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Photodynamic therapy (PDT) is a promising anticancer treatment because it is patient-friendly and
non-invasive. Methyl pyropheophorbide-a (MPPa), one of the chlorin class photosensitizers, is a drug
with poor aqueous solubility. The purpose of this study was to synthesize MPPa and develop MPPa-
loaded solid lipid nanoparticles (SLNs) with improved solubility and PDT efficacy. The synthesized
MPPa was confirmed 'H nuclear magnetic resonance (*H-NMR) spectroscopy and UV-Vis spectroscopy.
MPPa was encapsulated in SLN via a hot homogenization with sonication. Particle characterization
was performed using particle size and zeta potential measurements. The pharmacological effect

of MPPa was evaluated using the 1,3-diphenylisobenzofuran (DPBF) assay and anti-cancer effect
against HeLa and A549 cell lines. The particle size and zeta potential ranged from 231.37 to 424.07 nm
and -17.37 to - 24.20 mV, respectively. MPPa showed sustained release from MPPa-loaded SLNs.

All formulations improved the photostability of MPPa. The DPBF assay showed that SLNs enhanced
the 10, generation from MPPa. In the photocytotoxicity analysis, MPPa-loaded SLNs demonstrated
cytotoxicity upon photoirradiation but not in the dark. The PDT efficacy of MPPa improved following
its entrapment in SLNs. This observation suggests that MPPa-loaded SLNs are suitable for the
enhanced permeability and retention effect. Together, these results demonstrate that the developed
MPPa-loaded SLNs are promising candidates for cancer treatment using PDT.

Abbreviations
DPBF  1,3-Diphenylisobenzofuran
EE Entrapment efficiency

EPR Enhanced permeability and retention
FTIR  Fourier transform infrared spectroscopy
HLB Hydrophilic-lipophilic balance

LA Loading amount

LED Light-emitting diode

MPPA  Methyl pyropheophorbide-a

NMR  Nuclear magnetic resonance

PDT Photodynamic therapy

PS Photosensitizer

RSD Relative standard deviation

SLN Solid lipid nanoparticle
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Photodynamic therapy (PDT) is one of the anticancer treatment strategies that is patient-friendly, noninvasive,
and highly localized'. A photosensitizer (PS) essentially is a PDT drug that exerts pharmacological effects in the
presence of light of an appropriate wavelength. Upon irradiation with light, the PS generates reactive oxygen
species, particularly singlet oxygen ('0,), that triggers cancer cell death!->. PS are preferentially localized in tumor
sites that are harmless to adjacent healthy cells**. PDT offers the advantages of extremely low systemic toxicity
and excellent function-sparing treatment as compared to conventional cancer treatment strategies, including
chemotherapy, surgery, radiotherapy, and immunotherapy’>%-5.

Researchers continue to search for an ideal PS that interacts with light of a relatively long wavelength. Light
with long wavelengths effectively penetrates the human body and can treat deeply placed tumors>*°. Methyl
pyropheophorbide-a (MPPa), one of the chlorin class of PSs, is a second-generation PS with relatively long
wavelength absorption as compared with the porphyrin class of the first-generation PS'!. The molecular weight
of MPPa is 548.7 g/mol.

MPPa has relatively high hydrophobicity, leading to low bioavailability, as it suffers significantly from admin-
istration challenges®”!2. Various approaches have been proposed to enhance the solubilization of poorly water-
soluble drugs, including conjugation of PS to water-soluble polymers'®, entrapment of PS into polymer-based
particles”', amorphization®' and nanonization>*!°. However, considering the time-consuming amorphization
process and the concerns of storage stability attributed to the hygroscopic properties of polymers, it is important
to investigate pharmaceutical technologies that could enhance the solubility of MPPa*'.

Solid lipid nanoparticle (SLN) is a promising drug delivery system for enhancing aqueous solubility and sta-
bility of poorly water-soluble drugs>”*'®!°. In the SLN system, a hydrophobic drug is molecularly dispersed in a
solid lipid matrix as an oil (O) phase, and the drug-dissolved O phase is then stably dispersed in water by forming
an oil-in-water (O/W) phase®'®2. The solid lipid of the SLN system physically protects the entrapped drug from
external environments (light, pH, and atmospheric moisture)?'~**. In cancer therapy, conventional pharmaceuti-
cal strategies have used the enhanced permeability and retention (EPR) effect for passive targeting of agents*>?°.
Anticancer drugs up to a size of 400 nm can spontaneously accumulate in tumors with leaky vasculature?”=%’.

We hypothesized that SLN can improve the solubility and pharmacological effects of MPPa based on the
EPR effect used itn cancer therapy. We synthesized MPPa from chlorophyll and fabricated the MPPa-loaded
SLN. The structure of the synthesized MPPa was confirmed using 'H nuclear magnetic resonance (‘H-NMR)
spectroscopy, and the pharmaceutical characteristics of MPPa-loaded SLNs were determined using particle
characteristics and Fourier transform infrared spectroscopy (FTIR). We assessed the PDT eflicacy by analyz-
ing '0, production using 1,3-diphenylisobenzofuran (DPBF) as a non-biological assay and by evaluating the
viability of two cancer cell lines (HeLa from human cervical carcinoma and A549 from human lung carcinoma)
using the WST biological assay.

Materials and methods

Materials. Phosphate-buffered saline (PBS), methylene blue (MB), and chloroform were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Palmitic acid (PA) and stearic acid (SA) were supplied by SAMCHUN
(Pyeongtaek, Korea). Glycerol monostearate (GMS) was obtained from Kanto Chemical Co, Japan. Inc. (Tokyo,
Japan), and Poloxamers (PX) 188 and PX 407 were procured from BASF (Ludwigshafen, Germany). Tween 80
(TW 80) was purchased from Dae Jung Co., Ltd. (Busan, Korea) and chlorophyll-a paste from Shandong Lanmo
Biotech Co. Ltd. (Shanghai, China). Methylene chloride (CH,Cl,, MC) and DPBF were supplied by Duksan Co.
Ltd. (Gyeonggi-do, Korea) and TCI Chemicals (Tokyo, Japan), respectively. Dulbecco’s modified Eagle’s medium
(DMEM) was provided by Wel GENE (Gyeongsan, South Korea), and penicillin-streptomycin solution (100 x)
and fetal bovine serum (FBS) were purchased from BioWest (Nuaillé, France). The cancer cell lines (HeLa and
A549) were obtained from the Korea Cell Line Bank (Seoul, Korea), and the Quanti-MAX WST-8 assay kit
from Biomax (Seoul, Republic of Korea). High-performance liquid chromatography (HPLC)-grade methanol
(MeOH) was purchased from Honeywell (Seelze, Germany). All other chemicals used were of HPLC grade.

Synthesis of MPPa. Methyl pheophorbide-a (MPa) was extracted from chlorophyll-a paste according to a
previously reported procedure (Fig. 1A)*. The synthesized MPa (1 g) was dissolved in 2,4,6-collidine (2,4,6-tri-
methylpyridine, 100 mL) and refluxed for 3 h, followed by cooling, evaporation of collidine, and washing with
2% HCI/MC (1:1). The obtained organic layer was evaporated and the residue was separated by column chroma-
tography using 2% acetone/MC as the eluent to obtain pure MPPa.

Preparation of MPPa-loaded SLNs. MPPa was loaded into SLN using a modified oil-in-water (O/W)
emulsion method®!. To prepare the O-phase, MPPa was added to the heated lipid at 10 °C above the lipid melt-
ing point. Subsequently, the O phase was added to the surfactant-dissolved W phase and homogenized using
a polytron homogenizer (PT 3100) (Kinematica Instruments, Luzerne, Switzerland) at 1000 rpm to obtain an
O/W emulsion. The obtained O/W emulsion was subjected to sonication to prepare SLN using a probe sonicator
(Scientz-1ID, Ningbo, China) at 300 W for 15 min with a 5 s pulse-on and a 5 s pulse-off period. The different
compositions of MPPa-loaded SLN are shown in Table 1.

NMR spectroscopy of MPPa. All '"H-NMR experiments were performed using a Varian spectrometer
(500 MHz, CDCL,) at the Biohealth Products Research Center, Inje University*"*2.

Development of analytical method for MPPa. The MPPa concentration was determined using a UV-
Vis spectrophotometer (S-3100, Scinco, Seoul, Korea) at ambient temperature®-*2. To determine the maximum
absorption wavelength of MPPa, the absorption spectrum was measured in the wavelength range 300-800 nm.
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Figure 1. (A) Synthesis scheme of MPPa from chlorophyll-a with numbering, (B) "H-NMR spectrum of MPPa
(500 MHz, CDCl;, 25 °C, TMS).

Drug (mg) | Lipid (mg) Surfactant (mg)
Formulation MPPa PA SA GMS | PX188 | PX407 | TW 80
F1 10 100 200
F2 10 100 200
F3 10 100 200
F4 10 100 200
F5 10 100 200
F6 10 100 400
F7 10 300 200
F8 10 300 400
F9 10 500 200
F10 10 500 400

Table 1. Composition of MPPa-loaded SLNs. MPPa methyl pyropheophorbide-a, PA palmitic acid, SA stearic
acid, GMS glycerol monostearate, PX 188 poloxamer 188, PX 407 poloxamer 407, TW 80 Tween’ 80.
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The solvent that demonstrated the best characteristics for this method was MeOH. A standard stock solution was
prepared by dissolving 2 mg of an accurate amount of MPPa in 20 mL of MeOH.

The standard stock solution was diluted with MeOH to obtain final concentrations of 1-20 ppm, and five-
point linearity was determined. Standard solutions of different concentrations were prepared. Calibration curves
and concentration versus absorbance units were constructed for each drug.

The precision of the test method was determined by performing an assay with six replicates of samples at test
concentrations, and the relative standard deviation (RSD) of the assay results was calculated.

To study the accuracy of the method, recovery studies were performed by adding a known quantity of the
standard to the pre-analyzed sample. The recovery was performed at 0%, 25%, and 100% levels, and the contents
were measured from the respective UV-Vis absorption spectra.

Determination of nanoparticle size, polydispersity index (PDI), and zeta potential for
MPPa-loaded SLNs. The particle size and PDI of the prepared SLNs were determined at 25 °C by dynamic
light scattering using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, Malvern, UK)*'-*. The
zeta potential of SLNs was estimated from the electrophoretic mobility of the particle surface using a Zetasizer
Nano ZS. The samples were diluted 10 times with distilled water (DW) before the measurement. The instrument
was equilibrated before each measurement. Each value reported is the average of three measurements.

Determination of drug-loading capacity MPPa-loaded SLNs. The entrapment efficiency (EE) and
loading amount (LA) of MPPa-loaded SLNs were determined by centrifugation®. SLN preparations were diluted
10 times to a final volume of 1 mL and then gently vortexed. The suspension was then centrifuged at 190 g at 4 °C
for 1 h. The free drug concentration in the supernatant was analyzed using a UV-Vis spectrophotometer. EE and
LA were calculated using Egs. (1) and (2), respectively.

Amount of total drug content — Amount of free drug
EE (%) = x

100,
Amount of total drug content )

Amount of total drug content — Amount of free drug
LA (%) =

— x 100. )
(Amount of total drug content — Amount of free drug) + Amount of lipid

In vitro MPPa release studies. An in vitro MPPa release study was performed using the dialysis-bag
method. Dialysis bags (Spectrum Laboratories, Inc., Compton, CA, USA) with a molecular weight of 10 kDa
were soaked in DW for 12 h before the experiment®. A predetermined amount of each test substance was soaked
in dialysis bags and both ends were sealed using a string. Dialysis bags were immersed in 70 mL vials contain-
ing 50 mL of receptor medium (PBS, pH 7.4). The vials were then placed in a shaking incubator (JSSI-100 T, JS
Research Inc., Gongju, Korea) and shaken at 100 rpm and 37 0.5 °C. At predetermined time intervals (1, 2, 4,
8, 12, 24 and 48 h), aliquots of 1 mL were withdrawn from the vial, passed through 0.45 pm membrane filters
(SECA Syringe Filters, Corning Inc., NY, USA), and immediately analyzed using a UV-Vis spectrophotometer.

The drug release kinetics models.  To explain the mechanism of MPPa releases from the SLNs, the MPPa
release profiles of the SLNs were analyzed with various models of release kinetics including zero-order, first-
order, Higuchi, and Korsmeyer-Peppas models using Egs. (3), (4), (5) and (6), respectively.

Q: = Kot + Co, (3)

logC = log Cy — K;/2.303, (4)
Q =Kntl1/2, (5

Q =Kt", (6)

where Q, is the amount of drug release at time t, Q, is the initial amount of drug in formulations, K, K, Ky; are
release rate constants, C, is the initial concentration of drug.

Photostability studies. The photostability of MPPa in SLNs was determined by comparison with MPPa
in 0.1% MeOH solution®. The photostability of MPPa was monitored by recording its absorption spectrum at
700 nm. Briefly, 20 mL of MPPa or MPPa-loaded SLNs in a 0.1% MeOH solution (4.0 ppm) was irradiated with
alight-emitting diode (LED) at different time intervals (0, 10, 20, 30 and 40 min). MPPa was then extracted from
the formulations by adding 1 mL hexane to melt the lipids, followed by vortexing. A 0.1% MeOH layer contain-
ing the extracted MPPa was filtered through 0.22 pm filters, and the UV-Vis spectrophotometer was measured.

10, Photogeneration. 'O, photogeneration study was determined using DPBE. DPBE, a selective 'O,
acceptor, is bleached upon reaction with 'O,, leading to a decrease in the intensity of the DPBF absorption
band?®"*2. Each sample (1 uM) with 50 uM of DPBF in DMSO was used to evaluate photogeneration. The nega-
tive control (NC) and positive control (PC) contained 50 uM DPBF and 1 pM MB with 50 uM DPBE, respec-
tively. All samples prepared in the dark were placed in a 48-well plate and covered with an aluminum foil. The
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plate was irradiated (2 J/cm?) with an LED (645—710 nm) for 15 min. The absorbance of each sample was meas-
ured at 418 nm using a microplate reader (Synergy HTX; BioTek, Winooski, VT, USA).

The 'O, quantum yields of MPPa and all formulations were determined using DPBF as a probe and MB as
the standard with that calculation of Eq. (7).

Sa

éa = Ty Yas 7)

@, singlet oxygen quantum yield, ¢%,: singlet oxygen quantum yield of MB equal to 0.596, y’,: photodynamic
activity of MB, and y,: photodynamic activity of specimen.

In vitro photoirritation study using human tumor cells. The anticancer efficacy of PDT with
MPPa was evaluated by investigating the cytotoxic effects of each component of SLNs in tumor cell lines after
photoirradiation®***. Two cell lines (HeLa from human cervical carcinoma and A549 from human lung carci-
noma) were seeded into 48-well plates at 2 x 10* cells/well, and the number of cells was calculated using a hemo-
cytometer. Prior to each experiment, the cells were incubated for 24 h at 37 £0.5 °C in a humidified atmosphere
with 5% CO,. Various concentrations (1, 2.5, 5, and 10 uM) of each sample were then added to each well. After
24 h, the exposed cells were rinsed with sterile PBS and incubated with 200 uL/well of the growth medium. The
cells were then irradiated (2 J/cm?) with LED at a distance of 20 cm for 15 min. The treated cells were incubated
for 24 h at 37£0.5 °C and 5% CO, for the WST reduction experiment.

Viability of cancer cells. Cytotoxicity was determined by measuring the dehydrogenase activity of viable
keratinocytes at 24 h after incubation. Activity was determined after the incorporation of WST, as previously
described”. Each cell line was treated with 100 pL/well of a 10% WST solution for 1 h. The WST concentration
was measured by determining the optical density (OD) at 450 nm using a microplate reader.

Each experiment was conducted in at least three wells of a plate. After subtracting the blank OD from all
raw data, the mean OD values + standard deviations (SDs) were calculated using three measurements per test
substance, and the percentage of cell viability relative to that of the NC was expressed using Eq. (8). The NC
value was set at 100%.

Mean OD
Viability (%) = ————td 100 )
Mean ODcontrol

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

Results and discussion

NMR spectroscopy of MPPa. The structure of MPPa was characterized by '"H-NMR spectroscopy. Fig-
ure 1B shows the "H-NMR spectrum of MPPa. '"H-NMR (500 MHz, CDCl,, 25 °C, TMS): § 9.48 (d, J=12.0 Hz,
1H, 10H), 9.37 (d, J=10.2 Hz, 1H, 5H), 8.54 (s, 1H, 20H), 8.03-7.95 (m, 1H, 3'H), 6.30 (d, ] =17.9 Hz, 1H, 3*H),
6.17 (d, J=11.6 Hz, 1H, 3°H), 5.28 (d, = 19.5 Hz, 1H, 13°H), 5.13 (d, ] = 19.5 Hz, 1H, 13°H), 4.48 (m, 1H, 18H),
4.30 (m, 1H, 17H), 3.69 (m, 2H, 8'CH,), 3.66, 3.40, 3.23 (each s, 9H, CH,), 2.69 (m, 1H, 17°CH,), 2.29 (m, 2H
17'CH,), 2.04 (m, 1H, 17°CH,), 1.82 (d, J=7.4 Hz, 3H, 18'CHj), 1.69 (t, ]=7.6 Hz, 3H, 82CH,;),— 1.70 (br, 2H,
NH). Our results revealed that the peak for -OCH; (13*H at 3.88 ppm as previously reported by us) in MPa dis-
appeared after elimination of -COOCHS, and one proton signal of 13% at 5.13 ppm appeared that confirmed the
formation of reduced five-membered ring in MPPa*.

Development of analytical method for MPPa. We obtained absorption spectra using a UV-Vis spec-
trophotometer to determine the specific absorption wavelength of MPPa (Fig. 2A). The specificity of MPPa was
determined using MPPa standard stock solution, MPPa-loaded SLN, and placebo SLN (SLN without MPPa).
The UV-Vis spectra of MPPa demonstrated that the maximum absorption wavelength was 667 nm. The placebo
SLN had no interference spectra with that of MPPa. Therefore, we analyzed MPPa at 667 nm.

To calculate MPPa, we prepared a calibration curve using five standard stock solutions in a concentration
range of 1-20 ppm. Figure 2B shows that the correlation coeflicient obtained via the linear regression analysis
was 1.

A precision study was performed to determine the closeness of the agreement for the same concentration
with repeated measurements. The precision results are expressed as the RSD of repeatability. MPPa results
demonstrated that the RSD (%) value of recovery was 1.06% (Table 2), which indicated the high precision of the
proposed analytical method.

We determined the accuracy via the developed analysis of MPPa to determine the closeness of agreement
between the test results and a conventional true or accepted reference value. The recovery of MPPa was calcu-
lated and expressed as RSD. The RSD (%) values resulting from the accuracy were 1.26%, 0.42%, and 0.36%,
respectively, as shown in Table 3.

Particle characterization of MPPa-loaded SLNs for MPPa-loaded SLNs. Considering particle
characterization, nanoparticle size, PDI, and zeta potential were determined to investigate the effects of different
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Figure 2. UV-Vis spectra and calibration curve of MPPa. (A) Specificity data of MPPa, placebo (no MPPa),
and MPPa-loaded SLN F3 (MeOH, 25 °C). (B) Linearity data of MPPa standard stock solution in MeOH.

No Recovery (%)
1 100.00
2 99.49
3 99.49
4 98.98
5 97.96
6 96.94
Average (%) 98.81
SD (%) 1.05
RSD (%) 1.06

Table 2. Precision data obtained from the developed analysis of MPPa.
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Drug (ppm) No | Recovery (%) | Average (%) |SD (%) | RSD (%)
1 100.00
1 2 98.48 98.48 1.24 1.26
3 96.97
1 100.00
5 2 99.49 99.49 0.42 0.42
3 98.98
1 100.00
20 2 99.56 99.56 0.36 0.36
3 99.13

Table 3. Accuracy data obtained from the developed analysis of MPPa.
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Figure 3. Particle characteristics. (A) Average particle size and PDI, (B) zeta potential, (C) Entrapment
efficiency, and (D) loading amount of MPPa-loaded SLNs prepared using different materials. Results are
expressed as the means + standard deviations of three independent experiments (n = 3). PDI, polydispersity

index.
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lipids and surfactants. Particle size is an important parameter in cancer therapy and is based on the EPR effect as
a passive targeting strategy®®*®. For nanoparticles, the zeta potential is important because it indicates the electric
surface potential on the particles that ensures particle stability'®*. The results of particle size, PDI, and zeta
potential demonstrated that all the formulations ranged from 231.37 to 424.07 nm in size, had a PDI of 0.15 to
0.42, and zeta potential of —17.37 to—24.20 mV, respectively, as shown in Fig. 3A,B. The particle size and zeta
potential of formulations prepared using PA, SA, and GMS (F1, F2, and F3) were 424.07, 406.63, and 284.90 nm
and-17.37,-17.97 and - 23.33 mV, respectively. This observation suggests that lipids with long carbon chains
have a high affinity for MPPa, resulting in a small particle size and high zeta potential. The high affinity of lipids
for MPPa could facilitate interaction with each other rather than the outer water phase*®-*2, The results of particle
characterization for F3, F4, and F5, which were fabricated using different surfactants, demonstrated that F3 had
the smallest size and highest zeta potential. This result suggests that a hydrophilic surfactant stabilizes the inter-
face between O and W in O/W emulsions®. The high hydrophilic-lipophilic balance (HLB) of a hydrophilic sur-
factant is more stable than that of a relatively low HLB value. The HLB values of PX 188, PX 407, and TW 80 were
29,22 and 15, respectively. Therefore, we selected GMS as a solid lipid and PX 188 as a surfactant to prepare SLN.

Considering the effects of lipid and surfactant concentrations on F3 and F6 to F10, the results of particle
characterization demonstrated that an increase in the concentration of GMS as a lipid led to an increase in the
particle size. For the surfactant, an increase in the concentration of PX 188 led to a decrease in the particle size.
This observation suggests that the concentration effect of lipids is associated with the increased volume of the
lipid matrix®. An increase in the concentration of surfactant causes the interface between O and W in the O/W
emulsion to be effectively stabilized (increased zeta potential), and consequently reduces the particle size and
enhances the particle stability®.

Determination of the drug-loading capacity. Loading capacity (EE and LA) is a significant parameter
in the formulation of lipid particle systems because it enhances the photostability of MPPa and avoids side-
effects in the human body. Figure 3C,D show the EE and LA of MPPa-loaded SLNs. The EE and LA of all for-
mulations were 73.49-78.73% and 1.54-7.11%, respectively. Among F1, F2, and F3, which were prepared using
different lipids, F3 prepared from GMS showed the greatest loading capacity. This observation suggests that
longer chain fatty acids have a high affinity for MPPa*~**, as mentioned in the particle characterization section.
Regarding the effect of surfactants, F3 using PX 188 had a high amount of EE among F3, F4, and F5. This sug-
gests that the high HLB value of the surfactant affected the stable dispersion of the MPPa-dissolved O phase into
the W phase*>**47, Regarding the effect of lipid and surfactant concentrations, an increase in the concentration
of both increased EE owing to an increase in the volume of the lipid matrix and particle stability.

In vitro MPPa release studies. The release profile of MPPa-loaded SLNs was determined using the dialy-
sis membrane method. The cumulative percentage release of MPPa-loaded SLNs was in the order F1 >F2>F5>
F4>F3>F6>F7>F8>F9>F10. Among the formulations of F1 to F6, this order was the same as the particle size
and reverse of the order of zeta potential (low stability), as shown in Fig. 3A and B. Thus, the large particle size
and low stability of SLNs induced high drug release from SLNs after 48 h. The MPPa release from SLN exhibited
a sustained release profile, as shown in Fig. 4. The sustained release of MPPa was biphasic, with a relatively burst
and delayed release. The relatively burst release of F1-F6 and F7-F10 was observed over 12 and 8 h, respectively,
followed by a sustained release for 48 h. This observation suggests that the relatively burst release is attributed

100 -
90 -
80 -

70

50 -
40 -
30 -

20 A

Cumulative amount of MPPa released (%)

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h)
--F1 -©-F2 #-F3 5-F4 -o-F5 -»~-F6 —e-F7 -©-F8 —<F9 —--F10
Figure 4. Cumulative percentage release profiles of MPPa from SLNs in the release medium, as determined

using the dialysis bag method. Results are expressed as the means + standard errors of three independent
experiments (n=3).
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to the adhesive MPPa on the particle surface (shell), whereas the sustained release is owing to the MPPa encap-
sulated into the particle core”. Concerning the short burst release of F7-F10, formulations with a high loading
capacity are encapsulated in the particle core rather than the shell, which leads to a delayed release®. In this
sense, the order of MPPa release was exactly the reverse of the order of EE, as shown in Fig. 3C.

The drug release kinetics models. The MPPa release results were analyzed using release kinetics models
(zero order, first order, Higuchi, and Korsmeyer-Peppas). Table 4 demonstrates that Higuchi model is the highest
correlation coefficients (R?) values. This suggests that MPPa was homogeneously loaded in entire lipid matrix of
SLN. In this regard, MPPa release was dominated by diffusion and dissolution*®*.

Photostability studies. In PDT, the photostability of the PS is important because it is closely related to its
pharmacological effect. Our results revealed that all formulations improved the photostability of MPPa (Fig. 5).
The order of photostability after 40 min of irradiation was F10 > F9>F8>F7 >F6>F3>F4>F5>F2>F1 >MPPa;
this order was the exact reverse of that observed for the release profile of MPPa from SLNs shown in Fig. 4. The
remaining concentration of MPPa from the MPPa solution was 57.97% and that from the formulations ranged
from 74.67% to 91.43%. Thus, a solid lipid, as the main ingredient of SLN, physically prevents any interruption
from environmental factors and maintains MPPa for a relatively long time?»**. The concentration effects of
lipids and surfactants demonstrated that F7-F10 highly improved the photostability of MPPa probably because
formulations with high loading capacity protect MPPa from environmental factors.

Correlation coefficient (R?) values of drug-release kinetics
Formulations | Zero order | Firstorder | Higuchi | Korsmeyer-Peppas
F1 0.778 0.993 0.956 0.695
F2 0.830 0.988 0.971 0.783
F3 0.739 0.837 0.940 0.675
F4 0.740 0.859 0.940 0.661
F5 0.778 0.934 0.953 0.691
F6 0.739 0.825 0.940 0.678
F7 0.748 0.818 0.944 0.709
F8 0.745 0.812 0.944 0.694
F9 0.752 0.812 0.947 0.712
F10 0.749 0.804 0.945 0.729

Table 4. Correlation coefficients (R?) values for the in vitro release profiles fitted with multiple drug-release
kinetics.
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Figure 5. Photostability test using percentage of non-degraded MPPa from MPPa solution and MPPa-loaded
SLNs before and after irradiation with an LED of 2 J/cm? for different time intervals of 0, 10, 20, 30, and 40 min.
Results are expressed as means + standard deviations of three independent experiments (n=3).
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10, photogeneration. 'The efficacy of PDT was investigated using the DPBF assay where DPBF reacts
with 'O,, which decreases the intensity of the DPBF absorption band*"*2. We performed the DPBF assay with
photoirradiation of the MPPa solution and all formulations to detect the generated 'O,, as shown in Fig. 6A.
MB, a standard 'O, sensitizer, was used as the PC. Additionally, high 'O, quantum yields can promise high
anti-cancer efficacy in PDT. The 'O, quantum yields of MPPa and all formulations were measured and com-
pared using DPBF as a probe and MB as the standard. The 'O, quantum yield was calculated according to the
literature®>*. DPBF results demonstrated that all formulations of SLNs exhibited better 'O, photogeneration
than the MPPa solution. This indicates that the PDT efficacy of all test substances was lower than that of MB. The
MPPa-loaded SLNs improved the PDT efficacy of MPPa as compared to the MPPa solution. Thus, the aggrega-
tion of MPPa is prevented by applying SLN***. In addition, among the formulations of F1-F6, the order of the
'O, photogeneration efficiency (*O, quantum yields) was F1 (0.510)>F2 (0.505) > F5 (0.435)>F4 (0.410) > F3
(0.401) > F6 (0.365), which is the same as that observed for the release profiles in Fig. 4 and exactly opposite of
the order reported for zeta potential and photostability in Figs. 3B and 5, respectively. Therefore, highly stable
formulations afforded relatively low PDT efficacy among MPPa-loaded SLNs. The reason for this might be the
environmental protective effect of the SLN system?>%.
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Figure 6. Photodynamic therapy (PDT) efficacy. Non-biological efficacy of (A) DPBF (50 uM in DMSO)
absorbance decay (%) for the 'O, photogeneration efficacy of MPPa with/without SLNs at 418 nm after
photoirradiation (total light dose 2 J/cm? irradiation time 15 min). Statistical significance of the difference
in DPBF between MPPa solution and the formulations is indicated by either a single asterisk (p <0.05) or
double asterisks (p <0.01). Biological efficacy for (B) HeLa cell line and (C) A549 cell line treated with MPPa
solution, F1, F3, F7, and F9. The cell viability was measured using the WST assay. Results are expressed as
means + standard deviations of three independent experiments (n=3).
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Hela (uM) A549 (uM) Particle size (nm) Zeta potential (mV) EE (%)
MPPa 0.97 0.96 N/A N/A N/A
F1 1.38 0.86 424.07 £8.63 -17.37+£0.50 73.49+1.20
F3 0.74 0.58 284.90+6.26 —23.33£0.40 75.38+1.19
F7 0.79 0.67 325.77+£1.62 -19.33+0.60 76.78+1.21
F9 0.83 0.78 374.50+£5.22 —-18.13+0.09 78.41+1.21

Table 5. 1C, (uM) values against HeLa or A549 cells, particle size, zeta potential, and entrapment efficiency
(EE) of MPPa solution, F1, F3, F7, and F9. N/A not applicable.

In vitro photoirritation studies. Photocytotoxicity was evaluated as PDT efficiency using HeLa cells from
human cervical carcinoma and A549 cells from human lung epithelial carcinoma. We selected F1, F3, F7, and
F9 among the formulations based on particle size and EE results. We conducted cytotoxicity assay to determine
the safety of the formulations because the PDT mechanism for 'O, generation occurs under light>***. Figure 6B
and C shows the photocytotoxicity against HeLa and A549 cells. Under dark conditions, the viability of HeLa
and A549 cells treated with 10 pM of the test substances ranged from 91.76 to 106.31% and 105.00 to 117.65%,
respectively. These results revealed that MPPa and MPPa-loaded SLNs were not cytotoxic to HeLa and A549 cell
lines.

Regarding the photocytotoxicity of MPPa, all test substances demonstrated anticancer effects depending
on the cell type and concentration of MPPa. Four different concentrations of each test substance (1, 2.5, 5 and
10 uM) were used to estimate the 50% inhibitory concentration values (ICs,). The results of ICs, are summarized
in Table 5. The order of PDT efficacy was the same as the order of zeta potential and the opposite of the order
of particle size as following: F3 (0.74 uM) >F7 (0.79 uM) >F9 (0.83 uM) > MPPa (0.97 uM) >F1 (1.38 uM) in
HeLa cells; F3 (0.58 pM) >F7 (0.67 uM) > F9 (0.78 uM) > F1 (0.89 pM) > MPPa (0.96 pM) in A549 cells. There-
fore, a small particle size with low aggregation (high zeta potential) results in better PDT efficiency. Regarding
the effect of different lipids, F3 prepared using GMS showed high anticancer effects against both cell lines as
compared with F1 prepared using PA. Moreover, although F7 and F9 had a higher MPPa loading capacity
than F3, the PDT efficacy of F3 was higher than that of F7 and F9. Considering that the particle size of F3 was
smaller than that of F7 and F9, the anticancer effects via PDT efficacy dominated the particle size rather than
the drug-loading capacity®>>***. In addition, the order of PDT efficacy was the same as that of release, except for
F1. This is because the formulation with large particle size showed low zeta potential as a stability parameter
that is affected by both high particle aggregation and fast drug release, as mentioned in the sections on particle
size and drug release. Thus, F3 is a promising formulation for cancer treatment based on the EPR effect strategy
among the tested substances.

Conclusion

In this study, we attempted to synthesize MPPa and fabricate MPPa-loaded SLNs as a promising cancer treat-
ment for PDT to improve the photostability and pharmacological effects. "H-NMR results showed that all proton
signals were assigned, indicating the successful synthesis of MPPa. All MPPa-loaded SLNs displayed highly
enhanced photostability and 'O, photogeneration compared with free MPPa. In terms of PDT efficacy, our SLNs
showed better anticancer effects than free MPPa against HeLa and A549 cells. In addition, the cytotoxicity study
was performed under dark and light conditions, which ensured that the normal state of MPPa and MPPa-loaded
SLNs was safe unless otherwise irradiated. Among F1, F3, F7 and F9 SLNs, use of lipid with longer carbon chain
(GMS) generated smaller particle sizes of SLNs. In addition, a decrease of the lipid (GMS) concentration (among
F3, F7 and F9) is important to decrease the particle size which induced an increase of the stability (increase of
the zeta potential). Finally, F3 SLNs displayed the highest PDT efficiency against both cell lines, which might be
attributed to the smallest particle size as well as the highest stability and loading amount even though the lower
10, photogeneration and entrapment efficiency. Therefore, we can make a conclusion that the anticancer efficacy
of MPPa-loaded SLNs was dominated by particle size and stability rather than entrapment efficiency. Thus, these
results showed that MPPa-loaded SLNs are promising anticancer agents for PDT.
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able request.

Received: 8 February 2023; Accepted: 26 April 2023
Published online: 06 May 2023

References
1. Wang, D. et al. Targeted iron-oxide nanoparticle for photodynamic therapy and imaging of head and neck cancer. ACS Nano 8,
6620-6632 (2014).
2. Siwawannapong, K. et al. Ultra-small pyropheophorbide-a nanodots for near-infrared fluorescence/photoacoustic imaging-guided
photodynamic therapy. Theranostics 10, 62 (2020).
3. Kim, J,, Jo, Y.-U. & Na, K. Photodynamic therapy with smart nanomedicine. Arch. Pharm. Res. 43, 22-31 (2020).

Scientific Reports |

(2023)13:7391 | https://doi.org/10.1038/s41598-023-34265-x nature portfolio



www.nature.com/scientificreports/

4. Mang, T.S. et al. Photobleaching of porphyrins used in photodynamic therapy and implications for therapy. Photochem. Photobiol.
45,501-506 (1987).

5. Correia, J. H., Rodrigues, J. A., Pimenta, S., Dong, T. & Yang, Z. Photodynamic therapy review: Principles, photosensitizers,
applications, and future directions. Pharmaceutics 13, 1332 (2021).

6. Li, D. et al. Progress and perspective of microneedle system for anti-cancer drug delivery. Biomaterials 264, 120410 (2021).

7. Mahadik, N. et al. Targeting steroid hormone receptors for anti-cancer therapy—A review on small molecules and nanotherapeutic
approaches. Wiley Interdiscip. Rev. 14, e1755 (2022).

8. Ganesh, K. & Massagué, J. Targeting metastatic cancer. Nat. Med. 27, 34-44 (2021).

9. Lee, S.-J.H,, Jagerovic, N. & Smith, K. M. Use of the chlorophyll derivative, purpurin-18, for syntheses of sensitizers for use in
photodynamic therapy. J. Chem. Soc. Perkin Trans. 1, 2369-2377 (1993).

10. Cios, A. et al. Effect of different wavelengths of laser irradiation on the skin cells. Int. J. Mol. Sci. 22, 2437 (2021).

11. Kou, J,, Dou, D. & Yang, L. Porphyrin photosensitizers in photodynamic therapy and its applications. Oncotarget 8, 81591 (2017).

12. Angi, R. et al. Novel continuous flow technology for the development of a nanostructured Aprepitant formulation with improved
pharmacokinetic properties. Eur. J. Pharm. Biopharm. 86, 361-368 (2014).

13. Qin, M. et al. Methylene blue covalently loaded polyacrylamide nanoparticles for enhanced tumor-targeted photodynamic therapy.
Photochem. Photobiol. Sci. 10, 832-841 (2011).

14. Zhou, N. et al. Au nanorod/ZnO Core-Shell nanoparticles as nano-photosensitizers for near-infrared light-induced singlet oxygen
generation. J. Phys. Chem. C 122, 7824-7830 (2018).

15. Kanaujia, P.,, Poovizhi, P,, Ng, W. & Tan, R. Amorphous formulations for dissolution and bioavailability enhancement of poorly
soluble APIs. Powder Technol. 285, 2-15 (2015).

16. Olver, L., Shelukar, S. & Thompson, K. C. Nanomedicines in the treatment of emesis during chemotherapy: Focus on aprepitant.
Int. ]. Nanomed. 2, 13 (2007).

17. Loh, Z. H., Samanta, A. K. & Heng, P. W. S. Overview of milling techniques for improving the solubility of poorly water-soluble
drugs. Asian J. Pharm. Sci. 10, 255-274 (2015).

18. Araya-Sibaja, A. M. et al. Use of nanosystems to improve the anticancer effects of curcumin. Beilstein J. Nanotechnol. 12, 1047-1062
(2021).

19. Miiller, R. H., Mader, K. & Gohla, S. Solid lipid nanoparticles (SLN) for controlled drug delivery-a review of the state of the art.
Eur. J. Pharm. Biopharm. 50, 161-177 (2000).

20. Sharifi, S. et al. Anti-microbial activity of curcumin nanoformulations: New trends and future perspectives. Phytother. Res. 34,
1926-1946 (2020).

21. Youssef, T., Fadel, M., Fahmy, R. & Kassab, K. Evaluation of hypericin-loaded solid lipid nanoparticles: Physicochemical properties,
photostability and phototoxicity. Pharm. Dev. Technol. 17, 177-186 (2012).

22. Radomska-Soukharev, A. Stability of lipid excipients in solid lipid nanoparticles. Adv. Drug Deliv. Rev. 59, 411-418 (2007).

23. Kuklenyik, Z. et al. Core lipid, surface lipid and apolipoprotein composition analysis of lipoprotein particles as a function of particle
size in one workflow integrating asymmetric flow field-flow fractionation and liquid chromatography-tandem mass spectrometry.
PLoS ONE 13, 0194797 (2018).

24. Dodangeh, M., Tang, R.-C. & Gharanjig, K. Improving the photostability of curcumin using functional star-shaped polyamidoam-
ine dendrimer: Application on PET. Mater. Today Commun. 21, 100620 (2019).

25. Kashyap, D. et al. Natural product-based nanoformulations for cancer therapy: Opportunities and challenges. Semin. Cancer Biol.
69, 5-23 (2021).

26. Nguyen, P. V., Hervé-Aubert, K., Chourpa, I. & Allard-Vannier, E. Active targeting strategy in nanomedicines using anti-EGFR
ligands-A promising approach for cancer therapy and diagnosis. Int. J. Pharm. 609, 121134 (2021).

27. Maeda, H., Wu, J., Sawa, T., Matsumura, Y. & Hori, K. Tumor vascular permeability and the EPR effect in macromolecular thera-
peutics: A review. J. Control Release 65, 271-284 (2000).

28. Brannon-Peppas, L. & Blanchette, J. O. Nanoparticle and targeted systems for cancer therapy. Adv. Drug Deliv. Rev. 56, 1649-1659
(2004).

29. Allen, T. M. & Cullis, P. R. Drug delivery systems: Entering the mainstream. Science 303, 1818-1822 (2004).

30. Smith, K. M. & Goff, D. A. Synthesis of nickel (II) isobacteriochlorins from nickel (II) complexes of chlorophyll derivatives. J. Am.
Chem. Soc. 107, 4954-4964 (1985).

31. Yeo, S. et al. Synthesis and design of purpurin-18-loaded solid lipid nanoparticles for improved anticancer efficiency of photody-
namic therapy. Pharmaceutics 14, 1064 (2022).

32. Yeo, S., Yoon, I. & Lee, W. K. Design and characterisation of pH-responsive photosensitiser-loaded nano-transfersomes for
enhanced photodynamic therapy. Pharmaceutics 14, 210 (2022).

33. Yeo, S., Kim, M. J., Shim, Y. K., Yoon, I. & Lee, W. K. Solid lipid nanoparticles of curcumin designed for enhanced bioavailability
and anticancer efficiency. ACS Omega 7, 35875-35884 (2022).

34. Yeo, S. et al. Design and characterization of elastic artificial skin containing adenosine-loaded solid lipid nanoparticles for treating
wrinkles. Pharmaceutics 13, 33 (2020).

35. Awad, M., Barnes, T. ], Joyce, P,, Thomas, N. & Prestidge, C. A. Liquid crystalline lipid nanoparticle promotes the photodynamic
activity of gallium protoporphyrin against S. aureus biofilms. J. Photochem. Photobiol. B Biol. 232, 112474 (2022).

36. Ayoub, A. M. et al. Parietin cyclodextrin-inclusion complex as an effective formulation for bacterial photoinactivation. Pharma-
ceutics 14, 357 (2022).

37. Alépée, N. et al. A catch-up validation study on reconstructed human epidermis (SkinEthic™ RHE) for full replacement of the
Draize skin irritation test. Toxicol. In Vitro 24, 257-266 (2010).

38. Alavi, M. & Hamidi, M. Passive and active targeting in cancer therapy by liposomes and lipid nanoparticles. Drug Metab. Pers.
Ther. https://doi.org/10.1515/dmpt-2018-0032 (2019).

39. Tiyaboonchai, W., Tungpradit, W. & Plianbangchang, P. Formulation and characterization of curcuminoids loaded solid lipid
nanoparticles. Int. J. Pharm. 337, 299-306 (2007).

40. Gallarate, M., Trotta, M., Battaglia, L. & Chirio, D. Preparation of solid lipid nanoparticles from W/O/W emulsions: Preliminary
studies on insulin encapsulation. J. Microencapsul. 26, 394-402 (2009).

41. Liu, D. et al. Formulation and characterization of hydrophilic drug diclofenac sodium-loaded solid lipid nanoparticles based on
phospholipid complexes technology. J. Liposome Res. 24, 17-26 (2014).

42. Ghadiri, M. et al. Loading hydrophilic drug in solid lipid media as nanoparticles: Statistical modeling of entrapment efficiency
and particle size. Int. J. Pharm. 424, 128-137 (2012).

43. Pandey, R. & Khuller, G. Solid lipid particle-based inhalable sustained drug delivery system against experimental tuberculosis.
Tuberculosis 85, 227-234 (2005).

44. Oshiro-Junior, J. A. et al. Phthalocyanine-loaded nanostructured lipid carriers functionalized with folic acid for photodynamic
therapy. Mater. Sci. Eng. C 108, 110462 (2020).

45. Yasir, M., Gaur, P. K., Puri, D., Shehkar, P. & Kumar, S. S. Solid lipid nanoparticles approach for lymphatic targeting through
intraduodenal delivery of quetiapine fumarate. Curr. Drug Deliv. 15, 818-828 (2018).

46. Vivek, K., Reddy, H. & Murthy, R. S. Investigations of the effect of the lipid matrix on drug entrapment, in vitro release, and physical
stability of olanzapine-loaded solid lipid nanoparticles. AAPS PharmSciTech 8, 16-24 (2007).

Scientific Reports | (2023) 13:7391 | https://doi.org/10.1038/s41598-023-34265-x nature portfolio


https://doi.org/10.1515/dmpt-2018-0032

www.nature.com/scientificreports/

47. Chen, J. et al. Drug-in-cyclodextrin-in-liposomes: A promising delivery system for hydrophobic drugs. Expert. Opin. Drug Deliv.
11, 565-577 (2014).

48. Abdelsalam, A. M. et al. Surface tailored zein as a novel delivery system for hypericin: Application in photodynamic therapy. Mater.
Sci. Eng. C 129, 112420 (2021).

49. Jahromi, L. P, Ghazali, M., Ashrafi, H. & Azadi, A. A comparison of models for the analysis of the kinetics of drug release from
PLGA-based nanoparticles. Heliyon 6, €03451 (2020).

50. Sandhu, S. K. et al. Systematic development and characterization of novel, high drug-loaded, photostable, curcumin solid lipid
nanoparticle hydrogel for wound healing. Antioxidants 10, 725 (2021).

51. Jia, D. et al. ROS-responsive cyclodextrin nanoplatform for combined photodynamic therapy and chemotherapy of cancer. Chin.
Chem. Lett. 32, 162-167 (2021).

52. Xu, Z.-Y. et al. Self-assembled nanoparticles based on supramolecular-organic frameworks and temoporfin for an enhanced
photodynamic therapy in vitro and in vivo. J. Mater. Chem. B 10, 899-908 (2022).

53. Li, Z., Huang, J. & Wu, J. pH-Sensitive nanogels for drug delivery in cancer therapy. Biomater. Sci. 9, 574-589 (2021).

54. Bouramtane, S. et al. Acetylxylan-pheophorbide-a nanoparticles designed for tumor-targeted photodynamic therapy. J. Appl.
Polym. Sci. 138, 50799 (2021).

Acknowledgements
Special thanks to Prof. Sung-Joo Hwang from Yonsei Institute of Pharmaceutical Sciences; College of Pharmacy,
Yonsei University for measuring the drug release kinetics models and 'O, quantum yields.

Author contributions

Conceptualization: S.Y., 1.Y., and W.K.L.; methodology: S.Y., T.H.L., and M.J.K,; resources: I.Y. and W.K.L.;
writing-original draft preparation: S.Y.; funding acquisition: W.K.L.; supervision: W.K.L. All authors have read
and agreed to the published version of the manuscript.

Fundin

This resegarch was supported by the BK21 FOUR (Fostering Outstanding Universities for Research,
No0.5199991614715), the National Research Foundation of Korea (NRF) grant, the Basic Science Research Pro-
gram through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (MOE,
Korea, NRF-2020R111A1A01060632), and the Korean government (MSIT) (NRF-2020R1F1A1070571). This
work was supported by project for Collabo R&D between Industry, University, and Research Institute funded
by Korea Ministry of SMEs and Startups in 2022 (53248094). This research was supported by Basic Science
Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Educa-
tion (2018R1A6A1A03023718).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.Y., Y.K.S. or W.K.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023)13:7391 | https://doi.org/10.1038/s41598-023-34265-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Improved anticancer efficacy of methyl pyropheophorbide-a–incorporated solid lipid nanoparticles in photodynamic therapy
	Materials and methods
	Materials. 
	Synthesis of MPPa. 
	Preparation of MPPa-loaded SLNs. 
	NMR spectroscopy of MPPa. 
	Development of analytical method for MPPa. 
	Determination of nanoparticle size, polydispersity index (PDI), and zeta potential for MPPa-loaded SLNs. 
	Determination of drug-loading capacity MPPa-loaded SLNs. 
	In vitro MPPa release studies. 
	The drug release kinetics models. 
	Photostability studies. 
	1O2 Photogeneration. 
	In vitro photoirritation study using human tumor cells. 
	Viability of cancer cells. 
	Statistical analysis. 

	Results and discussion
	NMR spectroscopy of MPPa. 
	Development of analytical method for MPPa. 
	Particle characterization of MPPa-loaded SLNs for MPPa-loaded SLNs. 
	Determination of the drug-loading capacity. 
	In vitro MPPa release studies. 
	The drug release kinetics models. 
	Photostability studies. 
	1O2 photogeneration. 
	In vitro photoirritation studies. 

	Conclusion
	References
	Acknowledgements


