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Abstract: Purpurin-18 (P18) is one of the essential photosensitizers used in photodynamic therapy
(PDT), but its hydrophobicity causes easy coalescence and poor bioavailability. This study aimed to
synthesize P18 and design P18-loaded solid lipid nanoparticles (SLNs) to improve its
bioavailability. The characteristics of the synthesized P18 and SLNs were evaluated by particle
The effects
1,3-diphenylisobenzofuran (DPBF) assay as a nonbiological assay and a phototoxicity assay against

characteristics and release studies. of P18 were evaluated using the
HeLa and A549 cell lines as a biological assay. The mean particle size and zeta potential of the
SLNs were 164.70-762.53 nm and -16.77-25.54 mV, respectively. These results indicate that
P18-loaded SLNs are suitable for an enhanced permeability and retention effect as a passive
targeting anti-cancer strategy. The formulations exhibited a burst and sustained release based on
their stability. The DPBF assay indicated that the PDT effect of P18 improved when it was
entrapped in the SLNs. The photocytotoxicity assay indicated that P18-loaded SLNs possessed
light cytotoxicity but no dark cytotoxicity. In addition, the PDT activity of the formulations was
cell type- and size-dependent. These results suggest that the designed P18-loaded SLNs are a

promising tool for anticancer treatment using PDT.

Keywords: photodynamic therapy; photosensitizers; purpurin-18; solid lipid nanoparticle;
anti-cancer therapy

1. Introduction

Photodynamic therapy (PDT) is an innovative and attractive cancer treatment
strategy [1]. PDT is patient-friendly, as it selectively destroys tumor cells through the
interaction with a photosensitizer (PS) in the presence of light [1,2]. PS exerts its
pharmacological effect through photoirradiation, which generates reactive oxygen
species, especially singlet oxygen (1O2) [1-3]. The generated 'O: triggers cell death via
oxidative damage, which leads to the apoptosis of cancer cells without affecting the
adjacent healthy cells [4].

PDT researchers continue to search for PSs that interact with relatively long
wavelengths because light with long wavelengths easily penetrates the human body,
leading to effective treatment of deeply placed tumors [5,6]. Purpurin-18 (P18) is a
chlorin class PS synthesized from chlorophyll [6]. The molecular weight of P18 is 564.6
g/mol, its chemical formula is CssH»NsOs, and its chemical name is
(155,16S5)-10-ethenyl-5-ethyl-16,18-dihydro-6,11,15,22-tetramethyl-18,20-dioxo-15H,20H-
4,7:14,17-diimino-2,21-metheno-9,12-nitrilopyrano-[4,3-blazacyclononadecine-16-propan
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oic acid [7-9]. P18 contains a fused anhydride and an aliphatic side chain terminated
with a carboxylic group, resulting in its interaction with a relatively long wavelength of
more than 650 nm [5,6]. Thus, deeply penetrating light can be used for PDT using P18.
However, the hydrophobicity of P18 leads to coalescence at physiological pH, reducing
its bioavailability and pharmacological effect [1,6,7,9].

Various approaches have been reported to improve the physicochemical
characteristics of P18, such as core metalation [10], PEGylation [11-14], and conjugation
with peptides [15-18], choline [19,20], and gold nanoparticles [19]. However,
considering safety issues related to core metalation and gold nanoparticles, as well as
the storage stability of formulations associated with water-soluble polymers,
pharmaceutical technologies for improving the bioavailability of PS need to be
investigated [1,21]. In cancer therapy, one of the traditional pharmaceutical strategies is
passive targeting through the enhanced permeability and retention (EPR) effect [21,22].
Nanocarriers up to a size of 400 nm allow PS accumulation at the tumor site [23].

Lipid-based drug delivery systems, including microemulsions, lipid nanocapsules,
self-emulsifying systems, and liposomes, have been widely used to increase the aqueous
solubility and stability of drugs, to improve their bioavailability [20,21,24,25]. Despite
these promising pharmaceutical strategies, formulations still have issues such as low
drug-loading capacity, usage of bio-toxic organic solvents, and instability in biological
fluids [3,26-28]. The solid lipid nanoparticle (SLN) is a promising formulation among
lipid-based drug delivery systems because of its relatively high drug-loading capacity,
organic-solvent-free formulation, and structural separation of the drug from the external
environment [29-31]. In SLNs, a drug is entrapped in a lipid matrix via the preparation
of an oil-in-water (O/W) phase without using organic solvents, which leads to a
relatively high drug-loading capacity and substantially reduced risk of bio-toxicity
[30-32]. Interestingly, the drugs entrapped in SLNs are easily delivered to the lymphatic
circulation via chylomicron formation in enterocytes, which results in bypassing of the
liver [26]. Hence, SLN systems effectively inhibit the degradation of entrapped drugs by
the hepatic first-pass metabolism [27].

The present study aimed to synthesize P18 from chlorophyll and design P18-loaded
SLNs to improve its bioavailability and anticancer effects in PDT. The structure and
absorption wavelength of the synthesized P18 were assessed using 'H nuclear magnetic
resonance (‘H-NMR) and UV-Vis spectroscopy, respectively. The pharmaceutical
properties of the P18-loaded SLNs were evaluated by analyzing their particle size, zeta
potential, and photostability, and the chemical interactions between P18 and the SLN
ingredients were evaluated by Fourier transform infrared (FTIR) spectroscopy. The
pharmacological effect of PDT using P18-loaded SLNs was determined by measuring
102 photogeneration using the 1,3-diphenylisobenzofuran (DPBF) nonbiological assay
and the in vitro phototoxicity against two tumor cell lines (HeLa and A549) using the
WST biological assay under dark and light conditions using LED light that can irradiate
a wide range of wavelengths.

2. Materials and Methods
2.1. Materials

Phosphate-buffered saline (PBS), methylene blue (MB), and chloroform were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Lauric acid (LA) and palmitic acid
(PA) were purchased from SAMCHUN (Pyeongtaek, Korea). Glycerol monostearate
(GMS) was purchased from Kanto Chemical Co, Japan. Inc. (Tokyo, Japan). Tween 80
(TW 80) was purchased from Dae Jung Co., Ltd. (Busan, Korea). Chlorophyll-a paste was
purchased from Shandong Lanmo Biotech Co. Ltd. (Shanghai, China). Methylene
chloride (CH:Cl,, MC) was purchased from Duksan Co. Ltd. (Ansan-si, Gyeonggi-do,
Korea). DPBF was purchased from TCI Chemicals (Tokyo, Japan). Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from WelGENE (Gyeongsan, Korea).
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Penicillin-streptomycin solution (100x) and fetal bovine serum (FBS) were purchased
from BioWest (Nuaillé, France). The cancer cell lines (HeLa and A549) were obtained
from the Korean Cell Line Bank (Seoul, Korea). The Quanti-MAX WST-8 assay kit was
purchased from Biomax (Seoul, Korea). High-performance liquid chromatography
(HPLC)-grade methanol (MeOH) was purchased from Honeywell (Seelze, Germany).
All other chemicals used were of HPLC grade.

2.2. Synthesis of P18

Methyl pheophorbide-a (MPa) was extracted through acidic treatment of
chlorophyll-a paste according to a previously reported protocol [33]. Briefly, MPa (1 g)
was added to pyridine (5 mL), diethyl ether (400 mL), and KOH solution (12 g KOH
dissolved in 80 mL of 1-propanol), and stirred under aeration for 3 h. The resulting
solution was separated by pouring distilled water (DW). The organic layer thus obtained
was evaporated. To obtain pure P18, the residue was separated by column
chromatography using 5% MeOH/MC as the eluent.

2.3. Preparation of P18-Loaded SLNs

P18-loaded SLNs with various compositions were prepared using a modified O/W
emulsion method. Briefly, P18 was dissolved in melted lipid at 10 °C above the lipid
melting point, and homogenized using a polytron homogenizer (PT 3100; Kinematica
instruments, Luzerne, Switzerland) at 1000 rpm, which led to an oil (O) phase. To
produce the O/W emulsion, the O phase and the outer aqueous (W) phase containing TW
80 were mixed using a polytron homogenizer. SLNs were then prepared using a probe
sonicator (Scientz-1ID, Ningbo, China) at 300 W for 15 min, with a 5 s pulse-on period
and a 5 s pulse-off period. The different compositions of P18-loaded SLNs are shown in
Table 1.

Table 1. Compositions of P18-loaded SLNs.

Formulation Drug (mg) Lipid (mg) Surfactant (mg)
P18 LA PA GMS TW 80
F1 10 100 200
F2 10 100 200
F3 10 100 200
F4 10 100 400
F5 10 300 200
F6 10 300 400
F7 10 500 200
F8 50 500 400

P18, purpurin-18; LA, lauric acid; PA, palmitic acid; GMS, glycerol monostearate; TW 80, Tween®
80.

2.4. Characterization of P18
2.4.1. NMR Spectroscopy

The synthesized P18 was characterized by 'H-NMR using a Varian spectrometer
(500 MHz) at the Biohealth Products Research Center of Inje University, Republic of
Korea. For preprocessing, the specimen was dissolved in CDCls.

2.4.2. Development of Analytical Method for P18

The analysis of P18 was used by a UV-Vis spectrophotometer (S-3100; Scinco, Seoul,
Korea) at ambient temperature. The wavelength of P18 was determined in the range of
300-800 nm. A standard stock solution and each sample were dissolved in MeOH at the
concentration of 2 mg of P18 in 20 mL.
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Linearity
To determine calibration curves, the five concentrations (1-20 ppm) of standard

stock solutions were prepared via dilution in MeOH. P18 in each formulation
constructed calibration curves and concentration versus absorbance units.

Precision and Accuracy

The precision was determined by analyzing the six replicate determinations of stock
solution with one concentration. The accuracy was prepared by the recovery of stock
solutions with 0%, 25%, and 100% levels. The precision and accuracy were expressed as
the relative standard deviation (RSD) by calculating the recovery of the stock solutions.

2.5. Characterization of P18-Loaded Nanotransformers
2.5.1. Determination of Particle Characteristics

The particle characteristics (nanoparticle size, polydispersity index (PDI), and zeta
potential) were determined by dynamic light scattering using a Zetasizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, Malvern, UK). To make the pretreatment, all
samples were diluted 10 times with DW, respectively. Each value reported is the
triplicate average of measurements.

2.5.2. Determination of Drug-Loading Capacity

The loading efficiency (LE) and loading amount (LA) of P18 in P18-loaded SLNs
were analyzed by a UV-Vis spectrophotometer. The diluted SLNs were centrifuged at
1300 rpm at 4 °C for 1 h. The concentration of free drug in the supernatant was estimated
by a UV-Vis spectrophotometer as described in Section 2.4.2. To obtain loading capacity,
the estimated P18 was calculated by using Equations (1) and (2), respectively:

Amount of total drug content—Amount of free drug

LE (%) =

x 100 (1)

Amount of total drug content

Amount of total drug content—Amount of free drug

LA (%) =

x100  (2)

(Amount of total drug content—Amount of free drug)+Amount of lipid

2.5.3. FTIR-Attenuated Total Reflection (ATR) Spectroscopy

The FTIR study for P18 and the main ingredients of SLN was performed by an
FTIR-ATR spectrometer (Spectrum Two FT-IR Spectrometer, PerkinElmer, Norwalk, CT,
USA) equipped with a ZnSe crystal at the wavenumber range of 4000-800 cm.

2.6. In Vitro P18-Release Studies

An in vitro P18 release study from P18-loaded SLNs was carried out using the
dialysis-bag method. Each test substance was added in dialysis bags (Spectrum
Laboratories, Inc., Compton, CA, USA) with a molecular weight of 10 kDa, followed by
immersing them in 50 mL of receptor medium (PBS, pH 7.4). The vials containing
receptor medium were shaken using a shaking incubator (JSSI-100T, JS Research Inc.,
Gongju, Korea) at 100 rpm and 37 + 0.5 °C. Aliquots of 1 mL were withdrawn from the
receptor medium at predetermined time intervals (1, 2, 4, 8, 12, 24, and 48 h) and
immediately analyzed using a UV-Vis spectrophotometer, as described in Section 2.4.2.

2.7. Photostability Studies

The photostability of P18 in SLN was carried out by the modified method described
by Lima et al. [34]. Briefly, test substances were dissolved in a 0.1% MeOH solution at
the concentration of 4.0 ppm. The dissolved samples were then irradiated with LED. At
predetermined time intervals (0, 10, 20, 30, and 40 min), aliquots of 1 mL were collected
from the vials, followed by adding 1 mL of hexane. A 0.1% MeOH layer was measured
using a UV-Vis spectrophotometer as described in Section 2.4.2.
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2.8. 102 Photogeneration

An amount of 1 uM of each sample with 50 puM of DPBF in DMSO was used to
determine 'Oz photogeneration. Amounts of 50 uM DPBF and 1 uM MB with 50 uM
DPBF were subjected to the negative control (NC) and positive control (PC), respectively.
The prepared samples in a 48-well plate were irradiated (2 J/cm?) with an LED for 15
min. The absorbance of each sample was measured at 418 nm using a microplate reader
(Synergy HTX; BioTek, Winooski, VT, USA).

2.9. In Vitro Photoirradiation Studies
2.9.1. Cytotoxicity Study Using Human Tumor Cell Lines

The photocytotoxicity for P18-loaded SLNs was carried out using two tumor cell
lines (HeLa from human cervical carcinoma and A549 from human lung carcinoma). A
quantity of 2 x 10* cells/well of calculated cells were seeded into 48-well plates, followed
by incubation for 24 h at 37 + 0.5 °C in a humidified atmosphere with 5% CO.. After
incubation, 1, 2.5, 5, and 10 uM of each sample were added to each well. After
administration for 24 h, the cells were rinsed by sterile PBS. The growth medium (200
uL/well) was added, followed by irradiation (2 J/cm?) with an LED at a distance of 20 cm
for 15 min. To conduct the WST reduction assay, the treated cells were incubated for 24 h
at 37 +0.5 °C and 5% CO..

2.9.2. Viability of Cancer Cells

The viability of cells was estimated according to the modified method described by
Alépée [35]. Briefly, the incubated cells in 48-well plates were applied to 10% WST
solution for 1 h. The concentration of WST was estimated using a microplate reader at 450
nm via determination of the optical density (OD). After subtracting the blank OD from
all raw data, the triplicate experiments were represented the mean OD values + standard
deviations (SDs). The percentage of viability relative to that of the NC was calculated
using Equation (3). The NC value was set at 100%.

Mean OD¢reated x 100

Viability (%) = Joorueated 3)

2.10. Cellular Accumulation Study

Two tumor cell lines (HeLa and A549) were seeded into confocal dishes at 2 x 10¢
cells/dish followed by a 24 h post-incubation. The incubated cells were exposed to the
high anti-cancer effect formulation (F3) at 10 pM corresponding to P18 for 24 h. The
exposed cells were then fixed using paraformaldehyde, followed by staining by applying
diamidino-2-phenylindole (DAPI) to the fixed cells. Cellular uptake images were
observed under a confocal laser scanning microscope (CLSM, LSM 510 META, Carl Zeiss,
Oberkochen, Germany) at Inje University.

2.11. Statistical Analysis

Three independent experiments were performed for all analyses. The presented data
(mean + SD) were compared using one-way analysis of variance and Student’s t-tests.
Statistical significance was set at p < 0.05.

3. Results and Discussion
3.1. Characterization of P18
3.1.1. NMR Spectroscopy

The structure of P18 was characterized by "H-NMR spectroscopy. Figure 1 shows
the "H-NMR spectrum of P18. 'TH-NMR (500 MHz, CDCls, 25 °C, TMS): d 9.38 (s, 1H,
10H), 9.25 (s, 1H, 5H), 8.53 (s, 1H, 20H), 7.84 (dd, ] = 17.8, 11.5 Hz, 1H, 3'H), 6.27 (d, ] =
17.9 Hz, 1H, 3°H), 6.16 (d, ] = 11.5 Hz, 1H, 3°H), 5.14 (m, 1H, 17H), 4.36 (m, 1H, 18H), 3.63
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(s, 3H, 12'H), 3.53 (q, ] = 7.7 Hz, 2H, 8'H), 3.30 (s, 3H, 2'H), 3.08 (s, 3H, 7'H), 2.76 (m, 1H,
172H), 2.52-2.39 (m, 2H, 17'H), 1.93 (m, 1H, 17°H), 1.72 (d, ] = 7.3 Hz, 3H, 18'H), 1.59 (t, |
= 7.7 Hz, 3H, 82H), and 0.01 and —-0.23 (all brs and each 1H, NH). Our results indicate
that the peaks for the two OCHs groups disappeared from the MPa structure owing to
the formation of a six-membered purpurin-18 ring.

KOH / 1-propanol
pyridine / Et,O

/3 h
40%

MeOH / H+

rt/24h
5%

A

(0]

o] AOCH3
OPhytyl

Chlorophyll-a

LLM.U&JMLM

J
35 30 25 20 15 10 05 00

—

| I O IS

95 40 @5 &0 75 70 &5 &0 85 50 &
% (ppm)
(B)
Figure 1. (A) Schematic representation of the synthesis of P18 from chlorophyll-a through MPa
with numbering, (B) '"H-NMR spectrum of P18 (500 MHz, CDClIs, 25 °C, TMS).

e,
0

T
4,

3.1.2. Development of Analytical Method for P18
The Absorption Spectra and Specificity of P18

The absorption spectra and specificity of P18 were estimated by determining both
the maximum absorption wavelength and the specific absorption spectra [36-38]. The
UV-Vis spectrum of P18 indicated that the maximum absorption wavelength was 700
nm, as shown in Figure 2. The UV-Vis spectra for the placebo SLN that was the non-P18
SLN in the same composition of F3 showed that there was no interference of the placebo
with the analyte. Therefore, P18 was detected at a wavelength of 700 nm.



Pharmaceutics 2022, 14, 1064

7 of 19

1.5 ;

1.1 1
=)
<
]
=
§ 0.7 —P18
g —Placebo
] —F3
2

0.3 4

01 \A—\M

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
(A)
1 -
y =0.036x + 0.1366
R? =0.9995
0.8 1
2
= 0.6
c
=]
[
o
c
]
2
S 0.4
0
Kol
<
0.2 1
0 T T r r "
0 5 10 15 20 25
Concentration (ppm)
(B)

Figure 2. UV-Vis spectra and calibration curve of P18. (A) Specificity data of P18, placebo, and
P18-loaded SLN F3 (MeOH, 25 °C). (B) Linearity data of P18 standard stock solution in MeOH.

Linearity

Five standard stock solutions with P18 concentrations in the range of 1-20 ppm
were analyzed for preparing a calibration curve. The correlation coefficient of the
calibration curve was determined to be 0.9995 using linear regression analysis, as shown
in Figure 2.

Precision

Precision, which describes the closeness of agreement among measurements for the
same concentration of the standard stock solution, was indicated as the RSD of
repeatability. The RSD (%) values of the recovery were determined to be 0.49%, as
shown in Table 2. This indicated the high precision of the proposed analytical method.

Table 2. Precision data obtained from the developed analytical method for P18.

No. Recovery (%)
1 101.56
2 101.75
3 100.50
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4 101.39

5 100.77

6 100.55

Average 101.09
SD 0.50
RSD (%) 0.49

Accuracy

Accuracy, which indicates the closeness of agreement between the test results and a
conventional true or accepted reference value, was also expressed as the RSD calculated
from the drug recovery. The RSD (%) values of the recovery were determined to be
1.52%, 0.52%, and 0.14%, respectively, as shown in Table 3. This indicates the high
accuracy of the analytical method developed.

Table 3. Accuracy data obtained from the developed analytical method for P18.

Drug (ppm) No. Recovery (%) Average SD RSD (%)

1 97.13

1 2 100.54 99.25 1.51 1.52
3 100.08
1 99.42

5 2 100.50 100.16 0.52 0.52
3 100.55
1 100.12

20 2 100.46 100.27 0.14 0.14
3 100.24

3.2. Characterization of P18-Loaded SLNs
3.2.1. Nanoparticle Size, PDI, and Zeta Potential

Particle characterization studies were conducted to determine the effects of lipids
and the concentrations of both lipids and surfactants on the EPR effect. Particle size is
important for the EPR effect [3,26,39]. The zeta potential of nanoparticles represents their
electric surface potential, and reflects their particle stability [26,27]. Nanoparticles with a
high zeta potential prevent particle coalescence by repulsing each other, which ensures
high storage stability and delayed drug release [40]. Thus, it is important to adjust the
zeta potential to balance the drug release and storage stability of the formulation. The
analysis of particle size, PDI, and zeta potential indicated that among F1-F3, which were
formulations containing different lipids, F3 SLNs were the smallest, most homogeneous,
and most stable, as shown in Figure 3. Particularly, the sizes of F1, F2, and F3 SLNs were
762.53 nm, 533.83 nm, and 191.03 nm, respectively. Thus, F3 appears to be a suitable
formulation for application in the EPR effect-based PDT. The analysis of the effect of
different lipids suggested that the formulations using longer-carbon-chain lipids had a
higher affinity for P18 because high affinity between the drug and the lipids leads to
easy dissolution of the drug into the lipids when producing the O phase of SLNs
[24,25,40]. Hence, the drugs molecularly dispersed into the lipids of the O phase do not
interfere with the energy of sonication that is used to produce the SLNs. The negative
charge of the zeta potential was mainly attributed to the carboxyl group of the lipids
because the surfactant was nonionic [41].
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Figure 3. (A) Average particle sizes and PDIs and (B) zeta potentials of P18-loaded SLNs prepared
using different ingredients. Results are expressed as the means + standard deviations of three
independent experiments (1 = 3). PDI, polydispersity index.

Regarding the effects of lipid and surfactant concentrations for F3-F8, the results
indicated that an increase in the concentration of GMS as a lipid increased the particle
size and zeta potential, as shown in Figure 3. An increase in the concentration of TW 80
as a surfactant decreased the particle size and increased the zeta potential. This suggests
that an increase in the concentration of lipids causes an increase in the volume of the
lipid matrix [42]. TW 80, a hydrophilic surfactant, stabilized the interface between O and
W phases. This indicates that an increase in the concentration of TW 80 amplifies the
stabilization effect at the interface between the O and W phases, which causes the
particles to be smaller and more stable.

3.2.2. Determination of the Drug-Loading Capacity

The drug-loading capacity plays an important role in drug delivery systems
because it avoids side-effects and degradation and enables sustained release. The
loading capacity (LE and LA) for P18-loaded SLNs ranged from 89.77% to 94.16% for LE
and 1.83% to 8.33% for LA, as shown in Figure 4. Among the formulations using
different lipids, the loading capacity of P18 in the SLNs increased slightly with an
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increase in the length of the lipid carbon chain. This suggests that the high affinity
between P18 and lipids increases the solubility of P18 in the lipid matrix, as suggested
by previous studies on particle size and zeta potential [24,25,40]. Regarding the
concentrations of lipids and surfactants, an increase in the concentration of these
ingredients increased the loading capacity of P18 in SLNs. This was because of the
increase in the volume of the lipid matrix and the stabilized interface between the O and
W phases, as mentioned in the previous studies on size and zeta potential [28,40,41]. In
addition, the effect of the concentrations of lipids and surfactants on the loading capacity
indicated that the effect of lipids was stronger than that of surfactants.

95
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(B)

Figure 4. (A) Loading efficiency and (B) loading amount of P18-loaded SLNs prepared using
different compositions. Results are expressed as the means + standard deviations of three
independent experiments (1 = 3).

3.2.3. FTIR-ATR Spectroscopy

The chemical interactions between P18 and the ingredients of the SLN were studied
using FTIR-ATR spectroscopy. F1, F2, and F3 were selected as test substances because
they were the main components used in the formulations. The FTIR spectrum of the
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synthesized P18 exhibited characteristic peaks at 1603 cm™ (C=C stretching), 1714 cm™!
(C=0 stretching), and 3334 cm™ (N-H stretching), as shown in Figure 5 and summarized
in Table 4. The FTIR spectra of the lipids (LA, PA, and GMS) also showed characteristic
peaks at 3244 cm™ (OH stretching in GMS), 2851 and 2919 cm™ (CH:, CHs stretching),
1702 cm™ (C=0 stretching in LA and PA), 1734 cm™ (C=0 (ester) stretching in GMS), and
1465 cm™ (COOH stretching in LA and PA). The FTIR spectra of F1, F2, and F3 showed
that there was a shift to 3304 cm™! (OH stretching) and 1638 cm™ (C=O stretching), the
peaks for N-H stretching and C=C stretching were no longer detected in P18, and those
for CHz, CHs stretching, C=O (ester) stretching, and OCO stretching were no longer
detected in lipids. This indicates hydrogen bond (H-bond) and van der Waals
interactions between P18 and lipids [7-9]. The H-bond interactions of P18 with lipids
occurred between N-H stretching and C=O stretching of P18; and C=O stretching and
COOH stretching of LA and PA, or OH stretching and C=O (ester) stretching of GMS.
The van der Waals interactions occurred between the C=C stretching of P18 and CH: and
CHs stretching of lipids. Considering that the peaks for C=O and N-H of P18 were
slightly shifted and not detected, respectively, the strong H-bonding between P18 and
the lipids might be attributed to the N-H site of P18. Regarding the H-bonding between
P18 and GMS, the significantly different structure of GMS compared with those of LA
and PA was because of glycerol being its precursor [32]. Thus, the OH site in the GMS
contributed to H-bonding, as indicated by the peak shift. In this regard, the particle size
could also be relevant as the relatively high affinity of P18 for GMS is attributed to the
supplementary H-bond (OH in GMS).

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure 5. FTIR-ATR spectroscopy overlay spectra of solid lipid nanoparticles. Pure P18; LA; PA;

GMS; F1: SLNs prepared using LA; F2: SLNs prepared using PA; F3: SLNs prepared using GMS.
P18, purpurin-18; LA, lauric acid; PA, palmitic acid; GMS, glycerol monostearate.

Table 4. Infrared absorption (cm™) of both P18 structural components (NH; C=O; and C=C
stretching) and lipid structural components (OH; CHz, CHs; C=O (ester) stretching) in P18, lipids
(LA, PA, and GMS), and formulations (F1, F2, and F3).

Test Substance NH (cm™) C=0 (cm™) C=C (cm™) OH (cm™) CHz, CH3 (cm™) C=0 (Ester) (cm™)
P18 3334 1714 1603 - - -
LA - 1702 - 3322 2919, 2851 -
PA - 1702 - 3322 2919, 2851 -
GMS - - - 3244 2919, 2851 1734
F1 - 1638 - 3304 - -
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F2
F3

1638 - 3304 - -
1638 - 3304 - -

3.3. In Vitro P18-Release Analysis

P18 release from the SLNs was studied using dialysis. Figure 6 shows the P18
release from F1 to F8. The results for F1, F2, and F3, which contained LA, PA, and GMS,
respectively, indicated that F1 and F2 performed a burst release, whereas F3 performed
a burst release over 4 h, followed by a sustained release until 48 h. This suggests that
lipids with a higher affinity for P18 inhibited its release from P18-loaded SLNSs, resulting
in a sustained release of P18 [28]. The results for F3 to F8 indicated that an increase in the
amount of either lipid or surfactant gradually delayed the P18 release from those
formulations. The reason for this was that the volume of the lipid as a drug-entrapping
matrix increased, which increased the drug-loading capacity and delayed the release of
the entrapped drug [28,40,41]. Regarding the effects of the surfactant, the improvement
in the stability of the interface between O and W phases increased the drug-loading
capacity of the SLNs. Thus, the P18 release from the formulation was delayed [28].
Interestingly, the release profiles of F3-F8 exhibited a biphasic form, characterized by a
relative burst release over 4 h, followed by a sustained release until 48 h. This suggests
that the relative burst release of P18 was because of adhesion to the particle surface,
while the sustained release was because of the entrapped drug inside the particles
[28,39].

100 - S PS

80 -
60 -
40 |

20 { Ji#

Cumulative amount of P18 released (%)

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h)

-6-F1 -6-F2 --F3 -5-F4 -~F5 -4F6 —-F7 -©-F8

Figure 6. Cumulative percentage release profiles of P18 from SLNs F1-F8 in release medium, as
determined using dialysis method. Results are expressed as the means + standard deviations of
three independent experiments (1 = 3).

3.4. Photostability Studies

The photostability of P18 is important in light-induced therapies, including PDT.
The photostability analysis indicated that all formulations enhanced the stability of P18
by light, as shown in Figure 7. After photo-irradiation for 40 min, the percentage of P18
remaining in the P18 solution and P18-loaded SLNs was 55.45% and ranged from 75.07%
to 97.29%, respectively. The order of photostability was F8 > F7 > F6 > F5 > F4 > F3 > F2 >
F1 > pure P18. This suggests that the SLN structurally protects the entrapped drug from
the external environment [41-43]. In addition, the photostability results were
proportional to the LE results of the loading capacity experiment. This indicates that
formulations with a high EE more effectively protect drugs from light.
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Figure 7. Photostability test based on percentage of nondegraded P18 in pure P18 solution and
P18-loaded SLNs before and after irradiation of 2 J/cm? with LED, for time intervals of 0, 10, 20, 30,
and 40 min. Results are expressed as means + standard deviations of three independent experiments (1
=3).

3.5. 102 Photogeneration

The pharmacological effects of P18 were first evaluated using the DPBF assay,
which is a nonbiological assay. DPBF reacts with 'O:2 generated after the
photoirradiation of P18, which results in a decreased intensity of the DPBF absorption
band. MB was used as a PC because it is a standard 'Oz sensitizer. The results indicated
that the intensity of the DPBF absorption band after the irradiation of P18 with or
without SLNs was higher than that after the irradiation of MB, which meant that the
pharmacological effects of MB were higher than those of the test substances, as shown in
Figure 8. The intensity values of the DPBF absorption band after the irradiation of pure
P18 and the formulations were 72.75% and 55.96-69.57%, respectively. This indicates
that P18 shows enhanced pharmacological effects when incorporated in the SLNs,
meaning that SLNs can prevent the coalescence of P18 [28,39,40]. Interestingly, these
results indicate that formulations with lower stability and lower LE had stronger
pharmacological effects, suggesting that they have a high amount of nonentrapped drug
with no coalescence, which results in a relatively high exposure to light and therefore
more 'Oz generation [28,40]. However, considering the biological side-effects of the drug,
it is important to express its pharmacological effects on target sites only. Therefore, this
analysis was fruitful in terms of the selection of formulations based on the
pharmacological effects, prior to the biological assay.
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Figure 8. Study of DPBF (50 uM in DMSQO) absorbance decay (%) for determining the 'O2
photogeneration efficacy of P18 with/without SLNs at 418 nm, after photoirradiation (total light
dose, 2 J/cm?; irradiation time, 15 min). Results are expressed as means + standard deviations of
three independent experiments (n = 3). Negative control: DPBF (1,3-diphenylisobenzofuran);
positive control: MB (methylene blue); P18 (purpurin-18). Statistical significance of the difference in
DPBF absorbance between pure P18 solution and the formulations was determined using one-way
analysis of variance and Student’s t-tests and is indicated by either a single asterisk (p < 0.05) or
double asterisks (p < 0.01).

3.6. In Vitro Photoirradiation Studies

The photocytotoxic effects of P18 against human cervical carcinoma (HeLa) and
human lung epithelial carcinoma (A549) were investigated. The viability of the cancer
cells was estimated using the WST assay, as shown in Figure 9. The safety of the test
substances for these cells was determined based on their viability under dark conditions.
The viability of cancer cells under light conditions was evaluated to investigate the
anticancer effects of P18-loaded SLNs. Various concentrations of each sample (1, 2.5, 5,
and 10 uM) were used to estimate the inhibitory medium concentration values (ICso), as
summarized in Table 5. Photo-cytotoxicity analysis was performed to evaluate the effect
of different lipids (F1 (LA) and F3 (GMS)), as well as the concentration of GMS (F3, F5,
and F7). The dark cytotoxicity analysis showed that all test substances were safe for both
HeLa and A549 cells, ranging from 73.61% to 102.43% and 76.53% to 116.25%,
respectively.

Table 5. ICso (uM) values of HeLa and A549 cells; particle size and entrapment efficiency (EE) of
pure P18 solution, F1, F3, F5, and F7.

Test Substance Hela (uM) A549 (uM) Particle Size (nm) EE (%)
P18 2.17 0.66 N/A N/A
F1 1.77 0.64 762.53 £ 65.75 89.77 + 3.61
F3 0.75 0.65 191.03 +1.80 90.20 + 3.55
F5 0.89 0.74 243.67 +3.88 91.75+3.23
F7 1.38 0.82 271.47 +2.90 93.10 + 3.05

N/A, not applicable.
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Figure 9. Viability of two cancer cell lines (HeLa and A549) treated with pure P18 solution, F1, F3,
F5, and F7. The cell viability was measured using WST assay. (A) Dark and light cytotoxicity of
HeLa cells and (B) dark and light cytotoxicity of A549 cells. Results are expressed as means *
standard deviations of three independent experiments (1 = 3).

The analysis of viability of cancer cell lines after photoirradiation indicated that all
formulations had an anticancer effect that was dependent on the concentration of P18, as
shown in Figure 9. Upon comparing the ICso values (uM), the order of PDT activity was
F3 > F5 > F7 > F1 > P18 in HeLa cells, and F1 > F3 > P18 > F5 > F7 in A549 cells. This
indicated that the effect of PDT in all formulations was cell type-dependent. In HeLa
cells, all formulations tended to improve the anticancer effect compared to pure P18.
However, in A549 cells, all formulations showed a PDT effect comparable to that of pure
P18 (ICs0 within 0.16 uM), even though F5 and F7 (ICs0 0.74 and 0.82 uM, respectively)
showed slightly lower PDT effects than pure P18 did (0.66 uM). In both cell lines, the
order of the PDT effect for all formulations was consistent with the order of decreasing
particle size, except in the case of F1. Among all formulations, F3 containing GMS (lipid)
and TW 80 (surfactant) exhibited the best PDT effect against both cell lines, using the
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smallest particle size to induce easy cellular uptake, followed by drug release and 'O:
photogeneration. Interestingly, F1 exhibited the best PDT effect against A549 cells, even
though it had the largest particle size (ca. 763 nm, approximately four times that of F3)
with the lowest EE (ca. 90%). This might be because of the lowest stability with a low
zeta potential (-16.77 mV), which would maximize P18 release, leading to maximum
singlet oxygen photogeneration. The difference in the lipid types in F1 and E3 resulted in
a large difference in particle size, resulting in a relative difference in the PDT effect on
HeLa cells. However, in A549 cells, a large difference in particle size did not cause a
significant difference in the PDT effect. Generally, particle size and loading capacity are
known to affect cellular uptake and expression of anticancer effects [1,21,22,34]. The
differences in lipid concentration among F3, F5, and F7 caused relative differences in
particle size, stability based on zeta potential, drug release, singlet oxygen
photogeneration, and loading capacity, and the effect of particle size appears to be
stronger than the effects of other parameters for anticancer activity.

3.7. Cellular Accumulation Study

Confocal microscopy was used to determine the cellular uptake of P18 when
administrating P18-loaded SLNs to tumor cells. Figure 10 shows the confocal images for
two cancer cell lines (HeLa and A549) following a 24 h exposure of F3. F3, the highest
PDT effect in the photocytotoxicity study, was subject to the cellular uptake study. The
results demonstrated that P18 was highly accumulated in both cells but not nuclear
without any toxicological effects causing cell apoptosis. This suggests that the SLN
system could facilitate P18 uptake in cells, followed by drug release without any injury
to cells leading to cell death. Thus, this result proved that both P18 and SLN were
nonirritant for HeLa and A549 cells under the dark condition. In addition, P18 affected
anti-cancer effects of PDT when irradiated by light, as mentioned in photocytotoxicity.

DAPI P18 from F3

Merge

Hela

A549

Figure 10. Confocal images of P18 cellular uptake for two cancer cell lines (HeLa and A549)
following a 24 h exposure of F3. DAPI (diamidino-2-phenylindole): nuclear dye agent (blue); P18:
purpurin-18 (red).

4. Conclusions

The purpose of this study was to synthesize and design P18- and P18-loaded SLN,
for innovative treatment of tumors using PDT. 'H-NMR analysis indicated that the
six-membered purpurin ring was successfully formed in the synthesized P18. The FTIR
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analysis of P18-loaded SLNs confirmed that P18 was entrapped in lipids (LA, PA, and
GMS) through both H-bonding and van der Waals forces. In particular, the formulations
containing GMS had additional H-bonds when compared with those containing LA or
PA, which resulted in a relatively small particle size. The drug release analysis indicated
a burst release in formulations containing LA or PA and a sustained release in the
formulations containing GMS. The photoirradiation analysis using two tumor cell lines
(HeLa and A549) showed that the formulations were toxic under light conditions but not
under dark conditions. In addition, the PDT effect of the formulations was cell type- as
well as particle size-dependent. Among the formulations, F3 exhibited the best PDT
effect against both cell lines because of the smallest particle size causing easy cellular
uptake, followed by drug release and 'O2 photogeneration. Interestingly, the PDT effect
of F1 was almost identical to that of F3 against A549 cells even though its particle size
was about 4 times larger, which might be attributed to the highest drug release amount
as well as 'Oz photogeneration among all formulations. These results might be observed
because the particle size effect was the dominant factor determining the EPR effect.
Therefore, the results of this study suggest that the P18-loaded SLNs are useful for PDT
for anticancer treatment.
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