22.3 23.9 4 635 18.8 24 [43]

Glioma stem cell GS2 2.6 298 4 635 12.75 24 [44]

Glioma stem cell GS2 7.7 130 4 635 + 20 10 24 [45]

Glioma stem cell GSC30 [s] 10.8 93 4 635 + 20 10 24 [45]

_ Medulloblastoma ___D283Med __ _ _ __ 53 ___ 500 __ _ _ 2 ___ &5 __ 38 _____48 6]
Medulloblastoma Daoy 1.7 239 4 635 25 12 [38]
Meningioma KT21-MG1 1.2 448 24 635 18.75 1.5 [49]

Neuroblastoma SK-N-SH 14 1000 8 500~ 7.2 48 [50]

PNET PFSK-1 1.7 239 4 635 25 12 [38]

Breast  Adenocarcinoma  MDA-MB-231 5.0 1000 0.5 633 + 6 2 20 [51]
Adenocarcinoma  MDA-MB-231 43 1000 6 634 +7 2.3 48  [31]

Carcinoma HB4a-Ras 166.7 1000 3 400-700 0.06 19 [52]

Carcinoma T47D 5.0 500 24 624 £5 4 24 [53]

Carcinoma T47D 16.7 1000 4 635 0.6 48 [48]

Colon  Adenocarcinoma Caco-2 9.9 597 3 590-700 1.7 48  [54]
Adenocarcinoma HT-29 2.5 1000 3 635 4 24 [55]
Adenocarcinoma HT-29 4.3 597 3 590-700 3.9 48  [54]
Adenocarcinoma SW480 0.1 1500 4 600-720 50 24 [56]

_ Adenocarcinoma ____ SW4S0 01 ___ 1500 ___ 4 __e0m0 24 157
Adenocarcinoma SW480 49 597 3 590-700 3.4 48 [54]
Adenocarcinoma SW620 0.4 1500 4 600-720 18 24 [56]
Adenocarcinoma SW620 0.4 1000 4 600-720 24 24 [57]
Esophagus SCC Eca-109 1.0 1000 24 630 10 24 [58]
SCC Eca-109 0.1 750 6 630 100 24 [59]
Gingiva SCC Ca9-22 20.8 1000 3 633 0.48 24 [60]
Hypopharynx scC FADU 8.9 1000 24 635 112 24 [39]
Kidney Carcinoma A498 1.2 1000 6 634 +£7 8.2 48 [31]
Larynx SCC AMC-HN3 7.0 239 24 632 6 24 [61]
Liver Carcinoma HepG2 10.0 1000 28 600-800 1 2 [62]
Carcinoma HepG2 22 185 3 632 25 24 [63]
Lung  Adenocarcinoma LC-T 1.0 5000 9 600-700 2.1 0 [64]
Carcinoma H1299 5.0 1000 4 633 2 2.3 [65]
Carcinoma QU-DB 0.8 5000 9 600-700 2.5 0 [64]
Lymph Lymphoma HuT78 419 59.7 2 630 4 24 [66]
Lymphoma Ramos (RA1) 16.8 59.7 2 630 10 24 [66]
Nasopharynx Carcinoma HNE-1 3.0 328 4 630 10 24 [67]
Carcinoma KJ-1 3.6 1000 3 633 2.8 24 [60]
Oral Cavity Dysplasia DOK 12 810 4 635 10 24 [68]
Ovary Adenocarcinoma ES2 1.1 882 4 631 10.4 24 [69]
Adenocarcinoma KOC7C 1.1 857 4 631 104 24 [69]
Adenocarcinoma OV2774 1.3 1000 4 635 8 48 [48]
Adenocarcinoma OVMANA 9.9 97 4 631 104 24 [69]

_ Adenocarcinoma ___OVIOKO _ 39 __ _ o4 __ __ A el w4 n el
Adenocarcinoma RMG1 171 56 4 631 10.4 24 [69]
Adenocarcinoma RMG2 17.1 56 4 631 10.4 24 [69]
Adenocarcinoma TOV21G 29 330 4 631 10.4 24 [69]
Prostate Adenocarcinoma LNCaP 11.2 298 4 631 3 24 [70]
Skin Melanoma A375 2.0 500 4 636 10 24 [71]
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Table 1. Cont.

Duration

of Irradiation Duration between

Name Effectiveness Incubation Wavelength Fluence Irradiation and
Organ Classification [s]: Sphere  (x10~4cm?/(J-uM)) LCsp (M) (h) (nm) (Jlem?)  Viability Assay (h)  Ref
Skin (cont.) Melanoma A375 0.6 358 4 420-1400 45 24 [72]
Melanoma LOX 0.03 4000 4 635 100 20 [73]
SCC A431 0.6 6000 3 635+ 9 3 0 [74]
SCC A431 17.0 393 20 630 1.5 24 [30]
SCC A431 125 100 24 632.8 8 24 [75]
SCC A431 0.1 2000 4 635 40 24 [76]
SCC A431 11319 1.77 48 630 += 15 5 48 [77]
SCC HSC-5 1.0 200 2 545-700 50 3 [78]
SCC SCC-13 0.1 6000 1 635 £9 12.21 0 [74]
Stomach Adenocarcinoma KKLS 13.2 700 4 630 1.08 24 [79]
Adenocarcinoma MKN28 23.1 400 4 630 1.08 24 [79]
Adenocarcinoma MKN45 185.2 50 4 630 1.08 24 [79]
Tongue SCC CAL-27 1.6 620 4 635 10 24 [68]
SCC SCC-15 11.2 59.7 12 630 15 6  [80]
SCC SCC-4 53 187 4 640 10 24 [81]
SCC SCC-4 2.7 375 4 640 10 24 [82]
Uterus Adenocarcinoma BCC 16.7 500 4.5 532 +£20 1.2 20 [83]
Adenocarcinoma HeLa 4.0 500 4 635 5 24 [84]
Adenocarcinoma HeLa 100.0 200 8 630 0.5 24 [85]
Adenocarcinoma HeLa 98.0 10.2 6 630 10 3 [86]
Adenocarcinoma HeLa 0.3 300 4 635 100 20 [87]
Adenocarcinoma HeLa 16.7 1000 24 635 0.6 24 [88]
Adenocarcinoma KB 1.3 200 6 580-740 40 24 [36]
SCC C-33A 588.2 1.7 6 630 10 3 [86]
SCC C-41 129 77.7 6 630 10 3 [86]
SCC Ca Ski 28.4 35.2 6 630 10 3 [86]
SCC HT-3 3.0 332 6 630 10 3 [86]
SCC Me-180 1373.6 0.728 6 630 10 3 [86]
SCC Me-180 660.1 0.505 4 632.8 30 4 [89]
SCC SiHa 3.0 332 6 630 10 3 [86]

AT/RT: atypical teratoid /rhabdoid tumor, GSC: glioblastoma stem cell, SCC: squamous cell carcinoma, PNET: primitive neuroectodermal

tumor, O/N: overnight; LCs), median lethal concentration.

3.2. 5-ALA PDT Effect on Cells of Different Cancer Classifications

The effectiveness against cells of the same cancer classifications was averaged and
compared with each class (Figure 1). Several reports showed that the feature of the cells
was altered by their microenvironments, such as 2D monolayer culture or 3D aggregation-
forming spheres [90-93]. In the present review, because the inclusion and exclusion of
the data from sphere cultures did not show any statistical differences, all of the data were
included and averaged. Although there were no statistical significances, adenocarcinoma,
glioblastoma stem cell (GSC), and glioma stem cell tended to show higher effectiveness
values than squamous cell carcinoma (SCC), glioblastoma, and carcinoma, which may

suggest that the effects of 5-ALA PDT are cancer-classification-dependent.
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Figure 1. Effectiveness of 5-ALA PDT in cells of different cancer classifications. GSC: glioblastoma stem cell, SCC: squamous
cell carcinoma. There were no statistical significances (one-way analysis of variance (ANOVA) with the post hoc Tukey—

Kramer test). Adenocarcinoma (1 = 16) and glioblastoma (1 = 10) were statistically assessed using the Wilcoxon rank-sum

test but showed no significant differences.
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3.3. 5-ALA PDT Effect on Cells of Different Cancer Origins

Next, the effectiveness against cells of the same cancer origin was averaged and
compared with each origin (Figure 2). Because the inclusion and exclusion of the data
from sphere cultures and outliers did not show any statistical differences, all of the data
were included and averaged. As a result, the stomach was identified as the organ most
affected by 5-ALA PDT. Among the other organs, there were no statistically significant
differences. However, the number of experiments using stomach-derived cells (n = 3) was
small, and these experiments were performed in the same study. Therefore, this result
should be considered carefully.

*% *k
s * * *k
. ﬁ g —— . ——— . . . .
Stomach Ovary Brain Tongue Bladder Skin Colon

Figure 2. Effectiveness of 5-ALA PDT on cells of different cancer origins. The stomach was identified as the organ most
affected by 5-ALA PDT (one-way analysis of variance (ANOVA) with the post hoc Tukey-Kramer test). * p < 0.05 and **
p <0.01 compared with the stomach. The brain (n = 18) and ovary (n = 7) were statistically assessed using the Wilcoxon

rank-sum test but showed no significant differences.

4. Discussion and Future Perspective

In the present review, we summarized past and recent (until the end of 2019) in vitro
experiments investigating 5-ALA PDT for cancer cells and compared these data by cal-
culating the effectiveness value. In total, 116 in vitro assays for human cancer cells were
extracted, including cancer cells from 21 origins and 16 cancer classifications. Effectiveness
values were calculated from the LCs and fluence to compare the sensitivity of each cancer
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cell type to 5-ALA PDT. These data suggest that there are some tendencies of sensitivity to
5-ALA PDT in cells of different origins and classifications.

Several potential mechanisms may contribute to the differences in the sensitivity of
each origin and classification to 5-ALA PDT. The most important candidate that influences
the PDT sensitivity is the protein family associated with redox reactions. Oxidative stress-
related proteins, such as superoxide dismutase [94], catalase [95], and NO synthase [96],
are reported to affect PDT sensitivity. Glutathione and related proteins, such as glutathione
peroxidase, glutathione-S-transferase, glutathione transferase omega-1, and glutathione
synthase, are also thought to be associated with cell resistance to PDT [94,97,98]. Heme
oxygenase-1 (HO-1) is an inducible cytoprotective enzyme that protects cells from oxidative
stress, and its expression is induced by PDT [99]. Apurinic/apyrimidinic endonuclease
1/redox factor-1 (APE1/Ref-1) regulates cell responses to oxidative stress, which affects
the PDT sensitivity [100]. The NAD(P)H/FAD redox status has been reported to affect
PDT sensitivity [101]. The expression levels of these redox-related proteins, peptides, and
compounds can be altered in cancer cells and may influence their sensitivity to 5-ALA PDT.

Several papers have reported the anti-cancer property of 5-ALA PDT; however, most
articles do not describe all of the experimental protocols, preventing reproducibility. Al-
though similar problems occur and should be considered in all manuscripts, it is still
important for authors to describe their detailed experimental protocols to ensure repro-
ducibility by other researchers and for reviewers to carefully assess the manuscripts. For
the in vitro PDT experiments, complete chemical formulation of 5-ALA (such as 5-ALA
hydrochloride) should be described, not 5-ALA alone; otherwise, the dimerization is re-
ported [102]. Moreover, the parameters we mention in Table 1 (cell name, duration of
incubation, irradiation wavelength, fluence, and duration between irradiation and viability
assays) should be clearly mentioned in Section 2 because all of these parameters possibly
affect the sensitivity of cells to 5-ALA PDT and the results of cell viability assays. Com-
parisons of the duration of 5-ALA incubation [35,68,103], irradiation wavelength [104,105],
and fluence [30,31] showed that each parameter strongly affected cell viability. In addition,
the duration between irradiation and viability assays can also affect the results because cell
proliferation after light irradiation can be influenced by the number of viable cells with a
sigmoid shape.

In this review, we compared the effectiveness calculated from the LCsy and fluence.
The calculated effectiveness may be a useful parameter to compare the sensitivity of cells
to 5-ALA PDT among individual manuscripts; however, it has some limitations to consider.
Although both LCs and fluence parameters are roughly inversely proportional to the sensi-
tivity of the cells in PDT experiments, this inverse relationship (especially for fluence) does
not show absolute linearity [31]. Based on our calculation, high fluence usually showed a
relatively high effectiveness [30,57,106,107]. Therefore, the calculated effectiveness may be
overestimated in the experiments using high fluence. The cellular microenvironments, such
as 2D or 3D culture, are also possible candidates that may affect 5-ALA PDT sensitivity.
Therefore, 2D /3D comparisons might be required. In this manuscript, the inclusion and
exclusion of 3D culture data did not show any statistical changes, but this might be caused
by the small number of datasets. We discarded several potential parameters that may affect
in vitro PDT assays, such as the components of 5-ALA (hydrochloric acid, nitrate, and
phosphate), initial cell density, light source (laser, lamp (halogen, mercury, or xenon), or
LED), light irradiance, wash conditions, and completeness of light shielding except for
light irradiation. These parameters can also affect the PDT results. For example, the value
of light irradiance strongly influences cell viability [105,108,109]. Therefore, especially for
the reproducibility, these parameters should be described in the individual manuscript
together with the parameters described above.

For the meta-analysis and data comparison between each report, the experimental
procedure for in vitro 5-ALA PDT experiments should be standardized as much as pos-
sible. We propose a standardized protocol developed with reference to papers listed in
Table 1 (Scheme 1), and a similar protocol for investigating 5-ALA PDT in breast cancer
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~80% confluent

cultured cell

cells has been recommended previously [110]. This protocol is for in vitro 5-ALA PDT
experiments, but it can potentially be used for other in vitro PDT experiments using dif-
ferent photosensitizers with some modifications. The steps of this protocol are culturing
cells to ~80% confluency, incubating cells with 5-ALA for 4 h, irradiating immediately
after providing cells with fresh medium, and performing the viability assay 24 h after
irradiation. A cell confluency of approximately 80% should be used for prevention of
the effect of contact inhibition (including initiation of cell cycle arrest, downregulation
of proliferation, and mitogen signaling pathways) [111]. It has been reported thata 4 h
incubation time of 5-ALA is usually sufficient to induce maximal PDT effect for several
cancer cells [60,65,112]. In addition, many studies including the references in this review
used 4 h for their general experimental condition. However, some cells and experimental
conditions require the incubation time of 5-ALA to be more than 4 h [62,85,107,113] and the
time may also be affected by the 5-ALA concentration [35]. The timing of irradiation should
be performed immediately after washout of 5-ALA because intracellular concentration
of PpIX is gradually reduced after washout by cell metabolism [114]. We hope that this
standardized protocol may help researchers conducting 5-ALA (or other photosensitizer)
PDT experiments.

Keep this part as dark as possible

4 h* Immediately 24 h
after
[iELLER wit\:\v:sB: x1 Viabili
—» with =—p =P Irradiation =P by

and assay

put fresh medium Around 635 nm
(1-100 mW/cm2)

5-ALA

Scheme 1. Recommended experimental protocol for 5-ALA PDT. This protocol can be used as a standard protocol for

in vitro 5-ALA PDT experiments. The duration of incubation (4 h may be a standard) can be changed if incubation time-

dependency is investigated (*). Irradiance is particularly difficult to adjust because the light source is different in each

lab, but the recommended irradiance is around 1 to 100 mW /cm?. Note that the experimental procedure indicated inside

the gray box should be performed in the dark as much as possible because undesirable irradiation from the fluorescent

lights of laminar flow cabinets and/or experimental rooms can increase ROS production and subsequent cell death. PBS:

phosphate-buffered saline.

More in vitro and in vivo 5-ALA PDT experiments for cancer should be performed to
facilitate the clinical application of 5-ALA PDT in the future. In addition, 81 clinical trials
have been registered in the U.S. National Library of Medicine. There are potential risks and
side effects that should be considered during these trials and experiments; however, these
efforts might advance the development of novel clinical approaches for the treatment of
several cancers. To expand 5-ALA applications for several cancers, further in vitro 5-ALA
PDT experiments are still required and should be continued.
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Abstract: Programmed death-ligand 1 protein (PD-L1) has been posited to have a major role in
suppressing the immune system during pregnancy, tissue allografts, autoimmune disease and other
diseases, such as hepatitis. Photodynamic therapy uses light and a photosensitizer to generate
singlet oxygen, which causes cell death (phototoxicity). In this work, photosensitizers (such as
merocyanine) were immobilized on the surface of magnetic nanoparticles. One peptide sequence
from PD-L1 was used as the template and imprinted onto poly(ethylene-co-vinyl alcohol) to generate
magnetic composite nanoparticles for the targeting of PD-L1 on tumor cells. These nanoparticles were
characterized using dynamic light scattering, high-performance liquid chromatography, Brunauer-
Emmett-Teller analysis and superconducting quantum interference magnetometry. Natural killer-92
cells were added to these composite nanoparticles, which were then incubated with human hepatoma
(HepG2) cells and illuminated with visible light for various periods. The viability and apoptosis
pathway of HepG2 were examined using a cell counting kit-8 and quantitative real-time polymerase
chain reaction. Finally, treatment with composite nanoparticles and irradiation of light was performed
using an animal xenograft model.

Keywords: immunotherapy; photodynamic therapy; programmed death-ligand 1 protein (PD-L1);
magnetic nanoparticles; peptide-imprinted polymer

1. Introduction

Molecularly imprinted polymers (MIPs) have been synthesized for use as biomimetic
antibodies for bioseparation [1,2], biosensing [3-5] or gene activation [6,7]. The targets
chosen for imprinting have been small molecules [5], proteins [5,8], or even cells [9,10].
Templates used included entire molecules [3,11], or epitopes [5,12] of targets. Especially
with proteins, epitope imprinting is often used owing to the high cost of proteins, or
solubility issues [1,13]. The specific recognition capabilities of MIPs are comparable to that
of natural antibodies, and their stability is generally much better [14].

The science of protein epitope selection [5] or rational MIP design is immature, but
several groups have demonstrated notable successes. Shea’s group employed peptides
that contain nine amino acids from the C-terminus of two proteins (melittin and green fluo-
rescent protein (GFP)) to prepare MIP nanoparticles [15,16]. Zhang’s group also used the
C-terminal peptide for the recognition of albumin [17,18]. Kunter’s group selected epitopes
from the crystal database of proteins that could be digested with various proteinases [19],
and then the epitopes on the outside of the proteins were chosen for the synthesis of
MIPs (used as sensing elements on an extended-gate field-effect transistor [20,21].) Our
earlier investigations have also demonstrated epitope-based recognition of a protein using
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peptide-imprinted polymers [5,13,22]. MIPs may also be employed as artificial receptors
for the recognition of surface ligands of cells [23,24].

Immune checkpoint pathways, including the programmed death receptor-1/program-
med death ligand-1 (PD-1/PD-L1) signaling pathway [25], are important in mediating
self-tolerance and controlling self-damage. This pathway can sometimes be manipulated
by cancer cells to evade immune surveillance [26]. PD-L1 binds to its receptor, PD-1 on
activated T cells, B cells and myeloid cells, to modulate activation or inhibition [27]. Re-
cently, cancer immunotherapies [28-30] that train or stimulate immunological systems to
recognize, attack, and eradicate tumor cells with minimal damage to healthy cells have
yielded promising clinical responses; those that involve nanoparticles [29,31] for chemother-
apy, radiotherapy-, photothermal therapy, photodynamic therapy and hyperthermia are
especially effective [31]. The development of strategies to block PD-L1-mediated immune
inhibition [32] could further enhance the effectiveness of immunotherapy.

Photodynamic therapy (PDT) uses light and a photosensitizer to elicit cell death
(phototoxicity) [33]. Singlet oxygen (10,), as the major reactive oxygen species (ROS),
is produced in PDT to treat cancer [34]; mechanisms of action include direct cytotoxic
effects exerted on tumor cells, destruction of the tumor and peritumoral vasculature, and
induction of local acute inflammatory reaction [35]. The commonly used photosensitizer
merocyanine 540 (MC 540) [36] is a member of the family of benzoxazol merocyanine dyes
that contain heterocyclic aromatic groups linked by a polymethine chain. It has recently
been used in studies of up-converting nanoparticles (UCNP) [37,38].

Hepatocellular carcinoma (HCC) is a primary malignancy of the liver, occurring
mostly in patients with underlying chronic liver disease and cirrhosis [39]. Liver cancer is
one of the leading causes of cancer deaths globally, and an annual death toll of 700,000 has
been recorded in recent years [40]. Hepatocellular carcinoma treatments include surgery,
liver transplantation, the destruction of cancer cells using heat or cold, the delivery of
chemotherapy, radiation therapy, targeted drug therapy, immunotherapy, and new liver
cancer treatments currently in clinical trials [41,42]. A combination of treatment modalities,
rather than a single treatment, may be most effective in slowing the progression of the
disease in humans.

In the present work, multifunctional MIP NPs were synthesized for cancer cell de-
struction. As shown in Figure 1, merocyanine (MC540) molecules were immobilized on the
surface of magnetic nanoparticles (MNPs). These MC540/MNPs were then mixed with a
peptide from PD-L1 and poly(ethylene-co-vinyl alcohol) solution to form multifunctional
magnetic peptide-imprinted composite nanoparticles (MPIPs/MC540). These MPIPs were
characterized for their size distribution, recognition capacity, specific surface area, and
magnetization. Natural killer-92 (NK-92) cells were added to human hepatoma (HepG2)
cells, which were then incubated with these composite nanoparticles and illuminated with
visible light for varying durations. The viability and apoptosis pathway of HepG2 were
investigated using cell counting kit-8 (CCK8) and quantitative real-time polymerase chain
reaction (QRT-PCR). Finally, treatment with composite nanoparticles and irradiation of
light was performed on an animal xenograft model.
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Figure 1. Preparation and administration of multifunctional magnetic PD-L1 peptide-imprinted composite nanoparticles.

2. Results and Discussion

Figure 2 presents the characteristics, including size distribution and mean size, of
MIP NPs that were prepared with poly(ethylene-co-vinyl alcohol)s, EVALs, that contained
various ethylene mole percents. As shown in Figure 2a, the magnetic nanoparticles (MNDPs)
had diameters of 61 + 6 nm, while the freshly prepared magnetic peptide imprinted
particles (MPIPs; made with 27 mol% EVAL and containing the MNPs) had diameters of
165 & 28 nm. Interestingly, washing to remove the template actually increased the particle
sizes (to 238 + 30 nm) as measured by dynamic light scattering (DLS), perhaps owing
to a swelling of the surface polymer layer. Rebinding of the template led to contraction
of the MPIPs to 183 + 47 nm. Figure 2b shows the mean sizes for particles prepared
with different ethylene mole percentages in the EVAL. There is a trend to larger “before
washing” sizes with increasing ethylene, but more interestingly, the intermediate ethylene
percentages (32 and 38 mol%) gave larger particles after washing (~360 and ~490 nm)
and yet the smallest particles on rebinding (~120 and 125 nm). N, adsorption-desorption
isotherms (Figure 2c) were used to determine the specific surface area, using the multi-point
Brunauer-Emmett-Teller (BET) method. The specific surface areas of MPIPs before and
after template removal were 301.4 + 23.9 m?/g and 337.7 + 35.4 m? /g, respectively, for
particles prepared using EVAL with ethylene at 27 mol%. The specific surface area in the
MPIPs increased slightly upon template removal, as might be expected. The magnetization
curves of the MNPs, and MPIPs before and after template removal, plotted in Figure 2d,
reveal their superparamagnetic properties; their saturated magnetizations were found to
be 58, 48 and 50 emu/g. The inset in Figure 2d shows the accumulation of MPIPs on the
side of a vial nearest a magnet.

Figure Sla in the Supplementary Materials shows the adsorption of peptide on im-
printed and non-imprinted nanoparticles made with EVALs with different ethylene con-
tents. EVAL with the lowest ethylene mol% studied, 27 mol%, gave the largest imprinting
effectiveness (defined as the ratio of adsorption of template molecules on MMIPs to that
on the magnetic non-imprinted polymer composite nanoparticles, MNIPs) in Table S2.
Figure S1b plots the isothermal adsorptions of peptide on MPIPs and on MNIPs. The
maximum binding on MPIPs and NPIPs was 66.1 £ 12.8 and 39.1 & 9.4 mg/g, respectively.

43



Pharmaceuticals 2021, 14, 508

(a) (b)

100 — 600 —
1 ] MPIPs
T ® MNPs . E Before was.hing
T MPIPs 500 o E@ After washing
80 5 ® Before washing 1 & Rebound
] ® After washing -
) ® Rebound e
i g
g 7 <
5 151
S 7 =
: ] g
Z 40 g
7 s
20 —
0 —
T T T TITT T T TITI T 111 ]—|—|—|—|
, 2 4 68 5 2 4 68 R 2 4 68 . 27 32 38
10 10 10 10
Diameter (nm) EVAL:s (ethylene mol%)
(c) (d)
20 — 60 —
7 700 — 7 —— MNPs
T E Before washing ] MPIPs "’M". B
600 B Afterwashing [ | eeeee After washin an?e
¢ 40 — g *
4 3 500 J o eeeeeee Before washing 4°
154 £ i
3 -
- 1 3 BB 20—
= 2 2N 4
L4 E ]
S ]
é 10 .% 0 -
= ] g 4
= g ]
— =)
= | e .
- ] S -20
5 4
- _40 p—
O_IIIIIIIIIIIIIIIIIIIII -6O_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.0 0.2 0.4 0.6 0.8 1.0 15x10° -10 -5 0 5 10 15

Relative Pressure [P/Po] Magnetic Field (Guess)

Figure 2. (a) Particles size distributions of MNPs (e); MPIPs before (e), after (o) template removal and rebound with
template (e). (b) Mean diameters of MPIPs before, after template removal and rebound with template containing various
ethylene mol% of EVAL. (c) Surface area of MPIPs before (e) and after () template removal measured by adsorption and
desorption of nitrogen. (d) Magnetization of MNPs and MPIPs before and after template removal. Inset: MPIPs on the
walls of a vial under magnetic field.

Figure S2 displays the viabilities of HepG2 cells under various conditions, but without
immunotherapy (i.e. without incubation with NK-92 cells.) Figures S2a and S3 show the vi-
abilities of cells (measured with the CCK-8 kit, normalized to the cell viability obtained with
no treatment) incubated for 24 h with four different NPs: unmodified magnetic nanopar-
ticles (MNP), magnetic nanoparticles with surface modified 3-triethoxysilylpropylamine
(MNPs/APTES), magnetic nanoparticles with surface APTES and bound merocyanine
photosensitizer (MNPs/APTES/MC540), and non-imprinted polymer-coated composite
particles (MNIPs). In general, these controls show little effect on cellular viability, though
there appears to be a small enhancement with particles containing photosensitizer.
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Figure S2b shows HepG2 viability vs irradiation (illumination) duration, for cells
in medium containing the free merocyanine photosensitizer MC540. 10 pg/mL MC540
did not suppress the growth of HepG2 cells even under irradiation for as long as 25 min;
however, higher concentrations of MC540 dramatically reduced cellular viability when
irradiated for longer than 10 min. In contrast, a short duration of irradiation (~5 min) and
a large dosage of MC540 actually seemed to promote cell growth after 24 h. Figure S2c
plots the viability of HepG2 cells with various concentrations of MEIP /MC540 NPs with or
without 15 min of irradiation. The strong phototoxicity of MC540 is retained even when
the photosensitizer is incorporated into the peptide-imprinted polymeric nanoparticles.

Figure 3 displays the viabilities of HepG2 cells when dosed with different concentra-
tions of nanoparticles, with or without NK cells and with or without irradiation. Without
NK-92 cells and without illumination, the viability of HepG2 cells with various concen-
trations of MNIPs was about 95%, increasing to 140 and 250% on the second and third
days compared to the controls on day 0, as shown in Figure 3a. (Viabilities >100% reflect
continued cell growth and division.) In contrast, the viability of HepG2 cells with various
concentrations of MPIP/MC540 was about 95%, increasing to 160 and 200% on the second
and third days compared to the controls on day 0, as shown in Figure 3b. The phototoxicity
of MPIP/MC540 up to 500 ug/mL after 1 day is shown in Figure S2¢; the viability for
every day administration of a lower concentration of MPIPs/MC540 after 1-3 days is
shown in Figure 3c. Treatment with MPIPs/MC540, followed by NK-92 cells after 1 day
((but without irradiation), Figure 3d)), resulted in arrested growth of the cell population,
essentially regardless of the MPIPs/MC540 concentration. High MPIPs/MC540 concen-
trations did result in greater prompt cell death, but even the lowest concentration (zero)
showed negligible cell growth. The inhibition of cell growth thus appears to be caused
by the NK-92 cells alone [43]. Figure 3e shows the combined effects of phototoxicity and
NK-92 treatment. Cells were maintained in media containing different concentrations
of MPIP/MC540; each day, cells were treated with photodynamic therapy for 15 min.
(The medium was also changed every day, but replaced with fresh medium containing
the specified concentration of MPIPs/MC540.) The viabilities are lower than with NK-92
killer cells alone. If MPIPs block PD-L1 and prevent it from binding to PD-1, they should
enhance the ability of NK-92 cells to destroy HepG2 cancer cells. Figure 3f demonstrates
that a combination of photodynamic therapy and immunotherapy can increase the in vitro
suppression of HepG2 cells.

The viability of HepG2 cells treated with MNIPs with NK-92 cells was reduced by
approximately 60%. Furthermore, photodynamic therapy can promote the suppression of
HepG2 cells from 60% to about 30%; binding of MPIPs on HepG2 increased suppression
to 20%. Similar results can be found in Figure S5 for the treatments of Hepal-6 cells with
MNIPs, MPIPs and MPIPs/MC540 with or without irradiation.

The pathway of photodynamic therapy with MPIPs/MC540 was analyzed by qRT-
PCR, as presented in Figure 4. This analysis showed that apoptosis was induced using
MPIPs/MC540 with irradiation by upregulating caspase-8, caspase-3 caspase-9 and Bax,
and downregulation of Bcl-2 protein expression in Figure 4a. Figure 4b shows that gene
expressions of caspase-8, caspase-3 caspase-9 and Bax were increased under irradiation of
light, compared to no light control group. The apoptosis of HepG2 cells was caused by the
activation of Casp9, but not Casp8, possibly indicating the endocytosis of MPIPs/MC540
both with and without the addition of NK-92 cells. 1O, was produced inside the HepG2
cells and increased the expression of proapoptotic Bcl family proteins (including Bax and
Bid). However, the addition of NK-92 cells for immunotherapy increased the expression
antiapoptotic proteins (such as Bcl2), possibly also inhibiting the expression of CYCS and
then Casp9. Surprisingly, the combination of immunotherapy and photodynamic therapy
dramatically promotes the expression of Casp8 and then Casp3, inducing the apoptosis of
HepG2 cells.

45



Pharmaceuticals 2021, 14, 508

300 — 300 —
7 MPIPs/MC540 conc. w/o light & no NK-92 1 MNIPs conc. w/o NK-92
] = opgmL ] .
E L
4 = 100 pg/mL i O ug/m :‘L[
250 T £ 200 pg/mL 250 . 100 pg/mL
1 = 300 pg/mL . ] & 200 pg/mL
1 = 400 pgmL & } 4 = 300 ugmL
S 200 - = 500 pg/mL § 200 - 3 400 pg/mL
s ] . z 1 = 500 pg/mL
£ ] _JE @ ]
> 150 = 150 1
5 7] & = 97 T
o d o -
8 i 8 ]
5 - 2 ]
T 100 - £ 100 —
50 — 0] II
- 0 7 il —_— —_—
0— — — —— [ [ [
f Dayl f Day2 T Day3 Day1 Day2 Day3
(a) (b)
200 71 MPIPS/MC540 cone. wilight but no NK-92 200 T\ PIPS/MC540 cone. w/NK-92, but no light
1 0 pug/mL T Controls
4 0 10pg/mL 1 0 pg/mL
4 @ 20ug/mL _E 4 7 10ug/mL
4 @ 50 pg/mL +4 [ 20ug/mL
150 -/ @ 100 ug/mL 150 4 B 50 pg/mL
| = 200 pgmL ‘Tl' 1 = 100 pgmL
S i S 1 = 200 pgmL
) E B 4
s E]
=100 i Z 100
3 E 3 4 ™
I~ Q
3] 2]
T T
50 — 50 — I I
0 L ' L L I 0 L
Dayl f Day2 f Day3 Dayl f Day2 f Day3
(c) (d)
200 7 EIPs@MC540 conc. w/light & then NK-92 200 —
15 opgmL J MNIPs
1 2 [0ne/mL 1 = x}l;r;ss/l\dc540
4 m 20ugmL 1
kgim B MPPS/MC540
4 m 50 pg/mL . @200 p/nl
150 4 B 100 pg/mL 150 — At .
1 = 200 ugmL |
g i g | ok Liid
= b B 1 e "
= 100 > 100 — i
~ o Lis *k
g R
T T
50 — III 50 —
0 ‘r—r. —FIi —|i 0 - T - =
Day 1 Day 2 Day 3 Light Light & NK-92

() (f)

Figure 3. Continuous cellular viability measurements of HepG2 cells incubated with various concentrations of (a) MNIPs,
(b) MPIPs/MC540 without irradiation or NK-92 treatment, (¢) MPIPs/MC540 with irradiation. (d) MPIPs/MC540 with
NK-92 treatment, (e) MPIPs/MC540 with irradiation or NK-92 treatment, (f) Comparison of cellular viability of HepG2 cells
with NK-92 cells (2 x 10* cells/well), MNIPs/MC540 or MPIPs/MC540 (200 pug/mL) with or without addition of NK-92
cells NK-92 cells (2 x 10* cells/well) under irradiation (* p <0.05; ** p < 0.005; *** p < 0.0005).
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Figure 4. Relative gene expression of cellular apoptosis (Casp8, Casp3, Casp9, CYCS, Bax, Bid and Bcl-2) of HepG2 cells
treated with (a) MNIPs, MPIPs/MC540 and (b) MPIPs/MC540 and additional NK-92 cells (2 x 10* cells/well) under

irradiation or not (* p < 0.05; ** p < 0.005; *** p < 0.0005).

The treatment of an animal tumor model using composite nanoparticles is shown
in Figure 5. In Figure 5a, photographs of mice treated with PBS (control), 10.0, 1.0 and
10.0 mg/kg of MPIPs/MC540; the latter two groups were irradiated with 15 min of 520 nm
light. All mice had initially similar body mass of 24-29 g. The tumor volume for the
control increased from 65 to 600 mm? over 11 days. Both the low and high dosages of
MPIPs/MC540 accompanied by irradiation with light were effective at decreasing tumor
size from 60-75 mm?3 to 33.1 + 28.9 and 17.6 + 4.8 mm?, respectively. Surprisingly, the high
dosage of MPIPs/MC540 (alone, without irradiation) still suppressed the growth of tumor,
keeping it about 1/3 the size of the control. Nonetheless, the most effective treatment

combined MPIPs/MC540 with irradiation.
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Figure 5. (a) Pictures of mice with treatment of PBS, 10.0, 1.0 and 10.0 mg/kg of MPIPs/MC540; the latter two groups were
irradiated with 15 min of an LED mini dot light 1 h after injection. (b) Body weight of mice during the treatment. (c) The
tumor size measured on the four groups of mice mentioned in 4 (a) (** p < 0.005; *** p < 0.0005).

The morphology and sizes of the tumors are shown in Figure 6, after sacrifice of the
mice at 35 days, showing the control tumor, a high dose (10.0 mg/kg) of MPIPs/MC540, a
low dose (1.0 mg/kg) with irradiation, and a high dose with irradiation. The tumor sizes
are in agreement with the pictures and measurements in Figure 5a,c. The solid tumor had
nearly disappeared using high dosages of MPIPs/MC540 combined with irradiation of
light. The size of the solid tumor was bigger without irradiation at the same 1.0 mg/kg
dose of MPIPs/MC540.

Hematoxylin and eosin (HE) stains and immunohistochemistry (IHC) stains (using
proliferating cell nuclear antigen (PCNA) antibody) have been used for recognizing the
growth and proliferation of cancer cells, respectively. The results of HE stains were shown
for control, low /high dosages of MPIPs/MC540 with irradiation of light and low dosages
of MPIPs/MC540 without irradiation in Figure 6b. Nuclei and cytoplasm are purple and
pink, respectively, using HE stains for live cancer tissue. Comparing control and low /high
dosages of MPIPs/MC540 with/without irradiation of light, the purple distribution was
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looser at high dosages of MPIPs/MC540 with irradiation of light. This supports that, at
high dosages of MPIPs/MC540 with irradiation of light, tumor cell growth is suppressed.
PCNA immunohistochemistry with antigen retrieval was used to measure the proliferation
of cells. In Figure 6c, the brown and blue-purple were PCNA and hematoxylin stains,
respectively; tumor proliferation was slightly reduced without irradiation of light at high
dosages of MPIPs/MC540, but more effectively reduced under irradiation of light at low
and high dosages of MPIPs/MC540.
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Figure 6. (a) Pictures of tumor specimens from the xenograft models with treatment of PBS (control),
10.0, 1.0 and 10.0 mg/kg of MPIPs/MC540; the latter two groups were irradiated with 15 min of
an LED mini dot light 1 h after injection. (b) Hematoxylin & eosin (HE) staining of above tumor

specimens. (c) Immunohistochemical (IHC) staining with anti-proliferating cell nuclear antigen
(PCNA) primary antibodies.

3. Materials and Methods
3.1. Reagents and Chemicals

One peptide of PD-L1 (EDLKVQHSSYRQRA) was ordered from Yao-Hong Biotech-
nology Inc. (HPLC grade, New Taipei City, Taiwan). Poly(ethylene-co-vinyl alcohol), EVAL,
with ethylene 27, 32, 38 and 44 mol%, 3-triethoxysilylpropylamine (APTES), merocyanine
540 (MC540) and RT-PCR primers, which were listed in Table S1, were from Sigma-Aldrich
Co. (St. Louis, MO, USA). Iron (III) chloride 6-hydrate (97%), iron(II) sulphate 7-hydrate
(99.0%) and dimethyl sulfoxide (DMSO) were from Panreac (Barcelona, Spain). DMSO
was used as the solvent to dissolve EVAL polymer particles in the concentration of 1 wt%.
Absolute ethyl alcohol was from J.T. Baker (ACS grade, Phillipsburg, NJ, USA). Both hu-
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man hepatoblastoma (HepG2, #60364) and human natural killer cell (NK-92, #60414) were
obtained from Bioresource Collection and Research Centre (BCRC), Taiwan.

3.2. Formation of Multifunctional Magnetic Peptide-Imprinted Composite Nanoparticles

The synthesis of multifunctional magnetic peptide-imprinted composite nanoparticles
included the following steps: (1) magnetic nanoparticles, synthesized by co-precipitation
of a mixture of iron (III) chloride 6-hydrate and iron (II) sulfate 7-hydrate by sodium
hydroxide, were repeatedly washed while adsorbed on a magnetic plate [13]. (2) Two
g of magnetic nanoparticles were mixed with 90 mL of ethanol to form a uniformly
dispersed solution, and 180 uL APTES was then added. The mixture was stirred in a
water bath at 90 °C for 90 min. Then, the APTES/MNPs were washed with 10 mL 95%
alcohol for 5 min (3x), separated with a magnet after each washing. Three mL of MC540
(1.0 mg/mL) and 10 g of APTES/MNPs were mixed for 10 min and then washed with
deionized water twice. (3) Peptide was dissolved in DMSO, at concentrations of 0.2, 2, 20,
100 and 200 pg/mL. 250 uL EVAL/DMSO solution was added into the same volume of
peptide solution to form a clear EVAL solution, and 10 mg of the composite nanoparticles
were then added. The EVAL was precipitated by dispersing 0.5 mL EVAL solution into
10 mL deionized water; then template was removed by washing in 10 mL deionized
water 15 min (3x), separating the multifunctional magnetic peptide-imprinted polymer
composite nanoparticles (MPIPs/MC540) magnetically after each washing. The magnetic
non-imprinted polymer composite nanoparticles (MNIPs) were prepared identically, but
without peptide addition.

3.3. Cytotoxicity Test of HepG2 Cells with Magnetic Peptide-Imprinted Composite Nanoparticles
and NK-92 Cells

3.3.1. MTT Assay for Cell Viability

HepG2 cells were cultured in 90% of a 1:1 ratio mixture of Dulbecco’s modified
Eagle’s medium (DMEM) and Ham’s F12 medium with 10% heat-inactivated fetal bovine
serum (FBS), supplemented with 0.4 mg/mL G418 (Geneticin) at 37 °C and 5% CO,. For
the cytotoxicity experiments 10 uL of 7.5.0x10* HepG2 cells and 190 pL culture medium
per well (7.5 x 10° HepG2 cells per well) were seeded in 96 well culture plates and
then incubated at 37 °C in 5% CO; for 24 h. Various concentrations of nanoparticles
were added to each well at 37 °C for 24 h. 20 uL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide, a yellow tetrazole) solution in phosphate buffered saline
(PBS) was added to each well after 24 h, and then incubated in 5% CO, for 3 h at 37 °C.
The solution was removed from each well. Then, 100 puL dimethyl sulfoxide (DMSO)
was added to each well and incubated at 37 °C for 30 min in the dark, until cells have
lysed and purple crystals have dissolved. The absorption intensities were measured by an
ELISA reader (CLARIOstar, BMG Labtech, Offenburg, Germany) at 450 nm (I450), and the
reference absorption (I, to account for turbidity and scattering) was obtained at 650 nm.
The cellular viability (%) was then calculated from the ratio of effective absorption (Is50—Iyef)
to controls.

3.3.2. Photodynamic Therapy (PDT)

The HepG2 cells at a density of 5 x 10* cells/mL were added to a 24-well culture plate
and incubated for 24 h at 37 °C in 5% CO,. Various concentrations of MNPs, APTES/MNPs,
MNPs/MC540, and MNIP/MC540, MPIPs/MC540 nanoparticles were added to HepG2
cells, respectively. The well plate was exposed to photodynamic light irradiation using an
LED mini dot light (HO HUA Electronic Components Company, Kaohsiung, Taiwan) for
15 min, with wavelengths from 460 to 580 nm and peak intensity at 520 nm. The distance
was 1.5 cm between the LED device (50 W/m?) and the cell plate. Then, the well culture
plate was incubated for 24 h at 37 °C in 5% CO,. The cellular viability of HepG2 cells was
analyzed using MTT assay (see Section 3.3.1).
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3.3.3. Immunotherapy with NK-92 Cells

NK-92 cells were cultured in RPMI1640 with L-glutamine and 10% FBS at 37 °C and
5% CO,. After PDT, a CCK-8 cell counting kit (Sigma Aldrich, Kumamoto, Japan) was
used to repeatedly assess cell viability. Particles were removed from wells and 500 pL of
CCK-8 solution was added before the absorption intensity measurements by an ELISA
reader, as described in Section 3.3.1. Only NK-92 (2 x 10* cells/well) were added on the
second and third day.

3.4. Gene Expression of HepG2 Cells Treated with MPIPs, NK92 and PDT

The sequence (5'-3’) of primers for GAPDH, Caspase 8, Caspase 3, Caspase 9, Cy-
tochrome C (CYCS), Bax, Bid, Bcl-2 was listed in Table S1. The total RNA extraction from
the HepG2 cells cultured one day after UV irradiation was performed using the KingFisher
Total RNA Kit and the KingFisher mL magnetic particle processors, both from Thermo Sci-
entific (Vantaa, Finland). Complementary DNA was obtained following a Deoxy+ real-time
2x SYBR green RT-PCR kit (Yeastern Biotech Co., Ltd., Taipei, Taiwan) protocol. The RT-
PCR was then performed in a PikoReal RT-PCR system (Thermo Scientific). Relative gene
expression was determined using the AACq method [44] and normalized to a reference
gene (GAPDH) and to a control (HepG2).

3.5. Animal Model and Immunohistochemical Staining

The animal experiments were approved by the Institutional Animal Care and Use
Committees (IACUC) of National University of Kaohsiung (NUK) (protocol No. 10708,
10 November 2018) and performed in accordance with the Association for Assessment and
Accreditation of Laboratory Animal Care guidelines (http://www.aaalac.org, accessed on
25 May 2021). To generate murine subcutaneous tumors, (1 x 10° cells/mouse) Hepal-6
tumor cells were transplanted into the right flank of C57CL/6 mice. When the tumor
volumes were around 50~100 mm?, the mice were randomly divided into four groups and
were intravenously injected with PBS, MEIPs/MC540 (1.0 or 10.0 mg/kg). One hour after
injection, the low (1.0 mg/kg) and (10.0 mg/kg) groups were then irradiated with light
(wavelength 520 nm, intensity 1W) for 15 min. This treatment was performed twice a week
for 5 weeks. On fifth week after the start of treatment, tumors were removed. Tumors were
measured twice weekly, and the tumor volume (mm?) was calculated as (long diameter x
short diameter?) /2. Once the mice exhibit signs of impaired health or when the volume of
the tumor exceeded 1.5 cm?, the mice were euthanized with COs.

Tumor specimens from the xenograft models were cut into 5 um slices, fixed in 10%
neutral buffered formalin, and embedded in paraffin. Slides were preincubated in 5% goat
serum (Abcam, Cambridge, UK) in PBS and immunostained with anti-proliferating cell
nuclear antigen (PCNA; GeneTex, Irvine, CA, USA) primary antibodies (both diluted 1:500
at 37 °C for 2 h. Slides were treated with hematoxylin for 30 s for visualization under a
light microscope (UltraVision System; Thermo).

3.6. Data Analysis

All experiments were carried out in triplicate and data are expressed as means =+
standard deviation. The cellular viability, gene expression data and tumour volume were
analyzed with Student’s t-test. Statistical significance was set at a p-value of less 0.05,
significant as p < 0.05, highly significant as p < 0.005, extremely significant as p < 0.0005.

4. Conclusions

In this work, molecularly imprinted polymer (MIP) particles were synthesized to
target the programmed death receptor (PD-L1) on HepG2 cells, and a photosensitizer
(M(C540) was incorporated to enhance the efficacy of photodynamic therapy. Additionally,
blocking the PD-L1 protein with the MIP particles increased the functionality of natural
killer (NK-92) cells. A biomolecular pathway investigation of HepG2 cells revealed that
the singlet oxygen produced by irradiation promoted the expression of proapoptotic Bcl

51



Pharmaceuticals 2021, 14, 508

family proteins. Furthermore, the NK-92 cells further promoted the expression of Casp8 in
the apoptosis of HepG2 cells. To summarize, this work demonstrated the efficacy of this
combined therapy on a tumor model in mice and identified pathways and mechanisms
of action.
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Abstract: X-ray-induced photodynamic therapy is based on the energy transfer from a nanoscin-
tillator to a photosensitizer molecule, whose activation leads to singlet oxygen and radical species
generation, triggering cancer cells to cell death. Herein, we synthesized ultra-small nanoparticle
chelated with Terbium (Tb) as a nanoscintillator and 5-(4-carboxyphenyl succinimide ester)-10,15,20-
triphenyl porphyrin (P1) as a photosensitizer (AGuIX@Tb-P1). The synthesis was based on the
AGuIX@ platform design. AGuIX@Tb-P1 was characterised for its photo-physical and physico-
chemical properties. The effect of the nanoparticles was studied using human glioblastoma U-251
MG cells and was compared to treatment with AGuIX@ nanoparticles doped with Gadolinium
(Gd) and P1 (AGuIX@Gd-P1). We demonstrated that the AGuIX@Tb-P1 design was consistent with
X-ray photon energy transfer from Terbium to P1. Both nanoparticles had similar dark cytotoxicity
and they were absorbed in a similar rate within the cells. Pre-treated cells exposure to X-rays was
related to reactive species production. Using clonogenic assays, establishment of survival curves
allowed discrimination of the impact of radiation treatment from X-ray-induced photodynamic
effect. We showed that cell growth arrest was increased (35%-increase) when cells were treated with
AGuIX@Tb-P1 compared to the nanoparticle doped with Gd.

Keywords: glioblastoma multiforme; AGuIX®; terbium; gadolinium; photodynamic therapy; X-ray-
induced photodynamic therapy; singlet oxygen

1. Introduction

Glioblastoma multiforme (GBM) is one of the main incurable brain tumors, mainly due
to the presence of infiltrated cells within the parenchyma, responsible for GBM recurrence
into the surrounding brain tissue [1]. The conventional treatment of GBM tumors consists of
surgical resection followed by X-ray radiation and adjuvant temozolomide administration
which improves modestly patient survival [2]. Brain exposure to X-ray involves the
generation of oxidative stress, which are responsible for DNA alteration, lipid peroxidation,
protein oxidation, and cell redox statue changes, triggering cells to cell death [3]. However,
these effects are not limited to malignant cells, but also alter surrounding cells.
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Alternative therapeutic strategies have been developed, notably photodynamic ther-
apy (PDT). PDT appears as an innovative technology being investigated to fulfil the need
for a targeted cancer treatment that may reduce recurrence and extend survival with mini-
mal side effects [3,4]. It aims at selectively killing neoplastic cells by the combined action of
a photosensitizer and visible light in the presence of oxygen, whose combined action mainly
results in the formation of reactive species, especially singlet oxygen which is the main me-
diator of PDT reaction. To improve PDT efficiency, photosensitizer can be bound to ligands
such as monoclonal antibodies or peptide moieties and be delivered by carrier systems such
as nanoparticle [5,6]. Moreover, the nanoparticles can be modified by functional groups for
additional biochemical properties. In addition, nanoparticles accumulation in the solid tu-
mor site is improved by the enhanced permeability and retention effect (EPR) [7,8]. Numer-
ous clinical studies, including phase IIl randomized prospective clinical trials, have been
reported for PDT, using alternative methods such as interstitial PDT and intraoperative
PDT [9-20]. Interstitial PDT offers a localized treatment approach in which improvements
in local control of GBM may result in significant enhanced survival [11,12,20]. Several pho-
tosensitizers have been used, including porfimer sodium (Photofrin®), 5-aminolevulinic
acid (5-ALA, Gliolan®), m-tetrahydroxyphenylchlorin (nTHPC, temoporfin, Foscan®) and
benzoporphyrin derivative monoacids ring A (BPD-MA, verteporfin, Visudine®).

Compared to radiotherapy, the light irradiation used in PDT is less energetic and
it cannot penetrate deeply enough into the tumor, as most tissue chromophores absorb
visible light commonly used in clinical practice [4,6]. The penetration depth of 630 nm
light in brain-adjacent-to-tumor is estimated at 2.5 mm. A breakthrough strategy to treat
GBM via nanomedicine and X-ray has been suggested by combining the principles of
radiotherapy and PDT, both clinically proven modalities, while maintaining their main
benefits and decreasing their drawbacks. The principle of the so-named X-ray-induced
PDT (X-PDT) is based on the conversion of X-ray photons into visible photons, known as
X-ray excited optical luminescence, from the nanoscintillator embedded in the nanoparticle
and linked to the photosensitizer, which, in turn, produces singlet oxygen and other oxygen
reactive species [21,22]. X-PDT proof-of-concept with nanoparticles was first introduced by
Cheng and Wang, who described simultaneous radiation and X-ray-induced photodynamic
effects [23]. The strategy requires nanoparticles, exhibiting appropriated physical properties
to establish energy transduction from the nanoscintillator to the photosensitizer, a high
scintillation quantum yield and an optimal energy transfer from the scintillator onto the
photosensitizer [24,25]. It must be pointed that only PDT can generate singlet oxygen
which is highly cytotoxic to tumor tissue and to treat deeply lesions without invasive
approach such as interstitial PDT. It is possible to use X-ray as an excitation source instead
of light. Thus, the light penetration problem through the tumor tissue is overcome, and the
activation of the photosensitizer within tumor tissue is performed by classical radiotherapy
using X-ray. In addition, the cumulative effects between conventional radiotherapy and
PDT should allow the use of conventional X-ray doses. In metal-hybrid system, the metal-
based nanoparticle consists of a nanoscintillator coated with polyethylene glycol or a
polysiloxane layers to ensure biocompatibility which allows covalently coupling of the
photosensitizer [24,25]. Members of the lanthanide family have been used in nanoparticle
synthesis, such as mesoporous lanthanum fluoride doped with Cerium or Terbium (Tb) and
grafted with porphyrin derivative, Tb,O3 coated with a polysiloxane layer or silica-doped
with lanthamide [26-31].

Among them, ultra-small Gadolinium (Gd) based nanoparticles, namely AGuIX®,
were developed [32]. The nanoparticle design was first proposed for a non-toxic resonance
magnetic agent and its imaging properties [33]. Moreover, in vitro and in vivo pre-clinic
experiments demonstrated that AGulX doped with Gd act as a theranostic agent, enhancing
radiosensitization of tumor cells in diverse experimental conditions, notably, at different
photon radiation energies (with a range from kiloelectron volts to million electron volts)
and with different types of radiation [34]. The radiosensitizing effects are associated to
diverse processes: Gd mediated generation of electrophotons and Auger photons ampli-
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fying the local production of reactive oxygen derived species, as demonstrated for Gold
embedded nanoparticles [35,36]; or an impairment of DNA breaks reparation, as a conse-
quence of irradiation, and reactive species production triggering cells to cell death [34,37].
In X-PDT, the main goal of the treatment consists of the transfer energy from irradiated
nanoscintillator to the photosensitizer, limiting the delivery of high radiation energies
and deposits to kill cancer cells without any alteration to adjoining normal cells. Recently,
we demonstrated that AGuIX@ doped with Gd and 5-(4-carboxyphenyl succinimide ester)-
10,15,20-triphenylporphyrin (P1) can be used to target Neuropilin-1, a transmembrane
receptor localized in endothelial cells within mouse grafted human GBM tumors [38].
The synthesized nanoparticle, referred as AGuIX@Gd-P1, behaved with similar properties
to the original AGuIX@Gd.

Therefore, in order to use the AGulX platform for X-PDT, we suggested the replace-
ment of Gd in the Gd-based AGulX nanoparticle by Tb as a nanoscintillator and the grafting
of P1 (Scheme 1). In these conditions, an external light source will not be required to simul-
taneously support a photodynamic effect. The nanoparticles (referred herein as AGuIX@Tb
and AGuIX@Tb-P1) were characterised for their photophysical and chemical properties.
We evaluated the effect of X-PDT on human GBM U-251 MG cell survival after cell ex-
posure to nanoparticles. In parallel, we tested AGulX@ doped with Gd and P1 (referred
herein as AGuIX@Gd and AGulX@Gd-P1), which has been characterised previously [38].
We highlighted that chelated Tb-P1 nanoparticles can react linearly to X-ray energy and
flow, and were able to activate P1 to produce singlet oxygen. In vitro, using human U-251
MG glioblastoma cells, experiments confirmed the interest of these AGulIX design, notably
at a 3.0 Gy-min~! dose rate. Moreover, cell exposure to AGuIX@Tb-P1 improved the
effect on cell growth arrest when it was compared to similar treatment with AGuIX@Gd or
AGuIX@Gd-P1.

e Tb3

Scheme 1. Graphical design of the AguIX@Tb-P1. The AGuIX@ platform consists of a polysiloxane
core (in red) surrounded by 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)/ Tb3+*
complexes, covalently grafted to the inorganic matrix (in grey) by a maleimide arm (in blue). The same
reaction was used for P1 grafting on the inorganic core.

57



Pharmaceuticals 2021, 14, 396

2. Results
2.1. Characteristics of the AGulX@Tb-P1

We already demonstrated that the grafting of P1 on AGulX doped with Gd induced
a hydrodynamic diameter at about 11.1 nm, twice as large as the original AGuIX@Gd
nanoparticle, with an estimated diameter at 4.9 nm on average [38]. Replacing Gd of the
original AGulX-designed nanoparticle by Tb did not induce any size modification. The hy-
drodynamic diameters of AGuIX@Tb and AGulX@Tb-P1 were estimated, respectively,
at 3.8 £ 1.0 nm and 11 &£ 0.8 nm. Moreover, the ¢ potential raised from —11.8 to —45.6 mV,
when measurements were achieved with AGulX@Tb and AGuIX@Tb-P1, respectively,
supporting a high stability of the latter conjugate (Figure S1). AGulX@Tb and AGuIX@Gd
emission spectra after UV light excitation are presented in Figure 1 as well as P1 absorp-
tion spectrum, in water. An overlay between P1 absorption spectrum and Tb emission
(Figure 1a,b) could be observed. In contrast, Gd emission did not overlay P1 emission spec-
trum. Calculation of the spectral overlap between Tb emission and P1 absorption was esti-
mated at ] = 1.15 x 10 M~ nm* cm~!. The corresponding Forster radius was found to be
2.5 nm (from 1 up to 10 nm). Moreover, Tb luminescence lifetime was 390 ps, long enough
to allow energy transfer to P1. Thus, Tb luminescence in presence of P1 showed an exponen-
tial decay of its fluorescence intensity (Figure 1c), and a linear decrease of its fluorescence
lifetime at PS concentration higher than 0.5 uM (Figure 1d). We recorded the luminescence
exponential decay of AGuIX@Tb and AGuIX@Tb-P1 (Figure S2). AGuIX@Tb fluorescence
lifetime was estimated at 1 ms whereas AGulX@Tb-P1 fluorescence lifetime was 1 ps.
This decrease of fluorescence lifetime of Tb in presence of P1 supported the concept of
energy transfer between Tb and P1. Moreover, we measured the luminescence of both
nanoparticles after excitation at 351 nm with a 50 us delay between excitation and photon
detection at 545 nm. As shown in Figure S3, P1 luminescence was obtained between 630
and 690 nm, corresponding to the energy transfer between Tb and P1, concomitantly to the
decrease of Tb emission. Collectively, the results obtained allowed us to conclude that Tb
energy transfer to P1 is a FRET /non radiative transfer type characterised by a quenching
constant, Kq = 0.045 x 10° M~ 11,

2.2. Nanoscintillator Response to X-ray Excitation

AGuIX@Tb emission spectrum after X-ray excitation presented a similar profile com-
pared with UV /visible light excitation (Figure 1b). To validate the pipeline acquisition
setup under X-ray sessions, X-ray spectroscopy experiments were performed at different
tube currents and voltages. Spectra intensities were positively related to tube current from
0.5 to 12.5 mA at 320 kVp (Figure 2a) and to tube voltage from 25 to 320 kVp at 12.5 mA
(Figure 2b). For each condition, the four characteristic emission peaks of Tb cations (Tb3*)
were detected at 485, 545, 590, and 620 nm, respectively. For these different Tb cation
emission peaks, the correlation coefficients between tube currents and peak intensities
were 0.97, 0.99, 0.99, and 0.84, respectively (Figure 2c). The maximum peak values were
associated linearly with the tube voltage values (Figure 2d). Correlation coefficient values
were found to be 0.96, 0.99, 0.99, and 0.96 for the four Tb peaks 485, 545, 590, and 620 nm,
respectively.
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Figure 1. Photo-physical properties of AGuIX@Tb-P1 nanoparticle. (a) P1 absorption spectrum,
AGuIX@Gd-P1 and AGuIX@Tb-P1 emission spectra (after 273 and 351 nm excitation, respectively,
in water. Data presented in (b) is a zoomed view of the P1 Q bands, between 450 and 650 nm.
Tb3* emission overlap after UV (351 nm) or Tb>* X-ray exposition; the tube parameters were set at
320 kVp, 12.5 mA, and 3 Gy-minfl. Tb3* luminescence intensity (c) and lifetime (d) were estimated
as a function of increasing concentration of P1. An exponential decay of luminescence intensity and a
linear decreased of the fluorescence lifetime was respectively obtained.
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Figure 2. Tb scintillation response as a function of X ray parameters. (a) Tb3* cation solution was irradiated by increasing
tube intensity (mA) with a constant voltage set at 320 kVp. Tb3* emission spectra were monitored in the range of 450 to
700 nm. The signal obtained (in arbitrary unit, AU) were plotted for each P1 Q band as a function of tube intensity (c).
Similarly, the cation solution was irradiated by increasing tube voltages (kVp) with a tube current set at 12.5 mA (photons
energy). (b) Luminescence signals were plotted for each P1 Q band as a function of tube voltage (d). In both cases,
Tb luminescence was enhanced for each P1 Q band whatever tube intensity or voltage applied; the main increase variations
were obtained for 545 nm P1 Q band.
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2.3. Energy Transfer and Singlet Oxygen Production

We highlighted reactive species and singlet oxygen production using fluorescent probes,
respectively, SOSG (Figure 3a) and APF (Figure 3b), during X-ray exposure. X-ray parame-
ters were set to 320 kVp and 12.5 mA as it provided the highest Tb scintillation. Both APF
and SOSG signals increased continuously during X-ray exposure. Addition of sodium
azide (NaN3), a singlet oxygen quencher, confirmed that the type II-PDT reaction (singlet
oxygen generation) was mainly involved in X-PDT as SOSG and APF fluorescence signals
were mostly inhibited.
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Figure 3. Kinetics of reactive species and singlet oxygen production under X-ray irradiation in water. Experiments were
performed with 400 uM P1 equivalent AGuIX@Tb-P1 solution and probe fluorescence signals were revealed every 5-min
during continuous X-ray irradiation. (a) 10 uM SOSG probe was used to react specifically to singlet oxygen. (b) 5 uM APF
probe was used to assess reactive species production. Each fluorescence probe was irradiated alone. The production of
singlet oxygen was inhibited by adding sodium azide (NaN3) in the reaction mixture. Irradiation was performed with tube
parameters set at 320 kVp, 12.5 mA, and 3 Gy/min.

2.4. Cytotoxicity of AGuIX@Tb-P1 on Glioblastoma Cell Growth

We assessed whether treatment of P1 alone or AGuIX@Tb led to U-251 MG cytotoxicity,
using the MTT procedure. Since P1 is hydrophobic, we chose ZnPy3P1 which is soluble in
culture medium. ICgy was estimated at 34.8 4+ 9.9 uM after 24 h and 10.4 + 3.4 uM after
72 h-treatment duration. In addition, ICsg was similar when GBM cells were exposed to
AGuIX@Tb with ICsg estimated at 1.73 = 0.3 and 1.56 + 0.1 mM, after 24 and 72 h exposition,
respectively. We finally tested the effect t of increasing concentration (1.0 to 20.0 uM;
concentrations are expressed as P1 equivalent throughout the paper) of AGuIX@Tb-P1 and
AGuIX@Gd-P1 (Figure S54). No cytotoxicity was observed whatever the dose tested and
treatment duration.

2.5. NPs Cell Uptake

Cell uptake kinetics were established after cell exposure to 2.5 and 5 uM AGuIX@Tb-P1
over 48 h (Figure 4a). Cell uptake was quantified based on the fluorescence emission of P1.
NPs accumulated within the cells, reaching a maximum at 48 h. Since the AGulX doped
with Gd or Tb are synthesized with a similar scheme and behave similar hydrodynamic
diameter, we compared NP uptake after cell exposure to 1.0 or 2.5 uM AGuIX@Tb-P1 or
AGuIX@Gd-P1 for 24 h. There was no significant difference suggesting that the replacement
of Gd by Tb did not affect NP absorption within the cells (Figure 4b). Moreover, when cells
were treated with 1 uM AGuIX@-complexes for 24 h (Figure 4b), uptake was low as
compared to the results of cell absorption performed with 2.5 or 5.0 uM nanoparticles
for the same culture delay (Figure 4a). Since NP absorption could lead to the increase of
oxidative stress within the cells, we assessed whether nanoparticle uptake was related
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to reactive species generation, using DCF2-DA probe. A slight but significant increase
was observed after cell exposure to 2.5 uM nanoparticle. However, cell exposure to
1 uM AGulIX@Gd-P1 (Figure 4c) was enough to modify redox statue within the cells.
We evaluated whether AGuIX@Tb-P1 uptake is associated with stress-mediated cell death
by quantifying propidium iodide positive cells, after cell exposure to 2.5 or 5 uM over 48 h.
No change was observed, supporting that the accumulation of AGuIX@Tb-P1 was not
related to cell death (Figure 4d).
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Figure 4. AGulX@ complexes uptake by U-251 MG cells. (a) U-251 MG cell uptake kinetics with AGuIX@Tb-P1 were
performed over 48 h. (b) Cell uptake between AGuIX@Tb-P1 (TbP1) and AGuIX@Gd-P1 (GdP1) was compared for 24 h,
for P1 equivalent concentration of 1.0 and 2.5 pM. (c) Reactive species content was quantified using DCF2-DA fluorescent
probe after cell exposure to 1 or 2.5 uM nanoparticles for 24 h. (d) AGuIX@Tb-P1 uptake-mediated cell death was estimated
with propidium iodide dye after cell exposure to 2.5 and 5.0 uM AGuIX@Tb-P1 for 24 h. Results are means + S.D. of
triplicate determinations from three independent experiments. *, p < 0.05, relative to control cells (Kruskal-Wallis test and
post-hoc by the Dunn’s test). Abbreviation: ctrl, untreated cells; AU, Arbitrary unit.

2.6. Photodynamic Effect on U-251 MG Cell Survival

We assessed whether cell exposure to photodynamic treatment led to cell growth
inhibition after 24 h exposure duration and could limit cell clone formation in anchorage-
dependent clonogenic assays. U-251 MG cells were pre-treated with 1.0 and 2.5 uM
AGuIX@Tb-P1 and exposed to a red light (630 nm, 0.7 W, irradiance at 4.54 mW-cm™2) to
a fluence range of 2.5 to 10.0 ] cm~2, corresponding to an exposition duration of 2 min
to 38 min). At the dose of 1 uM, cell growth inhibition was obtained with a fluence
applied at 10.0 J cm 2 (Figure 5a). We observed that clone formation was inhibited
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when the cells were pre-treated with 1 uM AGuIX@Tb-P1 and exposed to a fluence at 2.5
(50%-inhibition) or 5.0 ] cm 2 (90%-inhibition) (Figure 5b). Similarly, cell growth inhibition
was observed in pre-treated U-251 MG cells with 2.5 uM nanoparticle and a fluence at
2.5] ecm ™2 (20%-inhibition). Cell growth arrest increased with fluence up to 10.0 ] cm 2
(80% inhibition) (Figure 5a). Since PDT is associated with the generation of oxidative
stress, we quantified reactive species content immediately after cell exposure to red light
(Figure 5c), when cells were pre-treated with 2.5 uM AGuIX@Tb-P1 and exposed to a flu-
ence at 2.5 ] cm 2, which corresponds to an immediate cell growth inhibition estimated at
20%. We used DCF2-DA probes which reacts with several reactive oxygen-derived species
and gives a valuable estimation of the oxidative stress generated within the cells. We found
that reactive species content was enhanced 2 times over 30 min post light exposition,
supporting the concept that cell survival depends mainly on oxidative stress-mediated
by light treatment. Finally, at nanoparticle concentrations higher than 2.5 uM (data not
shown), and a fluence higher than 2.5 ] cm~?2 (Figure 5b), the applied treatment killed all
the cells.
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Figure 5. U-251 MG cell photodynamic effect. Cells were treated with AGuIX@Tb-P1 for 24 h before red-light exposition
(2.5 10 10.0 ] cm™2). (a) cell viability was measured 24 h post treatment using the MTT assay. (b) Clonogenic assays after

PDT treatment with increasing fluences. Clonogenic capabilities are expressed relative to control cells. Results are means
£ S.D. (n = 12 wells/condition); * p < 0.05; (Kruskal-Wallis test and post-hoc by the Mann-Whitney test). (c) Cells were
pre-treated with 2.5 uM AGuIX@Tb-P1 (TbP1), followed by photodynamic treatment at 2.5 J cm~2, Reactive species were

quantified by DCF2-DA probe using flow cytometry. In (a,c), results are means & S.D. of three determinations from three

independent experiments. * p < 0.05; ** p < 0.001 (Kruskal-Wallis test and post-hoc by the Dunn’s test). Abbreviations: ctrl,

cells treated with AGuIX@ conjugates without light exposure; SDH, succinate dehydrogenase; UA, arbitrary unit.

2.7. X-ray-Induced Photodynamic Effect on U-251 MG Cell Survival

Similarly, we studied whether X-ray irradiation promoted U-251 MG cell growth
arrest by photodynamic-mediated effect. Reactive species generation was quantified
immediately after cell exposure to X-ray irradiation (Figure 6a). X-ray ionization in itself
generated reactive species and Tb scintillation could be involved in the redox change
within the cells [5]. We assessed whether oxidative stress was generated in AGuIX@Tb
and AGuIX@Tb-P1 pre-treated cells and irradiated at 2.0 Gy, with an energy set at 320 kVp,
over 1 h post irradiation (Figure 6a), using DCF2-DA probe. Reactive species content was
increased up to 1.5 time when cells were exposed to AGuIXTb-P1, whatever the delay.
Conversely, at 30 min post exposition, reactive species content was enhanced in AGuIX@Tb
pre-treated cells, but the increase was not significant when the results were compared
to those obtained with untreated cells. Moreover, the obtained levels in pre-treated and
untreated cells were close, after 1 h post irradiation.
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Figure 6. Effect of X-PDT on U-251 MG cell survival and reactive species content. (a) U-251 MG cells pre-treated with
nanoparticles were exposed to X-ray irradiation at 2.0 Gy (320 kVp), then incubated with 50 uM DCF2-DA. The cells were
harvested, and reactive species were quantified by flow cytometry. Results are means £ S.D of triplicate determination
from three independent experiments. * p < 0.05 (Kruskal-Wallis test and post-hoc by the Dunn’s test), comparison between
nanoparticles-treated and -untreated cells (ctrl, control). (b), U-251 MG cells were treated with 1.0 or 2.5 uM P1 equivalent
concentration of AGuIX@Tb-P1 (TbP1) and corresponding AGuIX@Tb (Tb) concentration, respectively, 16.6 or 45.1 uM
(Tb), for 24 h, before X-ray irradiation at 2.0 or 5.0 Gy (320 kVp). Results are means + S.D. of clones counting from at least
12 wells. Abbreviation: ctrl, irradiated cells without NPs pre-treatment. Abbreviation: AU, arbitrary unit.

In order to validate the concept of a photodynamic effect in X-PDT strategy, we per-
formed anchorage-dependent clonogenic assays with AGuIX@NPs. Because Gd and Tb are
neighbors in terms of atomic number, their behavior regarding X-ray interaction is consid-
ered as similar. Cells were pre-treated with 1 uM AGuIX@NPs and irradiated at X-ray doses
ranging from 0.5 up to 5.0 Gy, either at 160 or 320 kVp, corresponding to the dose rate of 1.5
or 3.0 Gy-min~!, respectively. These conditions were chosen since cell clone formation was
mainly inhibited when cells were pre-treated with 2.5 uM AGuIX@Tb-P1 and irradiated for
X-ray doses higher than 2.0 Gy at 320 kVp (Figure 6b). Experimental results were plotted in
the quadratic semi log model (Figure 7a) and compared (Figure 7b). Curve parameters were
computed for survival factor at 2.0 Gy (Table 1). Because we used X-ray dose exposures
up to 5.0 Gy, which were close to those classically used in clinical practice (1.5 to 2.5 Gy),
we considered the 3-parameter equal to 0. In fact, 3 -parameter governs the slope for high
dose exposure (sub-lethal damage), while the x-parameter reflects the enhanced benefit
of X-ray-induced PDT on cell survival id est the direct lethal cell damage [39]. As shown
in Table 1 and Figure 7b, significant survival difference (p = 0.0018) was found at 2.0 Gy
between scintillating (AGuIX@Tb-P1) and non-scintillating (AGuIX@Gd-P1) nanoparti-
cles, when X-ray energies were set to 320 kVp corresponding to a mean 116 keV X-ray
energy; DMF was estimated of 0.650 versus 0.876. The DER at 2.0 Gy was estimated at 1.54.
Finally, for the same Gy dose, the enhanced factor was 35% when cells were treated with
AGulIX@Tb-P1. Moreover, we did not find any significant change between results from
cells treated with AguIX@Gd-P1 and those obtained of the cells treated with AguIX@Gd for
the same experimental conditions (Figure 7b). At energies set at 160 kVp, we did not find
any difference between both nanoparticles either doped with Tb or Gd with or without P1.
Accordingly, our results support the concept of AGuIX@Tb-P1 photodynamic-mediated
effect, whereas nanoparticle chelated with Gd did not.
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Figure 7. Survival curve of pre-treated U-251 MG cells with AGuIX@Tb-P1 or AGuIX@Gd-P1 exposed to X-ray irradiation.
(a) LQ model established after numeration of cell clones obtained for AGuIX@-complexes pre-treated cells, then irradiated at
160 and 320 KVp for a range of 0.5 to 5.0 Gy. (b) Means of survival fraction at 2.0 Gy were compared using the Kruskal-Wallis
test (with « = 0.05), and post-hoc by the Mann-Whitney test (« = 0.05) for unpaired groups (1 = 12 wells per condition from
at least 4 independent experiments). Abbreviation: ctrl, irradiated cells without nanoparticles pre-treatment.
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Table 1. LQ model parameters for the range of 0-5.0 Gy irradiations.

Condition Tested  « Parameter Dose M(()glgél;g Factor Survival Fraction (SF3, gy) Enhanced Factor (%) DER
160 kVp/1.5 Gy-min—!
Control 0.263 1.000 0.592
AgulX@Gd 0.292 0.966 0.587
AgulX@GdP1 0.296 0.862 0.558
AgulX@Tb 0.291 0.885 0.559
AgulX@TbP1 0.333 0.769 0.515
320 kVp/3.0 Gy-min—!
Control 0.341 1.000 0.504
AgulX@Gd 0.340 1.000 0.507
AgulX@GdP1 0.385 0.876 0.463 8.1 1.08
AgulX@Tb 0.354 1.000 0.493 22 1.02
AgulX@TbP1 0.559 0.650 0.327 35.1 1.54

Two dose rates were assessed at 1.5 and 3.0 Gy-min~'. AGuIX@Gd-P1 or AGuIX@Tb-P1 concentrations were set to 1 M P1 equivalent.
Control, cells exposed to X-ray alone; DER, dose enhanced ratio.

3. Discussion
3.1. Gadolinium Substitution by Terbium in the AguIX@ Platform

X-ray-induced PDT represents an alternative to PDT leading to the possibility to
access to tumors localized in deep brain tissue. As shown herein, we proposed to replace
Gd in the original AGuIX@Gd by Tb and grafted P1 to demonstrate the interest of such
nanoparticle in X-PDT. This strategy is based on several lines of evidence: as demon-
strated previously, AGuIX@Gd-P1 accumulate within human cell-grafted tumor by EPR
in orthotopic site [38,40], even though the nanoparticle delivery depends mainly on the
development of angiogenesis processes. Moreover, both AGuIX@Gd and AGulX@Gd-P1
are eliminated from the animal body by the renal route [34,38]. However, in the latter,
nanoparticle clearance was associated to the liver/feces body elimination. Moreover,
we showed that the replacement of Gd by Tb, in addition to the grafting of P1, did not
change the hydrodynamic diameter of the nano-objects.

Tb was selected as a scintillating agent and we demonstrated the spectral overlap
between Tb and P1, which is necessary for X-PDT (Figures 1 and 2). Thus, Tb can transfer
the energy received after nanoparticle X-ray irradiation to P1 by FRET non radiative
transfer. These results are consistent with previous findings, which highlighted the relation
between the 545 nm Tb emission peak, P1 Q3 band and X-ray photons ranging from 20 to
130 kVp in activating photo-agents, through induced visible luminescence from rare-earth
particles [31]. In PDT, a large part of visible light is absorbed by the photosensitizer which
produces singlet oxygen, known as the PDT type Il reaction [3]. In contrast, when X-
PDT is used, only a small fraction of the X-ray emitted photons will be converted into
scintillations [21,22]. Indeed, the interaction between material and high energy photons
depends on the Z atomic number id est electronic density and incident energy [4,21].
Usually, in medical imaging, scintillation crystals are designed thick enough to increase the
probability to completely stop incident photons via the photoelectric effect [41]. Conversely,
in aqueous media, the effective density will be lower than expected, leading only to a small
fraction of X-ray energy converted into visible light. Moreover, the photodynamic efficiency
can depend on various factors such as the distribution of the scintillating nanoparticles
within the tumor tissue, the composition of the tumor stromal microenvironment, the level
of molecular oxygen in this microenvironment, and the illumination density resulting
from the scintillating agents. Bulin et al. and Abliz et al. demonstrated the production
of singlet oxygen via porphyrin X-ray-induced activation of Gd oxysulfide doped with
Tb or Tb oxide, respectively [27,30]. However, low X-ray energies from 10 to 130 kVp
(id est mean energies ranging from 5 to 70 keV at 20 mA) were tested, while energies
used in radiotherapy are commonly from 160 to few hundred keV for preclinical in vivo
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experiments. In addition, clinical radiotherapy involves much higher energies, around
6 MV. Scintillation yield is dramatically lower at such levels of keV energies since the
probability of photoelectric interaction becomes minimal [41]. Therefore, X-PDT under
conventional linear accelerators should be less effective than with radiograph tubes. On the
other hand, the bioluminescence of Tb as a scintillating agent was demonstrated, using high
concentrations of the nanoscintillator and irradiation deposits without compatibility with
the energies in pre-clinical studies or in the clinic [42-44].

3.2. Irradiation of AGuIX@TDb-P1 Produces Singlet Oxygen

As shown in Figure 3, AGuIX@Tb-P1 produced singlet oxygen under X-ray irradiation,
as demonstrated with APF and SOSG probes. APF probe reacts with the hydroxyl radical
and singlet oxygen; SOSG is specific to singlet oxygen [45-48]. Recently, it has been reported
that the SOSG fluorescent signal occurs independently either of the presence of singlet
oxygen or in the absence of photosensitizer during X-ray irradiation [49]. It has been also
shown that the probe under UV excitation, generated an endoperoxide derivative which
acts as a photosensitizer producing singlet oxygen [50]. No dramatic change was observed
when the SOSG probe was tested without nanoparticles (Figure 3a), at a dose rate of
3.0 Gy-min~! and with an energy set up at 320 kVp. When sodium azide, as a quencher of
singlet oxygen, was added in the reaction mixture, the changes observed were mainly due
to the production of singlet oxygen generation from P1. Alternatively, the APF probe was
used instead of SOSG in the same experimental conditions (Figure 3b). In the experimental
conditions used, we could not exclude that during X-ray irradiation of AGulX@Tb-P1,
the APF fluorescence signal increase was associated to the generation of reactive species
(especially hydroxyl radical), as observed by the slight but continuous increase of the slope
curve, even though in the presence of sodium azide (Figure 3a). Such an increase has been
related to X-ray-mediated water radiolysis alone in the presence of the APF probe [51].
However, Bulin et al. [27] hypothesized that P1 acts as a radiosensitizer and therefore the
molecule could involve the generation of reactive species under X-ray exposition.

3.3. Irradiation of AGulX@Tb-P1 Induces a Photodynamic Effect on U-251 MG Cell Growth

We assessed whether AGuIX@Tb-P1 altered U-251 MG cell survival by PDT and
X-PDT. We used U-251 MG cells whose behavior is close to that of GBM in situ [52].
Collectively, we demonstrated that P1 grafted into AGuIX@TDb limits the cytotoxicity of
the molecule alone (Figure 54), in agreement with previous findings [53,54]. AGuIX@Tb-
P1 pre-treated cell exposure to photodynamic or X-ray irradiation triggered cell death
and limited cell clone formation (Figures 6b and 7). Interestingly, we found that the
treatment efficacy was enhanced with X-PDT relative to radiation treatment when cells
were exposed to AgulX@Tb-P1 instead of AgulX@Gd-P1 at 2.0 Gy (320 kVp), with a DMF
estimated at 0.65 corresponding to an enhanced factor calculated at 35%. The benefit of
X-PDT relative to radiation treatment was obtained with diverse nanoparticle designs,
for examples, with P1 and Ce-doped with titanium oxide on A549 human lung cancer
cell; with P1-grafted silicium oxide nanospheres on Hela cervical cells; with rat L9 glioma
cell exposed to LaF3:Tb particles with adsorbed meso-tetra(4-carboxyphenyl)porphyrin
with low irradiation source; or with SrAl;O4:Eu?" nanoparticles; collectively, allowing
to the conclusion that tumors cells undergo cell death by cumulative/synergistic effects
of irradiation treatment and X-ray induced photo-treatment [55-58]. Finally, cancer cell
exposure to AGulX doped with Gd involved cell radiosensitization. However, we did not
find any significant change when cells were treated with AGuIX@Gd, as compared to the
results of untreated cells exposed to X-rays alone (Figure 7 and Table 1). This discrepancy
could be explained since the radiosensitizing effects on cancer cells from diverse origin
has been reported for Gd concentration from 100 uM up to 1 mM [34], whereas herein the
concentration of lanthamide was 16 and 25 uM for Tb and Gd, respectively; in both cases,
the P1 equivalent concentration tested was 1 pM.
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In conclusion, we showed that replacement of Gd by Tb in the initial AGulX design
leads to a promising nanoparticle for X-PDT in in vivo experimental. Moreover, we demon-
strated that chelated Tb nanoparticles react linearly to X-ray energy (at least up-to 320 kVp)
and flow, and they were able to activate P1 to produce singlet oxygen. The constructed
nanoparticle was not toxic, while remaining unexposed to light. In vitro experiments con-
firmed the interest of these AGulX design, notably at a 3.0 Gy-min~! dose rate. However,
it has to be noted that such a strategy should not be considered with external radiotherapy
but with low-energy devices (corresponding to a few hundred of keV), such as radiograph
tubes, to ensure high energy conversion and singlet oxygen production while lowering
exposure dose. Such investigations are currently being conducted in our group.

4. Materials and Methods
4.1. Reagents

Fluorescent probes, 3'-(p-aminophenyl) fluorescein (APF), 2/ 5'(di-acetate) dichloroflu-
orescein (DCF2-DA), Singlet Oxygen Sensor Green™ (SOSG) and propidium iodide were
from Molecular Probe (Merck-Sigma, St Quentin Fallavier, France). 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium (MTT) was purchased from Acros Organics (Thermo Fisher
Scientific, France). 5-(4-carboxyphenyl succinimide ester)-10,15,20-triphenylporphyrin
(P1) and zinc(Il) 5-(4-carboxyphenyl)-10,15,20-(tri-N-methyl-4-pyridyl) porphyrin trichlo-
ride (ZnPy3P1) were purchased from Porphychem (Porphychem SAS, Dijon, France).
Other reagents were of analytical grade.

4.2. Synthesis and Preparation of the AGulX@-Complexes

We used four different nanoparticles, based on the same AGuIX® polysiloxane core sur-
rounded by 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)/metal cation
(3+) complexes, covalently grafted to the inorganic matrix. The cations used were Terbium
(Tb%*, Z =65, A = 159 g mol~!) and Gadolinium (Gd**, Z = 64, A = 157 g mol!). P1 was
covalently grafted as a photosensitizer (AGulX@Tb-P1 or AGulX@Gd-P1).

Ultra-small siloxane particles were obtained in a two-step synthesis procedure as
described previously [33]. In brief, 3-aminopropyl triethoxysilane (185 mmol) and 1,4,7,10-
tetra-azacyclododecane-1-glutaric anhydride-4,7,10-triacetic acid (137 mmol, DOTAGA)
were mixed to react in 630 mL of diethylene glycol (DEG) at room temperature for 20 h in
order to create the DOTAGA silane. Tetraethyl orthosilicate (249 mmol) was added and
the mixture was left for 1 h with stirring before addition of 6.3 L of ultrapure water for
the condensation Sol-Gel reaction and hydrolysis. The mixture was heated successively at
80 °C for 6 h, then at 50 °C for 18 h. After incubation, the pH was adjusted to 2.0 with HCI
(12N). The ultra-small siloxane particles were purified by tangential filtration on Vivaflow®
membranes with a cut-off at 5 kDa (Sartorius Stedim Biotech, Aubagne, France). The final
volume was 400 mL with the purification factor of 1000. The pH of the solution was
adjusted to 7.4 with 1 M NaOH solution. The final amount of free DOTA was measured
by europium titration, as described previously [31]. Free DOTA groups were estimated at
100 mM DOTA. Tb chelation was performed by addition of 1.5 mmole trichloroterbium
hexahydrate in 15 mL of the particle solution. The pH was adjusted at 6.0 with 1 M NaOH,
and the mixture heated until temperature raised 80 °C. Each day, the pH was measured and
adjusted to 6.0, until there was no pH change. The ultra-small particles were filtered onto
VivaSpin® membranes (cut-off at 5 kDa, Sartorius Stedim Biotech). The volume obtained
was 15 mL and the purification factor was 100. The Tb chelation yield was determined
by Inductively Coupled Plasma—Mass Spectroscopy and was estimated at 60%. Finally,
the pH was adjusted at 7.4, before freeze-drying.

P1 was grafted following the protocol described previously [33,39]. In summary,
500 mM (1.5 g) of DOTA-free particles, obtained from the first step of particle synthesis,
were dispersed in 3 mL of pure water and 1.5 mmol of trichloroterbium hexahydrate.
The mixture’s pH was adjusted to 6.0 with 1 M NaOH solution and heated to 80 °C for
Tb chelation as described above. 12 mL of DEG pre-heated at 40 °C was added to the
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solution. 150 umol P1 diluted in DMSO was added drop-by-drop under stirring. The final
solvent ratio HyO/DEG/DMSO was 13/53/34. The mixture was left stirring at 40 °C
for 12 h in the dark and was filtrated through VivaSpin® membranes (cut-off at 5 kDa,
Sartorius Stedim Biotech). The purification factor was 100 and the final volume was 15 mL.
The Tb chelating yield, determined by Inductively Coupled Plasma—-Mass Spectroscopy,
was 47%. The P1 coupling yield was estimated at 29% by recording the absorbance at
520, 550 nm, 590 and 650 nm Q bands. The final Tb:P1 ratio was 16 moles Tb for 1 mole
P1. All concentrations of nanoparticle containing P1 will be referred to thereafter as the
concentration of P1. A stock AGuIX@Tb-P1 suspension was prepared in water and was
3 mM P1 equivalent; the solution of AGulX@Tb was 37.5 mM (Tb equivalent) in water.

4.3. Dynamic Light Scattering Size

Direct measurements of the size distribution of the nanoparticles suspended in any
medium were performed via Zetasizer NanoS DLS (Dynamic light scattering, laser He-Ne
633 nm, Malvern Instrument, Orsay, France). Prior to the experiment, the nanoparticles
were diluted in 0.01 M NaCl (pH 7.4).

4.4. Potential of the AGulX Conjugates

Potential { measurements were carried out with a Zetasizer Nano-Z (Malvern Instru-
ment) equipped with a He-Ne laser at 633 nm. Before measurement, the nanoparticles
were dispersed in 0.01 M NaCl and buffer solutions (Honeywell Fluka™ Buffer Solution,
ThermoFischer Scientific, [lkirch, France).

4.5. Synthesis of AGulX@Gd and AGulX@Gd-P1

The AGuIX@ complexes were synthesized and characterized as described previ-
ously [33], with a ratio of 1 mole of P1 for 25 moles of Gadolinium (Gd), as estimated by
Inductively Coupled Plasma-Mass Spectroscopy analysis. Stock solution of AGuX@Gd or
AguX@Gd-P1 was respectively 50 mM Tb equivalent, and 4 mM P1 equivalent in water.

4.6. Photophysical Properties of AGuIX@Tb-P1

Absorption spectra were recorded on a UV-3600 UV-visible double beam spectropho-
tometer (Shimadzu, Marne-La-Vallée, France). Fluorescence spectra were recorded on a
Fluorolog FL3-222 spectrofluorometer (Horiba Jobin Yvon, Longjumeau, France) equipped
with a 450 W Xenon lamp and thermostated cell compartment (25 °C), a UV-visible pho-
tomultiplier R928 (Hamamatsu Photonics, Hamamatsu, Japan), and an InGaAs infrared
detector (DSS-16A020L Electro-Optical System Inc., Phoenixville, PA, USA). The excitation
beam was diffracted by a double ruled grating SPEX monochromator (1200 grooves/mm
blazed at 330 nm). The emission beam was diffracted by a double ruled grating SPEX
monochromator (1200 grooves/mm blazed at 500 nm). Singlet oxygen emission was de-
tected through a double ruled grating SPEX monochromator (600 grooves/mm blazed
at 1 um) and a long-wave pass (780 nm). All spectra were measured in four-face quartz
vials. All the emission spectra (fluorescence and singlet oxygen luminescence) have been
displayed with the same absorbance (less than 0.2) with the lamp and photomultiplier
correction.

Spectral overlap, as well as Forster radius, was computed to characterize the energy
transfer from the Tb cation (Tb3*) to P1. Moreover, Tb luminescence decay profile was
recorded using a Fluorolog spectrofluorometer; the excitation wavelength was set at 351 nm
and the emission peaks were scanned in the 400-690 nm region. The luminescence lifetime
of Tb alone or in mixture with P1 was recorded using lifetime Fluorolog. We assessed the
545 nm peak decay as it is the highest Tb fluorescence peak. If relevant, we computed the
quenching constant (expressed as L-mol~! s 1) as Kq = K/, where K is the Stern-Volmer
constant which was graphically determined; 1 is the Tb fluorescence lifetime without
photosensitizer.
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4.7. Tb Scintillation Assessment under X-ray

Samples were irradiated using a biological X-ray Irradiator X-RAD 320 (Precision
X-ray INC., North Branford, CT, USA) with a tungsten anode. Photons were produced by
X-ray tubes and produced continuous energy distribution. The tube parameters were set
from 25 up to 320 kVp (id est mean photon energies of 8 and 116 keV) with the current set
from 0.5 up to 12.5 mA [59]. A 2 mm Al filter was used to remove low energy photons.
For Tb scintillation assessment, irradiation time was set at 90 s for each parameter.

An optical fiber was inserted inside the irradiation chamber, in front of the vial con-
taining AGuIX@Tb solutions to gather emission fluorescence photons. Emission spectra
were recorded with an USB2000 spectrometer (Ocean Optics Inc, Dunedin, FL, USA).
This versatile high-resolution spectrometer (FWHM = 3.5 nm) is an optical instrument
based on a diffraction grating and a one-dimensional CCD detector array. Integration
time was set to 5 s, the spectrum bandwidth ranged from 340 to 820 nm and the optical
fiber was placed across from a transparent vial (UVette® 220-1600 nm; cat.no. 952010051,
Eppendorf, Hamburg, Germany). Emission spectra were recorded at different times to
assess photonic density configurations on the Tb scintillation performance. Each mea-
surement was repeated 7 times and all spectra were subtracted with the same solution
spectrum obtained without irradiation. When varying X ray energy, we set the tube current
to maximum and we set the voltage to 320 kVp when we assessed the tube current on
the AGulX@TDb response. A linear correlation coefficient was computed to characterize
the relation between AGuIX@TDb peaks intensities, exciting photons energy (X ray kVp)
and X ray flow (X ray mA), respectively. The energy transfer from the nanoparticles to
a photo-agent was assessed with setting irradiation parameters to 320 kVp and 12.5 mA
(a 3.0 Gy'min~! dose rate in our experimental conditions).

4.8. Singlet Oxygen Production during Red Light Exposition or X-ray Irradiation

The reaction mixture was prepared in 30 mM Tris/HCI (pH 7.4) containing 400 uM
AGuIX@Tb-P1 or 45 mM AGulIX@Tb and 5 uM APF or 10 uM SOSG probe. Singlet oxygen
quenching was achieved by addition of sodium azide (NaNs; stock solution, 1 M) prepared
in the same buffer, to a final concentration at 10 mM. Irradiation was set to 320 kVp, 12.5 mA,
and source-surface distance adjusted to yield a 3.0 Gy min~! dose rate. Fluorescence
emission was detected spectroscopically at 515 and 525 nm for APF and SOSG, respectively.
Home-made software allowed long acquisition times and synchronization between laser
illumination and signal recording. Integration time was set to 100 ms and time points were
acquired every 5 min during 20 min. Moreover, P1 at 100 uM was irradiated without a
nanoscintillator with the same parameters to validate the absence of the direct excitation
by X-rays.

4.9. Biological Experiments
4.9.1. Cell Culture

Human U-251 MG (ECACC 09063001, Salisbury, UK) glioblastoma-derived cells
were cultivated in Roswell Park Memorial Institute medium (RPMI) without phenol red,
containing 10% (v/v) heat-inactivated (30 min at 56 °C) fetal calf serum (Invitrogen,
Paisley, UK), 1% (v/v) non-essential amino acid (Invitrogen), 0.5% (v/v) essential amino
acid (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 1% (v/v) vitamin (Invitrogen)
0.1 mg-mL~! of L-serine, 0.02 mg-mL~! L-asparagine (Merck-Sigma), and 1% (v/v) an-
tibiotics (10,000 U-mL ™! penicillin, 10 mg‘mL*1 streptomycin) (Merck-Sigma). The cells
were seeded routinely at 10° cells mL.~! and cultivated at 37 °C in a 5% CO, humidified
atmosphere (Incubator Binder, Tiibingen, Germany).

4.9.2. Cell Growth Assessment

Impact of AGuIX@Tb or ZnPy3P1 on U-251 MG cell survival was assessed by the
MTT procedure, based on the measurement of mitochondrial succinate dehydrogenase
activity (EC 1.3.5.1) [60]. Cells were seeded in 96 well-plates at 10* cells/well and left
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growing for 24 h. Cells were treated with increasing concentrations of ZnPy3P1 (up to
400 uM) and AGuIX@TDb (0.1 to 2 mM) over three days. In addition, glioblastoma cells were
exposed to increasing concentrations of AGuIX@Tb-P1 or AGuIX@Gd-P1 (1 to 10 uM) for
72 h. At the time, the medium was discarded and replaced by 100 pL of complete medium
containing 0.5 mg mL~! MTT. The plates were incubated for 2 h at 37 °C and formazan
crystals obtained were dissolved by adding 100 puL. of DMSO. The plates were read at
540 nm (Multiskan Ascent spectrophotometer, Thermo Fisher Scientific, Illkirch, France).
Results are expressed relative to those obtained from untreated cells (control), taken as
100. They represented quadruplicate determinations from two independent experiments
(n=28).

4.9.3. Nanoparticles Cell Uptake

U-251 MG cells were seeded in 6 well-plates at 10° cells/well and left to grow over
48 h. Cells were treated with increasing concentrations of nanoparticles (0.5 to 5.0 uM
AGuIX@Tb-P1 or AGuIX@Gd-P1) over 48 h. After incubation, cell layers were washed
with 2 mL of Dulbecco’s Phosphate buffer saline (DPBS, Merck-Sigma) and cells were
suspended with 0.5 mL of 0.05% (w/v) Trypsin/0.02% (w/v) EDTA solution (Invitrogen)
per well for 5 min at 37 °C. Complete medium (0.5 mL RPMI containing 10% (v/v) fetal calf
serum) was then added. The cell suspension obtained was centrifuged at 1000x g for 5 min
at 4 °C. Cell pellets were washed with 1 mL of DPBS and centrifuged again. Cells were
suspended finally in 0.5 mL of DPBS and left on ice. Fluorescence of P1 was measured in
5000 cells/sample by flow cytometry (Gallios Analyzer, Beckman Coulter France, Roissy,
France), with excitation/emission settings at 638 nm and 660/30 nm. Results obtained
from nanoparticle uptake were expressed relative to those obtained reaching the maximum
of nanoparticle absorption taken as 100. Results are expressed as mean + SD from triplicate
determinations from 3 independent experiments.

4.9.4. PDT and X-PDT Conditions

Cell exposure to a red light was performed at 630 nm with a Laser diode (Biolitec, Biomed-
ical Technology, lena, Germany) at 0.7 W, corresponding to an irradiance at 4.54 mW-cm 2.
Cell layers were exposed to 0.5 to 10.0 ] cm~2, corresponding to an exposition duration
of 2 min to 38 min. X-ray irradiation was performed using the X-ray Irradiator X-RAD
320 (Precision X-ray Inc., North Branford, CT, USA), using tube parameters set at 160 and
320 kV (mean photons energies of 58 and 116 keV) with current set at 10 mA. A 2 mm Al
filter was used to remove low energy photons. The dose rates were 1.5 and 3.0 Gy min !
for 160 and 320 kVp respectively. The doses delivered were 0.5, 2.0, 4.0, and 5.0 Gy for both

dose rates.

4.9.5. Reactive Species Quantification during PDT or X-PDT

U-251 MG cells were seeded in 6 well-plates at 2 x 10° cells/well. Cells were left
to grow over 48 h, then, treated in the presence of 1 uM AGulIX@-complexes for 24 h.
Cells were washed with 2 mL of DPBS. Each well was filled again with complete medium
before light exposition or X-ray irradiation. Reactive species generation measurements were
achieved post treatment over 1 h. At each time point, cell medium was changed by 2 mL
of pre-warmed medium containing 50 pM DCF2-DA for 30 min at 37 °C. Cells were then
successively harvested by trypsination, washed with DPBS, and suspended in 0.5 mL
DPBS before flow cytometry analysis. Reactive species generation was measured in
5000 cells/sample by flow cytometry with excitation/emission settings at 488 nm and
520/30 nm. Cell death was quantified also using propidium iodide in kinetic uptake
experiments. Cells were treated with 20 uM propidium iodide (diluted in DMSQO) added to
the medium. Propidium iodide-positive cells were numbered by flow cytometric analysis
with excitation/emission settings at 488 nm and 620/630 nm (FL3), respectively. Results
represent the median of fluorescent peak. Results are expressed relative to those obtained

71



Pharmaceuticals 2021, 14, 396

from untreated cells, taken as 100. Results are expressed as mean + SD of triplicate
determinations from 3 independent experiments.

4.9.6. Anchorage-Dependent Clonogenic Assay

The clonogenic assay was performed in 6 well-plates with U-251 MG cells seeded at
500 cells/well. Cells were then treated in the presence of 16.6 uM of AGulX@Tb, 25 uM
AGuIX@Gd, 1 uM AGuIX@Tb-P1 or 1 uM AGuIX@Gd-P1 (P1 equivalent concentration)
for 24 h at 37 °C. After incubation, cells were washed with 2 mL of DPBS. 2 mL of complete
medium were added in each well before X-ray radiation or red-light exposition. Cells were
left to grow at 37 °C for 7 days. At time, cell clones were successively washed with
2 mL DPBS, fixed with 1 mL of 4% (v/v) formol (pH 7.4) at room temperature for 15 min,
washed with 1 mL of DPBS, and stained for 30 min with 0.05% (w/v) crystal Violet solution
prepared in DPBS and containing 25% (v/v) methanol. Finally, cells were washed three
times with 2 mL of bi-distilled water. Cell clones obtained were analysed after picture
capture (GelCount™, Oxford Optronix, Abingdon, UK) and Image] quantification (N.I.H.,
Bethesda, MA, USA). Image analysis was performed with well area taken as 862 mm?.
Cell clone counting was improved by background subtraction. Data from untreated and
treated cell conditions were compared and expressed as the mean & SD (1 = 12).

Survival fraction (SF) was calculated using the linear quadratic (LQ) model, based on
the equation: SFp = exp (—(aD + D2)), where survival fraction is defined as SFp = (plating
efficiency at the dose D)/ (platting efficiency at 0 Gy); D corresponds to the Gy dose; oc and
(3, are determined from the established semi log curve, as SFp = f (Gy dose). The effects
of radiation alone or X-PDT, related to untreated cells or exposed to each AGulX@NP,
were compared by calculating the dose modifying factor (DMF) and the survival fraction at
2.0 Gy (SF;). We also determined the Dose Enhanced Ratio (DER) at 2.0 Gy. DER is defined
as the ratio of SF, g gy calculated for untreated cells to that calculated of treated cells after
irradiation (DER = SF g gy (control cells)/SF; o Gy (treated cells)). We finally calculated
the enhanced factor, expressed in percentage, as EF (%) =100 x (SF Gy (control cells) —
SF2 0 Gy (treated cells))/SF; o gy (control cells)).

4.9.7. Statistical Analysis

Results obtained were analyzed using the Kruskal-Wallis test (« = 0.05) and post-hoc
Dunn'’s test (x = 0.05) for paired groups. Any difference was considered significant at
p < 0.05. Results obtained from clonogenic assays were analyzed using the Kruskal-Wallis
test (with e = 0.05), and post-hoc by the Mann-Whitney test (o« = 0.05) for unpaired groups.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ph14050396/s1. Figure S1: Determination of potential of AGuIX@Tb-P1 and AGuIX@TDb,
Figure S2: Luminescence decay of AGuIX@Tb and AGuIX@Tb-P1 in water, Figure S3: Luminescence
of AGuIX@Tb-P1, Figure S4: SDH activities after U-251 MG cell exposure to AGuIX@ nanoparticles.
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Abbreviations

AGuIX@Tb or Gd, Ultra small AGuIX-designed nanoparticle chelated with Terbium or Gadolin-
ium; AGuIX@Tb-P1 or Gd-P1 Ultra small AGuIX-Tb or Gd grafted with Porphyrin; APF, 3'-(p-
aminophenyl) fluorescein; DCF-2DA, 2’ 5/(di-acetate) dichlorofluorescein; DER, dose enhanced
ratio; DMF, dose modified factor; DPBS, Dulbecco’s phosphate buffer saline, Gd, Gadolinium;
GBM, glioblastoma multiforme; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium; P1,
5-(4-carboxyphenyl succinimide ester)-10,15,20-triphenyl porphyrin; PDT, Photo Dynamic Therapy;
RPMI, Roswell Park Memorial Institute medium; SOSG, Singlet Oxygen Sensor Green™; Tb, Terbium;
X-PDT, X-ray-induced Photo Dynamic Therapy; Zn3PyP1, zinc(II) 5-(4-carboxyphenyl)-10,15,20-(tri-
N-methyl-4-pyridyl) porphyrin trichloride.
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Abstract: Intensive efforts have been made to eliminate or substantial reduce bacterial adhesion
and biofilm formation on titanium implants. However, in the management of peri-implantitis,
the methylene blue (MB) photosensitizer commonly used in photoantimicrobial chemotherapy
(PACT) is limited to a low retention on the implant surface. The purpose of this study was to assess
enhancive effect of water-soluble quaternary ammonium chitosan (QTS) on MB retention on biofilm-
infected SLA (sandblasted, large grid, and acid-etched) Ti alloy surfaces in vitro. The effectiveness
of QTS + MB with different concentrations in eliminating Gram-negative A. actinomycetemcomitans
or Gram-positive S. mutans bacteria was compared before and after PACT. Bacterial counting and
lipopolysaccharide (LPS) detection were examined, and then the growth of human osteoblast-like
MG63 cells was evaluated. The results indicated that the synergistic QTS + MB with retention ability
significantly decreased the biofilm accumulation on the Ti alloy surface, which was better than the
same concentration of 1 wt% methyl cellulose (MC). More importantly, the osteogenic activity of
MG63 cells on the disinfected sample treated by QTS + MB-PACT modality was comparable to that
of sterile Ti control, significantly higher than that by MC + MB-PACT modality. It is concluded that,
in terms of improved retention efficacy, effective bacteria eradication, and enhanced cell growth,
synergistically, PACT using the 100 pg/mL MB-encapsulated 1% QTS was a promising modality for
the treatment of peri-implantitis.

Keywords: dental implant; peri-implantitis; photoantimicrobial chemotherapy; methylene blue;
chitosan

1. Introduction

When the pristine surface of a dental titanium implant is exposed to the oral cavity
after installation, bacterial adhesion occurs in a similar way to teeth [1,2]. After adhesion,
bacteria will form microcolonies, which are then embedded within an extracellular polysac-
charide matrix to construct complex three-dimensional biofilm structures that are difficult
to remove [2,3]. More importantly, bacterial contamination endangers the osseointegration
of titanium implants [4,5] and ultimately leads to bone loss around the implant. According
to the literature [6], after 10 years of use without systematic supportive treatment, peri-
implant disease has become a common clinical problem. Van Velzen et al. evaluated the
10-year survival rate of SLA (sandblasting, large-grit and acid-etching) titanium dental
implants and the incidence of peri-implant diseases in patients with complete and partial
edentulousness, and pointed out the occurrence of peri-implantitis in 7% of dental im-
plants [7]. As the prevalence of peri-implantitis has increased significantly, as many as 33%
of implants have experienced progressive bone loss [8]. Thus, in order to successfully treat
peri-implantitis, exhaustive eradication of pathogenic microorganisms from the surface of
the implant is indispensable [9-12]. The current clinical approach is to use mechanical de-
bridement to destroy biofilms and reduce bacterial adhesion [13], supplemented by adjunct
antibacterial therapies, such as the use of antiseptics and antibiotics [11,14,15]. However,
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the efficacy of these strategies is limited by the complex topography of the implant surface,
the emergence of drug-resistant microorganisms, and the survival of a few viable bacteria.
Therefore, the strategies used cannot completely cause the osseointegration of the implant
to a large extent [16]. In fact, there is currently no gold standard method for the treatment
of peri-implantitis [15]. Undoubtedly, it necessitates developing newly effective treatments
targeting bacterial eradication for clinical use.

For this reason, extensive investigations have been explored to develop photodynamic
therapy (PDT), which was introduced as a medical treatment in 1904 [17]. PDT uses a
specific wavelength of light to activate a photosensitive drug (photosensitizer, PS) that
preferentially binds to cells or microorganisms in the presence of oxygen in the air. This
may lead to the formation of several reactive oxygen species, resulting in cell death [15,18].
Among various applications, such as antimicrobial elimination, anticancer therapy, and
wound healing [19-21], the former is the so-called antimicrobial photodynamic therapy
(aPDT) or photoantimicrobial chemotherapy (PACT) [22]. The PACT modality has been
used alone or in combination with other treatment options, such as mechanical debridement.

As for photosensitizers, the commonly used methylene blue (MB) is a hydrophilic,
water-soluble phenothiazine derivative and the first synthetic compound used as an an-
tiseptic in clinical practice [23]. Moreover, it has been approved by the Food and Drug
Administration (FDA) for intravenous administration of methemoglobinemia [24] and has
been used to target oral bacteria [25]. In the management of peri-implantitis, MB-PACT
treatment usually aims to eliminate bacterial adhesion and biofilm on the implant surface,
thereby achieving re-osseointegration. However, satisfactory therapeutic strategies or
scientifically based treatment recommendations are still not available [17,26]. For example,
in terms of clinical practice, the retention capacity of the flowable photosensitizer should
be considered, and the loss of photosensitizer during use should be avoided to improve
the therapeutic effect. To overcome this problem, viscous polymers can be adopted to
achieve the adhesion of photosensitive drug to mucosa (such as oral buccal mucosa, nasal
mucosa) [27,28]. Bioadhesion strategies can increase the retention time and availability of
drugs [29]. In order to improve the MB retention during PACT, Lopez-Jiménez et al. used
hydroxymethyl cellulose as a mucoadhesive in the Periowave system [30].

Among the viscous polymers, naturally occurring chitosan polysaccharides are struc-
turally similar to glycosaminoglycans [31]. Chitosan polysaccharide has non-antigenicity,
high hydrophilicity and good film-forming properties, and is a natural choice for biomedi-
cal applications (such as scaffolds and mucosal carriers) [32-35]. It has been reported that
due to the interaction between the cationic chain of chitosan and the negatively charged
residues on the bacterial surface, the broad antibacterial spectrum of chitosan is effective
against Gram-positive and Gram-negative bacteria and fungi [36,37]. On the other hand,
positively charged chitosan may be a good choice as a PS carrier and bioadhesive, which
can increase the retention at the application site [38]. This is because on the basis of charge
repulsion, cationic drugs will be rapidly released from the cationic hydrogel [39]. More-
over, the hydrophilic chitosan facilitates the close contact between the PS surface and the
aqueous environment of microorganisms [40], which has broad prospects for the delivery
of PS. Shrestha et al. pointed out that the use of chitosan-conjugated photosensitizers
had a synergistic advantage over the use of photosensitizers alone, which can improve
the anti-biofilm efficacy of Gram-positive bacteria and Gram-negative bacteria [40]. Choi
et al. found that pretreatment with chitosan before MB-medicated PDT can effectively
improve the photodynamic effect of MB at a low concentration of 40 ug/mL on the eradi-
cation of H. pyloriat [41]. Therefore, it is speculated that the MB encapsulation in viscous
chitosan can stay on the surface of the infected implant for a long time and achieve a
higher photo-inactivation efficacy against bacteria. However, the commonly used chitosan
polysaccharide has the disadvantage of being only dissolved in an acidic solution, which
results in a relatively low pH solution of less than 3. More importantly, from a clinical
point of view, the pH of the solution is preferably 7 because of oral environment. In this
regard, some water-soluble chitosan derivatives, such as quaternary ammonium chitosan
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(QTS), can replace acid-soluble chitosan polysaccharides [35]. Herein, we chose QTS as the
adhesive (or carrier) and analyzed the antimicrobial effect of QTS + MB-PDT on Gram-
positive and Gram-negative bacteria. It is hypothesized that the synergistic combination of
MB-conjugated QTS (QTS + MB) could have the dual functions of enhancing the photo-
inactivation effect and improving the adhesion stability of the photosensitizer, which in
turn maintains the osseointegration of the implant. The overall experimental process and
purpose were schematically illustrated in Figure S1.

2. Results
2.1. Cytotoxicity

Figure 1 shows the effects of different formulations on L929 cytotoxicity. Obviously,
the viability value of the positive control (DMSO) was less than 10% at the two culture time
points, and showed significant lower (p < 0.05) cell viability than other test samples. When
cells were seeded with MB and/or QTS, a concentration-dependent decrease in cellular
activity was noted. At 1 min of culture, as the concentration increased, the viability of
the cells inoculated with MB alone decreased from 81% to 62%. Similar to the downward
trend, the cell viability of QTS was between 63% and 49%. However, the value of L929 cells
cultured with MC1 agent was higher than 90%, indicating no signs of cytotoxicity, but the
co-presence of MB100 caused the viability value down to 71%. In the case of the MB100
agent with different QTS concentrations, the value was significantly (p < 0.05) lower than
the corresponding one without MB100. After 10 min of culture, it is worth noting that,
except for the positive control, the viability values of all samples increased slightly.

)
120 ®DMSO MBS50 mMB100
= MB200 QTS0.5 mQTS1
100 - mQTS3 mMCl1 OQTS0.5+MB100
mQTSI+MB100 ®mQTS3+MB100 MCI1+MB100
I
80 A 1
] 1 :
e
2 60 i L
G
3 .
40 A
20 A
0 .

1 10
Culture time (min)

Figure 1. Cytotoxicity of L929 cells cultured with different test agents for 1 and 10 min. The cell
viability was normalized to the negative control (culture medium) in terms of absorbance (1 = 3).

2.2. Viscosity

The viscosity of various solutions varies with the shear rate, as shown in Figure 2.
Phosphate buffer solution (PBS) and MB100 did not change remarkably with the increase of
shear rate. When the shear rate was great than 5 1/s, their viscosity was similar. However,
the viscosity of the two solutions was obviously lower than that of the three QTS and MC1
solutions. The viscosity of the three QTS solutions decreased as the shear rate increased to
51/s. A higher concentration of QTS caused a larger viscosity. For example, the apparent
viscosities of QTS0.5 and QTS1 were about 0.20 and 0.31 Pa-s at the shear rate of 51/s,
respectively. The constant viscosity of MC1 was about 0.23 Pa-s.
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Figure 2. The viscosity changes of various solution samples under different shear rates.

2.3. Retention Efficacy

It can be clearly seen that MB100 alone flows directly from the top to the bottom of
the Ti alloy plate, as shown in Figure 3a. On the contrary, as the concentration of QTS
increased, the QTS + MB solution can be retained on the inclined surface (Figure 3b-d),
especially the QTS3 + MB100 droplet was completely remained on the vertical plate. A
part of MC1 + MB100 solution was stuck on the plate (Figure 3e). From the perspective of
the retention of the solution, the order of the viscous agent” ability to retain MB100 was
QTS3 > QTS1 > MC1 > QTS0.5.

Figure 3. Images photographed for the retention efficacy of (a) methylene blue (MB)100, (b) quaternary ammonium chitosan
(QTS)0.5 + MB100, (c) QTS1 + MB100, (d) QTS3 + MB100, and (e) MC1 + MB100 photosensitizers after the test solution was
placed on the top of Ti alloy plate with 90-degree angle. Arrow indicates the flowing test solution.

2.4. Bacteriostatic Ratio

In the absence of laser irradiation, as the concentration of MB increased, A. actino-
mycetemcomitans (Figure 4a) and S. mutans (Figure 4b) attached to Ti alloy surfaces were
more inactivated or killed. For example, the killing amount of A. actinomycetemcomitans in
the MB100 and MB200 groups was 49% and 60%, respectively. Similar to these findings,
regardless of the type of bacteria, the QTS group showed a trend in a significantly different
manner. More importantly, the combinational MB and QTS modality exhibited a synergis-
tic killing effect, which was significantly higher (p < 0.05) than that of the corresponding
MB alone or QTS alone. However, MC1+MB100 had the same effect as MB100. By laser
irradiation, when the MB group was compared with the corresponding MB-PDT group, in
addition to the concentration-dependent bacteriostatic ratio, enhanced antibacterial efficacy
was also found. When using MB100-PACT, approximately 89% of A. actinomycetemcomitans
and 91% of S. mutans were eliminated. It is worth noting that the bacteriostatic ratio of
the three QTS+MB100-PACT groups was higher than that of the MB100-PACT and MC1 +
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MB-PACT groups. In addition, QTS1 + MB100-PACT and QTS3 + MB100-PACT had similar
results on A. actinomycetemcomitans and S. mutans, with a bacterial death rate of over 98%.
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Figure 4. Bacteriostatic ratios of (a) A. actinomycetemcomitans-contaminated and (b) S. mutans-contaminated samples after
various treatments with and without photoantimicrobial chemotherapy (PACT). Different capital letters showed statistically
significant differences at p < 0.05 (1 = 10).

2.5. Bacterial Colonies

The observation of bacterial colonies on the sample surface further depicted the elimi-
nation efficacy of different treatments, including MB100, QTS1, and MC1. Before treatment
(Figure 5a), a large number of oval-shaped A. actinomycetemcomitans colonies uniformly
adhered to the contaminated surface. Upon cleaning with QTS1 alone (Figure 5b) or MB100
alone (Figure 5c), the number of bacteria was reduced to some degree. Furthermore, the
number of A. actinomycetemcomitans colonies on the decontaminated surface treated by
MB100-PACT (Figure 5d) and MC1 + MB100 (Figure 5f) surfaces was remarkably lower
than the number on the contaminated surface. Not surprisingly, the QTS1 + MB100-PACT
treatment resulted in a sparse distribution of colonies (Figure 5e).

Figure 5. SEM images of the A. actinomycetcmcomitans-contaminated SLA Ti alloy surfaces (a) before and after treatment
with (b) QTSI alone, (c¢) MB100 alone, (d) MB100-PACT, (e) QTS1 + MB100-PACT, and (f) MC1 + MB100-PACT. The arrows
indicate the presence of bacteria.
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Regarding the colonies of S. aureus, densely packed sphere-like microcolonies were
shown on the surface of the biofilm-contaminated samples (Figure 6a). Similar to the
results of A. actinomycetemcomitans-contaminated surface, the treatment by QTS1 alone
(Figure 6b) and MB100 alone (Figure 6c) reduced the number of colonies on the sample
surfaces. In contrast, through various PDT modalities (Figure 6d-f), the number of bacterial
colony-forming units (CFU) was greatly reduced when compared with the control and
solution groups alone.

Figure 6. SEM images of the S. mutans-contaminated SLA Ti alloy surfaces (a) before and after treatment with (b) QTS1
alone, (c) MB100 alone, (d) MB100-PACT, (e) QTS1 + MB100-PACT, and (f) MC1 + MB100-PACT. The arrows indicated the
presence of bacteria. The arrows indicate the presence of bacteria.

2.6. Residual LPS Amount

The effect of PACT treatment on the amount of LPS derived from A. actinomycetcm-
comitans remaining on the sample surfaces is shown in Figure 7. There was no doubt that
the LPS amount in the contaminated Ti control was higher. Conversely, the LPS amount
remaining on various MB-PACT-treated surfaces was significantly (p < 0.05) reduced. The
higher the MB concentration in the PACT treatment, the lower the residual amount of LPS
exhibited. When using QTS to encapsulate MB, it was obvious that the synergetic QTS
+ MB100-PACT modality diminished the amount of LPS, more than the corresponding
MB100-PACT group, especially QTS1+MB100-PACT. Compared with the MB100-PACT
group, incorporation of 0.5%, 1%, and 3% QTS significantly (p < 0.05) reduced the residual
amount of LPS by 24%, 57%, and 33%, respectively. However, there was no significant
(p > 0.05) difference between MB100-PACT and MC1+MB-PACT.

2.7. Cell Morphology

The initial cell morphology attached to the disinfected surfaces of samples treated
with MB100-PACT, QTS1 + MB100-PACT, and MC1 + MB100-PACT is shown in Figure
8, in addition to the sterile Ti alloy (Figure 8a,e). The cells on the surface of the uncon-
taminated Ti alloy were well adhered and fully spread with a well-defined morphology
after 6 h of culture. When MG63 cells were cultured on surfaces treated with MB100-PACT
(Figure 8b,f) and MC1 + MB-PACT (Figure 8d,h), it seemed that cell attachment was ad-
versely affected, showing less spreading. In the case of QTS1+MB100-PACT (Figure 8c,g),
MG63 cells adhered well to the decontaminated surface, indicating the extending filopodia.
Nevertheless, there were still a few bacteria on all decontaminated surfaces.
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Figure 7. Residual lipopolysaccharide (LPS) level derived from A. actinomycetcmcomitans on sample
surfaces after various photoantimicrobial chemotherapy (PACT) treatments. The contaminated Ti
alloy without PACT and the sterile Ti alloy were used as a positive control and negative control,
respectively. Different capital letters showed statistically significant differences at p < 0.05 (n = 5).

Ticontrol ~  MBI00-PACT

Figure 8. SEM images of MG63 cells after 6 h of culture on the (a,e) sterile Ti surface, (b—d) A. actinomycetcmcomitans-
contaminated, or (f-h) S. mutants-contaminated surfaces treated by (b,f) MB100-PACT, (c,g) QTS1 + MB100-PACT, and (d,h)
MC1 + MB100-PACT.

2.8. Cell Proliferation

After culturing MG63 cells on PACT-decontaminated sample surfaces and the sterile
Ti alloy surfaces, the number of viable cells increased during the incubation interval
due to the increase in absorbance (Figure 9). Regarding the samples infected with A.
actinomycetcmcomitans, the cell proliferation of all PDT-treated groups was significantly
(p < 0.05) lower than that of the sterile Ti control (Figure 9a). On the 7th day, the cell
proliferation of the QTS1 + MB100 group was significantly (p < 0.05) higher than that of
the MB100 and MC1 + MB100 groups. For samples contaminated with S. mutants, the
proliferation of MG63 cells in the sterile Ti control was also higher than that of all PACT
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groups (Figure 9b). In addition, the QTS1+MB100 group was superior to the MC1+MB100
group except for one-day culture.

(a) A. actinomycetcmcomitans

(b) §. mutants
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Figure 9. The cell viability was normalized to the negative control (culture medium) in terms of absorbance (1 = 3).
Proliferation analysis of MG63 cells cultured on the surfaces after PACT (MB100, QTS1 + MB100 and MC1 + MB100) treated
samples contaminated with (a) A. actinomycetcmcomitans and (b) S. mutants. The sterile Ti alloy was used as a control.

Different capital letters showed statistically significant differences at p < 0.05 (n = 5).

2.9. Alkaline Phosphatase (ALP) Activity

After 7 days and 14 days of culture, the ALP activity of MG63 cells on the PACT-treated
samples is shown in Figure 10. The sterile Ti alloy control had the highest ALP expression
than all PACT treatments against the two bacteria at all culture intervals, except for the
QTS1 + MB100 group against S. mutants on day 14. Compared with MC1+MB100 and
MB100, PACT treatment with QTS1 + MB1 produced a significantly (p < 0.05) higher ALP
amount. On the A. actinomycetcmcomitans-disinfected surface for 14 days of cell culture, the
ALP amount in the QTS+MB100-PACT modality was 9% higher than that of the MC1 +
MB100-PACT modality (Figure 10a), which was 20% on the S. mutants-disinfected surface
(Figure 10Db).

2.10. Mineralization

The results of calcium deposits secreted by MG63 cells on the biofilm-disinfected
surfaces treated by different PACT modalities are shown in Figure 11, indicating the
increased Ca amount with the increasing culture time. After 7 days of culture, there was
no significant difference (p > 0.05) between all groups including the sterile Ti alloy control.
On the contrary, on the 14th day, it is worth noting that the MG63 cells grown on the
sterile control surface and biofilm-disinfected surface treated with QTS1 + MB100-PACT
secreted a similar content of calcium deposits, and there was no significant difference
(p > 0.05). On the other hand, at the same MB100 concentration of MB100, QTS1 agent
could significantly (p < 0.05) cause higher Ca deposits than MC1 agent. The cells on the
A. actinomycetcmcomitans-disinfected surface by QTS + MB100-PACT increased by about
13% compared with the MC1+MB100-PACT treatment (Figure 11a), while the cells on S.
mutants-disinfected surface increased by 28% (Figure 11b).
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Figure 10. ALP activity of MG63 cells cultured on the surfaces after PACT (MB100, QTS1 + MB100 and MC1 + MB100)
treated samples contaminated with (a) A. actinomycetcmcomitans and (b) S. mutants. The sterile Ti alloy was used as a control.
Different capital letters showed statistically significant differences at p < 0.05 (n = 5).
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Figure 11. Mineralization analysis of MG63 cells cultured on the surfaces after PACT (MB100, QTS1 + MB100 and MC1 +
MB100) treated samples contaminated with (a) A. actinomycetcmcomitans and (b) S. mutants. The sterile Ti alloy was used as
a control. Different capital letters showed statistically significant differences at p < 0.05 (1 = 5).

3. Discussion

Although dental implant advancements have aimed to facilitate bone healing, the
prevention of bacterial infections is also a critical factor in the success of a surgical treat-
ment [41]. Implant-associated infections produce serious post-surgical problems that
adversely affect osseointegration and result in implant device failures. Therefore, the
prevention and elimination of bacterial adhesion and colonization plays an important
role in the successful implantation. PACT has been considered as a reliable adjunct to
conventional therapeutic modalities, such as mechanical (curettage and root planing) and
surgical (transplant) methods, or can be used alone in the peri-implantitis treatment [5,42].
PACT neither causes any resistance to microorganisms, nor is affected by the resistance of
existing drugs [43]. However, effective removal of biofilm and bacterial toxins from the
surface of infected implants is still an unresolved clinical issue. Many studies intend to
develop effective modality to eradicate bacterial colonies and biofilms on the surface of

implants for restoring osseointegration.
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The antimicrobial efficacy of PACT is based on the large accumulation of PS in or
on the cytoplasmic membrane [44,45]. Based on clinical need, PS should have sufficient
retention on the surface of infected implant for intracellular uptake, thereby progressing
photo-inactivation. However, due to its fluid characteristics can lead to ineffective therapy,
the retention of PS remained to be resolved. Modifying photosensitizers with viscous
biopolymers will be an attractive strategy to solve this problem. Indeed, as evidenced
in this study, by incorporation of a viscosity-enhancing agent, such as MC, MB retention
can be given to the peri-implantitis area. MC is a water-soluble derivative of polysac-
charide cellulose, and it is also a non-toxic, biocompatible FDA-approved material [46].
The introduction of viscous QTS molecules as adhesive promoters in this study can also
effectively overcome the shortcomings of MB retention. This antibacterial carrier may
be easily applicable to large or complex implant surfaces, and may adhere to the mate-
rial substrate (or teeth). One of the current purposes was to synergistically combine MB
with antibacterial and viscous QTS to construct a new type of photosensitizing platform,
whereby the QTS+MB-PACT modality can effectively treat peri-implantitis.

In order to understand the concentration effect, water-dissolvable QTS at concentra-
tions of 0.5, 1, and 3 wt% were used. The viscosity of the three QTS and MC solutions
was significantly higher than that of MB. Not surprisingly, the viscosity of QTS3 was
higher than QTS1 and QTS0.5. As expected, the addition of QTSI and QTS3 effectively
improve the retention of MB on the implant surface due to the viscosity effect, binding
the MB together like glue. On the other hand, the viscous MC1 also kept MB part on the
surface of the Ti alloy sample. However, Ludmila et al. pointed out that, in addition to
preferential accumulation in bacterial targets, ideal PS should also be eliminated quickly
after administration [47]. Therefore, high-viscosity QTS, such as 3% may not be suitable
for use because it was difficult to remove. The long-term retention of QTS + MB on the
implant surface may affect periodontal tissues and cells, resulting in the cytotoxicity [21],
as described below.

Low toxicity is one of the essential characteristics of ideal photosensitizers, especially
towards mammalian cells [15,48]. Therefore, when the photosensitizer was conjugated
with polymers, the dose-dependent cytotoxicity of the modified PS should be examined to
verify its bio-safety. From a clinical point of view, a short interval (a few minutes) in the
PACT treatment of peri-implantitis was commonly employed, so this study used 1 min
and 10 min of culture time. The cell viability of 50 and 100 pg/mL MB and MC1 with
and without MB were all higher than 70%, while other test agents were all lower than
70%. According to ISO 10993-5 standard definition, more than 70% viability is considered
non-cytotoxic [49]. Tate et al. pointed out that MC concentration as high as 8% will not
cause the death of primary rat cortical astrocytes [50]. Rolim et al. reported that MB
concentrations exceeding 163.5 uM (equivalent to 52.3 pg/mL) can induce cytotoxicity [51].
It is reasonable to consider that the higher the concentration of MB and QTS, the lower
the cell viability, indicating that its potential cytotoxicity was higher [52,53]. Regardless of
QTS or MC mucoadhesive, the combination with MB100 significantly reduced cell viability.
Soukos and Goodson suggested that due to incomplete penetration of MB in oral biofilms
in a clinical setting, PACT may take up to 15 min to proceed [15]. Therefore, to safely apply
PS in the treatment of peri-implantitis without damaging adjacent normal tissues, low
concentrations of MB were preferential used to prevent possible toxic effects of residual
photosensitizers remaining dyes [21].

It is well recognized that biofilm formation is initiated by bacterial adhesion, which
in turn constitutes a three-dimensional structure and develops a mature entity [54]. Thus,
it is indeed necessary to evaluate the number of bacteria and its remaining LPS on the
Ti alloy surface after various treatments. When the Ti alloy sample was exposed to the
bacterial suspension for 24 h, marked bacterial colonization occurred. On the contrary,
the use of cationic MB alone can reduce the growth of bacteria, but from the results of
CFU assay, there was no sign of effective eradication effect, as confirmed by an earlier
report [55]. MB can attach the bacterial membranes of Gram-positive and Gram-negative
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bacteria by interaction with the anionic region on the bacterial cell wall [5]. In addition, MB
may be toxic to some extent. It is reasonable to think that strong antibacterial activity often
resulted in high cytotoxicity, which was in line with the results reported by Miyata [56]. MB
alone has a concentration-dependent bactericidal activity [5,55], but it fails to completely
eradicate bacteria. Therefore, MB-PACT was used instead of MB to eliminate bacteria and
biofilms more effectively. Not surprisingly, the percentage reduction of the two viable
bacteria in MB-PACT was significantly improved compared with MB alone. Kim et al.
pointed out that when MB alone caused 53% of cell death, the use of 100 pg/mL MB with
the Periowave diode laser can reduce 77% of A. actinomycetemcomitans attached on the SLA
titanium surface [57]. The higher MB concentration in MB-PACT lead to higher bactericidal
activity, which was consistent with the previous studies [18,58]. Another interesting study
was to test the potential role of QTS as an antimicrobial adjuvant, which was believed to
help prevent bacterial infection and adhesion on the surface of the implant. According to a
previous study [35], the concentration-dependent bactericidal activity of QTS against the
Gram-positive bacteria and Gram-negative bacteria examined is due to the production of
reactive oxygen species (ROS). Moreover, cationic QTS may destroy the integrity of the
biofilm and kill the microbial cells by piercing the surface of negatively charged microbial
cells [37]. Results of SEM images corroborated the current findings of the bacteria count.

Since MB alone and QTS alone had a potent antimicrobial efficacy, it can be speculated
that the combination of the two agents had an additive effect on eliminating bacteria. In
fact, the cationic QTS + MB solution provided advantages by allowing the construction of a
viscous photosensitizing platform as a multifunctional role including the MB-PDT efficacy
and the inherent antibacterial ability of QTS. Camacho-Alonso et al. pointed out that the
chitosan + MB-PACT group resulted in the lower CFU/mL count of Enterococcus faecalis
compared with MB-PACT alone in experimentally infected root canals of extracted human
teeth, but there was no significance between these groups [59]. Darabpour et al. reported
that chitosan nanoparticles destroyed the biofilm structure of Staphylococcus aureus and
Pseudomonas aeruginosa, which in turn made MB deeper and higher permeability, thereby
enhancing the eradication efficacy of MB-PACT [60]. Carpio-Perochena et al. also found
that the combination of carboxymethyl chitosan/rose bengal and PACT can reduce more
viable bacteria than carboxymethyl chitosan alone [61]. Regarding the effect of cellulose,
MC1 did not reveal an additional antibacterial efficacy from the comparison between
the MB100-PACT and MC1+MB100-PACT groups. In short, compared with the same
concentration of MC, QTS helped to improve the antibacterial efficacy.

In addition to inactivating pathogenic bacteria, it is also important to clean the LPS
(the major cell wall component of Gram-negative bacteria) from the surface of the implant
because the LPS remaining on the material surfaces may not only facilitate subsequent
microbial adhesion [62] but also jeopardize the proliferation of connective tissue cells [63].
Biofilm formation on the surface of the implant can protect bacteria and promote the persis-
tence of infection, which is difficult to completely avoid on SLA-pretreated implants [64].
In addition, biofilm makes antibiotic treatment insufficient to eradicating the infection.
Thus, residual LPS analysis should be conducted to unveil the importance of QTS + MB-
PACT. Contrary to the high amount of LPS on the contaminated surface, PACT treatment
resulted in a significant reduction in LPS caused by A. actinomycetemcomitans. There was
a positive correlation between the increase in MB concentration and the decrease in LPS,
which was in full agreement with the previous study [5]. On the other hand, there was no
significant difference in residual LPS and bacteriostatic ratio between MB100-PACT and
MC1+MB-PACT. As mentioned earlier, it was due to the insufficient antibacterial ability
of MC.

Regarding the QTS + MB-PACT modality, the more positive charge of QTS + MB
would have a higher affinity for LPS [65], which may be the reason why QTS + MB100
was higher than MB100 in the eradication of LPS after photoactivation. Therefore, benefit
can be expected to use this novel therapeutic modality to enhance the treatment efficiency
of peri-implantitis. Interestingly, in the QTS+MB-PACT modality, QTS1 eliminated LPS
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more effective than QTS3. Although QTS adhesive had viscous ability, it can firmly bond
MB onto the robust Ti alloy surface, but too high QTS concentration (such as 3 wt%) may
prevent the laser penetration through MB due to the optical shielding or inhibit the MB
penetration to the bacterial membrane. Generally, PS molecules or PS-carrying particles
can be transferred into cells through transmembrane and along-membrane diffusion, by
non-specific endocytosis or even pinocytosis, or can also be internalized through phagocy-
tosis [44]. Therefore, under the appropriate QTS concentration, the effective retention of
MB near the cell membrane will have better photobactericidal activity.

In order to achieve long-term success in clinical practice, Ti implants must support
the growth of cells and tissues. The presence of bacteria could complicate the process of
osseointegration. In this sense, it was indispensable for verifying whether the contaminated
Ti alloy treated with various PACTs used in this study can maintain the osteoblast function
as uncontaminated Ti alloy control. A concentration of 100 pg/mL MB is used in the
therapy of peri-implantitis, such as commercial Periowave modality [57,66]. Almeida et al.
found in a rat model of periodontal disease that 100 pg/mL MB-PDT can effectively reduce
bone loss in the furcation region of the first molar [66]. Based on the current results of
cytotoxicity and antibacterial efficacy, this concentration was used to evaluate the in vitro
osteogenic activity using MC63 cells.

Cell attachment and proliferation are the initial phase of cell-material interaction [67].
The results of the current study clearly indicated that compared with MC1 + MB100-PACT
and MB100-PACT methods, QTS1 + MB100-PACT enhanced the cell attachment and prolif-
eration of MG63 osteoblasts. This may be because that antibacterial QTS synergistically
reduced bacterial colonies and LPS amount on the disinfected surface, making it less
harmful to cell growth [63,68]. Eick et al. found that the cell attachment of human alveolar
osteoblasts on disinfected SLA Ti implant treated with effective PDT was equivalent to
the Ti surface without bacterial biofilm exposure [68]. After the cells grow, osteoblasts
will continue to differentiate and secrete ALP (an earlier differentiation biomarker), and
then deposit calcium [69]. In fact, with increasing culture time, the ALP and calcium
content of MG63 cells increased significantly. Similar to the trend of cell proliferation,
the ALP expression response to the decontaminated samples showed the order of QTS1 +
MB100-PACT > MC1 + MB100-PACT = MB100-PACT. The biocompatibility of MC can be
used to explain why there was difference in antibacterial efficacy and osteoblast function
between MC1 + MB100-PACT and MB100-PACT.

For re-osseointegration of decontaminated implant, the ability of cells to produce
mineralized matrix is important. As a result, on the surface of infected samples treated with
QTS1 + MB100-PDT, the calcium deposits of MG63 osteoblast were significantly higher than
those of MC + MB100-PACT and MB100-PACT. More importantly, although the disinfection
was not fully conducted, its osseointegration was comparable to the uncontaminated Ti
alloy control. This result can be explained as a large number of osteoblasts can coexist
with a small number of bacteria and grow well [5,70]. As stated by Gristina [70], the fate of
biomaterials is the competition between bacterial adhesion and biofilm growth and tissue
integration, which depends on the number of existing bacteria. As mentioned earlier, it
has been proven that QTS+MB-PACT can remarkably reduce bacterial colonies, which
was beneficial to osteoblast function on the surface of the decontaminated implant. The
osteogenesis-related increase with the increasing culture time can be used to interpret the
point. In short, due to the synergistic effect of QTS and MB photoactivation, MB-conjugated
QTS could perform the dual functions of enhancing bacterial elimination efficacy and
improving osseointegration of Ti implant. This PACT modality based on the QTS and MB
synergetic system may be a promising approach of killing bacteria.

4. Materials and Methods
4.1. Preparation of QTS

According to previous research [35], quaternary ammonium chitosan (QTS) was
prepared using chitosan polysaccharide (Sigma-Aldrich, St. Louis, MO, USA). Briefly, the
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as-received chitosan polysaccharide was dissolved in acetic acid, and then acetic anhydride
(Echo Chemicals, Miaoli, Taiwan) was added to the solution. The reaction was blocked
with NaOH, and the mixture was dialyzed against water and freeze-dried to obtain water-
soluble N-acetylated chitosan. Glycidyltrimethylammonium chloride (GTMAC; Tokyo
Chemical, Tokyo, Japan) as a quaternizing agent was added to 2.5% N-acetylated chitosan
in water and reacted for 8 h. The product was placed in cold acetone and kept in the
refrigerator for 24 h. After discarding the acetone, the remaining sample was dissolved
in methanol for 1 h, and then precipitated in a 4:1 acetone—ethanol solution, followed by
filtration and drying at 60 °C to obtain QTS, which was stored in 4 °C refrigerator before
use. The chemical structure of QTS has been determined in an earlier study [35].

4.2. Preparation of Solution

Three concentrations (50, 100, and 200 pg/mL) of methylene blue (Riedel-deHaen,
Buffalo, NY, USA) were prepared in phosphate buffer solution (PBS) with a pH 7 [5] and
stored in the dark at 4 °C for usage later. Three concentrations of 0.5, 1, and 3 w/v%
QTS solutions were obtained by dissolving the powder in PBS. In addition, MB was also
dissolved in different QTS concentrations in a beaker wrapped with aluminum foil to a
final concentration of 100 ug/mL under thoroughly stirring for 1 h to homogenize the
composition, which was called QTS + MB100 mixed solution. One percent methyl cellulose
(MC; Showa, Tokyo, Japan) in PBS was also used as an adhesive and control, compared
with QTS. For simplicity, the sample code “MB100” represented the use of 100 ug/mL MB
solution, and “QTS1” was for 1% QTS.

4.3. L929 Cytotoxicity

The L929 cytotoxicity of various agent concentrations in Dulbecco’s modified Eagle
medium (DMEM; HyClone, Logan, UT, USA) was conducted according to ISO 10993-5
standard by a MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-
Aldrich) assay. The 1.929 cell suspension (10* cells per well) was cultured in 24-well
microplates under a 5% CO, humidified atmosphere at 37 °C for 1 day, and then exchanged
with DMEM containing test agents for a culture time of 1 and 10 min. DMEM alone was
used as a negative control, whereas DMEM containing 10% dimethyl sulfoxide (DMSO;
Sigma-Aldrich) was used as a positive control. Ultimately, microplates were read at 563
nm using a BioTek Epoch spectrophotometer (Winooski, VT, USA). The absorbance results
were recorded for three independent measurements. The cell viability was normalized to
the negative control in terms of absorbance.

4.4. Viscosity

The Discovery HR-2 rheometer (TA Instruments, New Castle, DE, USA) with parallel
plate geometry was used to evaluate the viscosity (n) of PBS, MB100, MC1, and three QTS
solutions at room temperature. The viscosity of the test solution was a function of the shear
rate between 0.1 and 500 1/s, with ten data points per decade.

4.5. Preparation of Titanium Alloy

A 10 x 10 x 3 mm? Ti6Al4V alloy disc (ASTM F136-84; Titanium Industries, Parsip-
pany, NJ, USA) was used as the implant substrate and wet-ground with a 3M Wetordry 1200
grit SiC sandpaper (St. Paul, MN, USA). After sandblasting with 100 pm Al,O3 particles
(Korox, Bego, Bremen, Germany) for 10 s, the disc was acid-etched in HC1/H,;SO4/H,0
(1:1:100) at 100 °C for 30 min to produce the SLA surface [64]. Through ultrasonically
cleaning in acetone and ethanol for separate 20 min, the disc was rinsed in deionized water
and then dried in an oven at 60 °C. Figure S1 schematically illustrated the experimental
procedure including solution analyses, PDT steps, antibacterial evaluation, and osteoblast
function examination.
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4.6. Solution Flowability

To verify the retention ability of various agents on the implant surfaces, the MB100
photosensitizer solution with and without QTS or MC1 was dropped onto the surfaces of
the Ti alloy plate with a 90-degree inclination angle. After 1 min, an image was taken by
camera to observe the flowability of the test agent.

4.7. Bacteria Seeding

Gram-negative Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans; IDH
781) and Gram-positive Streptococcus mutans (S. mutans; ATCC 700610) bacteria were used
as the bacterial species tested. The bacteria were cultured in the Bacto tryptic soy broth
(Beckton Dickinson, Sparks, MD, USA) and grown to the optical density of about 1.0 at
600 nm detected by using a Beckman Coulter DU-640 spectrophotometer (Fullerton, CA,
USA). They were diluted by broth to a density of 2 x 10° colony-forming units (CFU)/mL.
The SLA Ti alloy discs were randomly allocated to 24-well culture plates and then sterilized
by soaking in a 75% ethanol solution and exposure to UV light overnight. After that, 1 mL
of the bacteria suspension was inoculated onto the disc surface and cultured in an incubator
at 37 °C for 1 day to attach. The contaminated samples were gently washed with PBS
(pH 7.4) twice to remove non-adherent bacteria. The contaminated Ti alloy disc without
any treatment was used as a control, while the MB, QTS, QTS+MB100, and MC1+MB100
groups with and without PACT treatment were assigned as the experimental groups.

4.8. Photodynamic Treatment

The contaminated disc sample was coated with 100 pL of test solution for 1 min of
reaction and then washed by PBS. Afterwards, some samples were irradiated with a low-
level AlGalnP diode laser (Aculas-HB, Konftec, New Taipei City, Taiwan) with an output
diameter and 8 mm. The laser beam with maximum output power of 80 mW (4.8 ] /cm?)
was irradiated in a continuous mode at 660 nm for 1 min [58], and the irradiation distance
was 10 mm at an incidence angle of 90°.

4.9. Antibacterial Efficacy
4.9.1. Bacterial Counting

For bacterial counting, the conventional spread plate method was used to count the
number of bacterial colonies distributed on the surface of the sample. After bacterial
adhesion, contaminated sample washing and test solution spraying, some samples were
treated by PACT, as described above. After that, 1 mL of PBS was added to each sample,
and then the adhered bacteria were ultrasonically detached in a 150 W ultrasonic bath
(DC150H, Taiwan Delta New Instrument Co. Ltd., New Taipei City, Taiwan) for 5 min at
a frequency of 40 kHz. A 100 pL aliquot of the bacterial suspension was collected from
each well, and four serial ten-fold dilutions were performed using PBS. Then, 100 pL of the
bacterial dilution was spread on a 15 mL of Trypticase soy agar (Conda, Madrid, Spain)
plate (9 cm in diameter) for 1 day of incubation at 37 °C. The total numbers of CFU in each
dish were counted and the bacteriostatic ratio (%) was calculated as follows:

Bacteriostatic ratio (%) = (Ncontrol — Nexperiment)/Ncontrol x 100%,

where Ncontrol and Nexperiment are the number of bacterial colonies on contaminated
Ti alloy control (CFU/sample) and experimental groups (CFU/sample), respectively [71].
Ten measurements were taken for each group.

4.9.2. Bacterial Colony Observation

To further observe the changes of bacterial colonies after treatment, the contaminated
Ti control and the disinfected groups of QTS1, MB100, MB100-PACT, QTS1 + MB100-PACT,
and MC1 + MB100-PACT were viewed using a scanning electron microscopy (SEM; JEOL
JSM-7800 F, Tokyo, Japan). The samples were washed two times with PBS and fixed in
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4% paraformaldehyde (Sigma-Aldrich) for 20 min, then dehydrated for 20 min at each
concentration using a graded ethanol series, mounted on a stub, and then coated with a
gold layer.

4.9.3. LPS Detection

After PDT treatment and PBS washing twice, the ToxinSensor chromogenic Limulus
Amebocyte Lysate endotoxin assay kit (GenScript, Piscataway, NJ, USA) was used to detect
the amount of LPS remaining on the sample surface [58]. A sterile Ti alloy sample was used
a negative control, which a Ti alloy sample contaminated with A. actinomycetemcomitans
was used as a positive control. The absorbance at 545 nm was the mean of five independent
measurements using a BioTek Epoch plate reader (Winooski, VT, USA).

4.10. MG63 Cell Culture

MG63 human osteoblast-like cells (BCRC 60279; Hsinchu, Taiwan) were used to exam-
ine the effects of various PACT modalities on cell function of decontaminated Ti samples.
The cells were suspended in DMEM supplemented with 10% fetal bovine serum (FBS)
(Gibco, Langley, OK, USA) and 1% penicillin (10,000 U/mL)/streptomycin (10,000 pg/mL)
solution (Gibco) in 5% CO, at 37 °C. A cell sus