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Abstract: Photodynamic therapy (PDT) with a suitable photosensitizer molecule is a promising 15 
anticancer treatment. We evaluated two chlorin molecules as potential photosensitizers, methyl 16 
pyropheophorbide a (MPPa) and N-methoxyl purpurinimide (NMPi), against A549 human lung 17 
adenocarcinoma cells in vitro as well as in A549 tumor-bearing mice in vivo. Cell viability, 18 
microscopy, and FACS analyses were performed for the in vitro studies. MPPa and NMPi showed 19 
high phototoxicity in vitro, which was dependent on the concentration of the photosensitizers as 20 
well as the light irradiation time. In the animal study, tumor volume change, tumor surface 21 
alterations, and H&E and TUNEL staining analyses were performed and compared between small 22 
(tumor volume of <50 mm3) and large (tumor volume of >50 mm3) size of initial tumors. MPPa and 23 
NMPi showed high anticancer efficacy against small-size tumors, indicating that early treatment 24 
with PDT is effective. Especially, repeated two times PDT with NMPi allowed almost complete 25 
eradication against small-size tumors. However, MPPa and NMPi were not effective against large-26 
size tumors. In conclusion, the two chlorin derivatives, MPPa and NMPi, show good anticancer 27 
efficacy as promising photosensitizers for PDT in vitro and in vivo. Moreover, their activity in vivo 28 
was significantly dependent on the initial tumor size in mice, which confirms the importance of 29 
early cancer treatment.  30 
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 32 

1. Introduction 33 
Cancer is one of the most common diseases in the world [1]. Complete tumor eradication is the 34 

ultimate goal to achieve perfect healing without recurrence, and recurrence after cancer therapy 35 
results in low survival rate as shown in cancer clinical trials [2].  36 

Photodynamic therapy (PDT) is a combination cancer therapy using photosensitizers, light, and 37 
environmental oxygen for various cancers, such as cervical, endobronchial, esophageal, brain, gastric, 38 
and lung cancers [3–7]. PDT possesses several advantages, in that it is tumor selective, minimally 39 
invasive, repeatable, and a non-surgical alternative [8–10]. The action mechanism of PDT has been 40 
introduced elsewhere [11,12]. Upon administration, the photosensitizer molecule selectively 41 
accumulates within the tumor tissues. When the photosensitizer is exposed to a specific wavelength 42 
of light, it becomes activated from a ground state to an excited state, and while returning to the 43 
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ground state, it releases energy that is transferred to oxygen in the body to generate reactive oxygen 44 
species (ROS, e.g. singlet oxygen [1O2]), which induces cellular toxicity to damage cancer cells [13,14].   45 

Chlorins of the porphyrin family are promising second-generation photosensitizer molecules for 46 
PDT with a high extinction coefficient at an appropriate wavelength and good ROS photogeneration 47 
capabilities [15–17]. In addition, chlorins are abundantly available from natural sources such as plants 48 
(chlorophyll-a) and algae (spirulina maxima) [18], and can be synthesized in a straightforward manner 49 
into chlorin derivatives with various active functional groups on the chlorin moiety [19]. Recently, 50 
our group synthesized several chlorin derivatives to evaluate structure-activity relationship [20–25]. 51 
Among the chlorin derivatives synthesized by our group, we report the activity of two chlorins as 52 
photosensitizers, methyl pyropheophorbide a (MPPa) and N-methoxyl purpurinimide (NMPi) in 53 
this present study [23].  54 

In our previous work, we have shown efficient anticancer activity of PDT using MPPa and NMPi, 55 
and their chlorin derivatives against HeLa cells [23], where we focused on the development of long 56 
wavelength-absorbing photosensitizers using cationic chlorins. However, 630 nm laser is still 57 
common for clinical trials [26]. Moreover, the commercially available first-generation photosensitizer, 58 
Photofrin®, produces certain clinical adverse effects, such as nausea, swelling, pruritus, burning 59 
sensation, pyrexia, and blisters [27]. Therefore, it is still a great challenge to develop second-60 
generation photosensitizers with high PDT activity as well as without any adverse effects [28]. In this 61 
paper, we evaluated two chlorin derivatives, MPPa and NMPi, against A549 cells in vitro as well as 62 
in A549 tumor-bearing mice in vivo [29–33].  63 

Furthermore, in this study, we correlated PDT activity with tumor size in mice. Although 64 
anticancer efficacy of PDT in various animal models of cancer have been reported, to the best of our 65 
knowledge, the effect of PDT according to tumor size has not yet been investigated using tumor 66 
animal models. According to clinical reports, there is a remarkable correlation between response rate 67 
after PDT and tumor size [17,34–37]. For early esophageal cancers, it was reported that when the 68 
tumor size is up to 1 cm, PDT results in complete regression in 100% patients. However, when the 69 
tumor size is 3.1–5.0 cm, only 33.3% of patients achieve complete regression [38]. In addition, one of 70 
the recommended criterion for the treatment of lung cancer using PDT is a tumor size less than 1 cm 71 
in the greatest diameter [39].  72 

2. Materials and Methods 73 

2.1. Materials 74 
RPMI-1640 medium, penicillin-streptomycin, and fetal bovine serum (FBS) were obtained from 75 

Gibco Life Technologies, Inc. (Grand Island, NY, USA). Phosphate buffered saline (PBS) was obtained 76 
from Sigma-Aldrich. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT kit (EZ-77 
CYTOX, DOGEN), was obtained from DOGEN Bio.   78 

2.2. Synthesis of photosensitizers 79 
Chlorophyll a-based photosensitizers, MPPa and NMPi, were synthesized according to a 80 

modified literature procedure by our group (Scheme 1) [23]. 81 
MPPa: Methyl pheophorbide a (MPa) was obtained from an extraction method with 5% acidic 82 

methanol followed by column separation (SiO2 and eluent 2% acetone/CH2Cl2). Then, MPa (500 mg) 83 
was dissolved in 100 mL 2,4,6-trimethylpyridine under stirring at reflux in a nitrogen environment. 84 
After 5 h, 2,4,6-trimethylpyridine was removed by evaporation under high vacuum, and the residue 85 
was purified by column separation (SiO2 and eluent of 2% MeOH/CH2Cl2) to give a dark green solid 86 
(yield 85%).   87 

NMPi: Purpurin-18 methyl ester was obtained by reacting MPa with basic acetone in oxygen 88 
followed by column separation (SiO2 and eluent 2% acetone/CH2Cl2). Purpurin-18 methyl ester (200 89 
mg) was reacted with hydroxylamine hydrochloride (500 mg, excess) in pyridine under stirring at 90 
room temperature for 5 h. After that, the reaction solvent was removed by washing with aqueous 91 
HCl (2 M, 3 ×100 mL) and water (3 × 200 mL). After removing all the solvent, the residue was 92 
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dissolved in CH2Cl2 (10 mL) and reacted with 5 mL diazomethane for 5 min. The residue was purified 93 
by column separation (SiO2 and eluent of 3% MeOH/CH2Cl2) to give a dark purple solid (yield 75%). 94 

 95 

 96 

Scheme 1. Synthetic procedure of MPPa and NMPi. 97 

2.3. In vitro phototoxicity 98 

2.3.1. MTT assay according to concentration of photosensitizer 99 
A549 cells were placed in a 96-well plate at 1 × 104 cells/well (100 μL) to prepare an adherent 100 

culture. After 24 h, the medium was removed, the cells were washed twice with PBS, and MPPa and 101 
NMPi at various concentrations (0.1–20 μM in 100 μL of the medium) were added to each well. After 102 
24 h, the solutions were discarded, and the cells were washed thrice with PBS, followed by the 103 
addition of fresh medium (100 μL/well). The cells were then irradiated with a BioSpec LED (610–710 104 
nm, 2 J/cm2) from a distance of 20 cm for 15 min, followed by an MTT assay to evaluate their response 105 
to PDT. In the assay, MTT solution (10 μL) was added to each well followed by culturing in an 106 
incubator for 1 h. Subsequently, the absorbance at 450 nm was measured with an ELISA-reader at 3 107 
and 24 h after photoirradiation. All assays were performed in triplicate in three independent 108 
experiments. 109 

2.3.2. CCK-8 assay according to irradiation time and concentration of photosensitizer 110 
A549 (human lung adenocarcinoma, ATCC, Manassas, VA, USA) cells were seeded in 24-well 111 

cell culture plates (Nunc, Roskilde, Denmark) at a density of 1 × 105 cells/well in RPMI-1640 medium 112 
containing 10% (v/v) FBS and 1% (w/v) penicillin-streptomycin and cultured for 24 h at 37°C with 5% 113 
CO2 and 95% air atmosphere in a humidified incubator. After 24 h, the cells were washed with PBS 114 
and treated with PBS (control), or various concentrations (1 μM, 5 μM, and 10 μM) of MPPa or NMPi. 115 
Both compounds were dissolved in DMSO (1 mM, 1 mL) and were diluted with PBS, and then 1 mL 116 
of the solutions were added to each well. After 4 h of incubation, the cells were washed twice with 117 
PBS, and then fresh RPMI-1640 medium was added.  118 

The tumor cell viability assay was performed using a Cell Counting Kit-8 (CCK-8) (Dojindo 119 
Molecular Technologies, Gaithersburg, MD, USA) [40]. The drug-treated cells were irradiated with a 120 
PDT laser (Diomed Inc., Andover, MA, USA) at 630 nm and 400 mW/cm2 for various periods of time 121 
(0, 10, 20, 40, and 50 s corresponding to 0, 4, 8, 16, and 20 J/cm2, respectively) and incubated for 24 h 122 
in the dark. The cells were washed twice with cold PBS and 10 μL of CCK-8 solution and 100 μL of 123 
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culture medium were added to each well. Then, the cells were incubated in the dark for an additional 124 
2 h. The absorbance was read at a wavelength of 450 nm with a microplate reader (Spectramax 125 
plus384, Molecular Devices Corporation, Sunnyvale, CA, USA). All assays were performed in 126 
triplicate in three independent experiments. 127 

2.4. Microscopic analysis 128 
The cells were irradiated with a PDT laser (630 nm, 400 mW/cm2) for 0 and 20 s (0 and 8 J/cm2, 129 

respectively), incubated in the dark for 24 h, and washed twice with cold PBS. The annexin V-FITC 130 
fluorescence microscopy kit (BD bioscience, San Jose, CA, USA) was used to identify apoptotic cells 131 
[41]. The cells were stained with both annexin V-FITC and DAPI (Vector Laboratories, Burlingame, 132 
CA, USA), and the apoptotic cells were identified by light microscopy (Axioskop 40, Carl Zeiss, 133 
Goettingen, Germany) with an X-Cite 120Q excitation light source (Lumen Dynamics Group Inc., 134 
Mississauga, Ontario, Canada).  135 

2.5. Singlet oxygen photogeneration study 136 
1,3-Diphenylisobenzofuran (DPBF) study was carried out to evaluate relative photogeneration 137 

of singlet oxygen (1O2) after photoirradiation (total light dose 2 J/cm2) [42]. After DPBF bind with 1O2 138 
the furan ring on DPBF opens up to generate a diketone, resulting in the decay of absorbance of DPBF 139 
at 418 nm. DPBF was used as a selective 1O2 acceptor, being bleached upon reaction with 1O2. Four 140 
sample solutions of DPBF in DMSO (50 μM) containing DPBF only (50 μM, control sample), DPBF + 141 
methylene blue (MB) (1 μM), DPBF + MPPa (1 μM), and DPBF + NMPi (1 μM) were prepared in the 142 
dark. All samples were placed in a 96-well plate and covered with aluminum foil. The samples were 143 
irradiated (2 J/cm2) for 15 min. After irradiation, visible spectra of the sample solutions were recorded, 144 
and the normalized absorbances of DPBF at 418 nm were reported (Chart 1). The 1O2 photogeneration 145 
activities of MPPa and NMPi were compared based on the different absorbance decay profiles of 146 
each sample relative to that of the DPBF control sample. 147 

 148 
Chart 1. Reaction of DPBF with 1O2 to decrease its absorbance at 418 nm, which depends on the 149 

amount of 1O2 photogeneration. 150 

2.6. FACS analysis 151 
The cells were irradiated with a PDT laser (630 nm, 400 mW/cm2) for 0, 10, 20, 40, and 50 s (0, 4, 152 

8, 16, and 20 J/cm2, respectively). The irradiated cells were incubated in the dark for 24 h and washed 153 
twice with cold PBS. The cells were stained with both annexin V-FITC and PI (BD Biosciences, San 154 
Jose, CA, USA) [43]. The stained cells were resuspended in 1 mL of 1× binding buffer and then 100 155 
μL of the sample solution was transferred to a 5-mL round-bottom tube. Annexin V-FITC (5 μL) and 156 
PI (5 μL) were added into the sample solution and incubated in the dark for 15 min at room 157 
temperature. Finally, binding buffer (400 μL) was added and the apoptotic cells were detected by 158 
flow cytometry (FACSCalibur, BD Biosciences) using CellQuest software (BD Immunocytometry 159 
Systems, Mountain View, CA, USA). The excitation wavelengths of PI and annexin V-FITC were 488 160 
nm and 635 nm, respectively. The emission wavelengths of PI and annexin V-FITC were 610 ± 20 nm 161 
and 660 ± 20 nm, respectively. Acquired cells on the flow cytometer were collected per 10,000 events. 162 

2.7. Animals and tumor model  163 
BALB/c male nude mice (6–7 weeks, 20–22 g) were purchased from Orientbio (Gyeonggi-do, 164 

Korea). All animal study protocols were approved by the Institutional Animal Care and Use 165 
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Committee of Seoul National University Bundang Hospital (BA1612-214/081-01). A549 cells at 1 × 106 166 
in 0.1 mL RPMI-1640 medium were injected into the left flanks of all mice subcutaneously at the same 167 
time [33]. During treatment, mice were anesthetized with CO2 at a flow rate of 0.1 L/min. The tumor 168 
size of each mouse was measured by a caliper for 57 days to investigate PDT efficacy. The tumor sizes 169 
(mm3) were calculated as the volume (tumor length) × (tumor width)2/2 [44]. Tumor volumes of A549 170 
tumor-bearing mice reached <50 mm3 (small-size) and >50 mm3 (large-size) after seven and ten days, 171 
respectively. 172 

2.8. In vivo anticancer efficacy in tumor-bearing mice 173 
In vivo anticancer efficacy was performed using A549 tumor-bearing mice. The mice were 174 

divided into two groups according to the tumor size; a small-tumor group (<50 mm3) and a large-175 
tumor group (>50 mm3). Then, the two groups were classified into three subgroups: control, MPPa 176 
and NMPi (n = 5 each). The mice were injected twice (on days 0 and 2, repeated PDT) with PBS, MPPa 177 
(2 mg/kg), or NMPi (2 mg/kg) via the tail vein. 24 h after each injection, tumors were irradiated by a 178 
PDT laser (630 nm with 400 mW/cm2) for 500 s (total light dose of 200 J/cm2) twice (on days 1 and 3, 179 
repeated PDT). The surface changes at the tumor site were also monitored.  180 

2.9. Histology examination  181 

For histology analysis, the mice (one mouse in each group) were sacrificed on day 15, and the 182 
tumor tissues of mice in each subgroup from the small- and large-tumor groups were excised, fixed 183 
in 10% formalin, and then embedded in paraffin. Tissue sections were deparaffinized in xylene, 184 
dehydrated in graded alcohols, and washed in distilled water. The tissues were sectioned into 5-185 
μm-thick slices for hematoxylin and eosin (H&E) staining.  186 

2.10. TUNEL assay for apoptosis 187 

For TUNEL assay, the mice (one mouse in each group) were sacrificed on day 15, and the tumor 188 
tissues of mice in each subgroup from the small- and large-tumor groups were excised. Apoptotic 189 
cell death in paraffin-embedded tumor tissue sections was detected using the In Situ Cell Death 190 
Detencion Kit according to the manufacturer’s method.  191 

2.11. Statistical analysis 192 
All data are presented as means ± standard deviation (SD). The statistical significance between 193 

two groups was determined by Student's t-test. In all analyses, p < 0.05 was considered statistically 194 
significant difference. 195 

3. Results and Discussion 196 

3.1. Characterization of prepared photosensitizers 197 
All characterization data for methyl pyropheophorbide a (MPPa) and N-methoxyl 198 

purpurinimide (NMPi) (Chart 2) are identical with those in the literature (Figures S1–S3), and are 199 
summarized as following [23].  200 

MPPa: 1H NMR (CDCl3) δ: 9.17, 9.06, 8.47 (each s, each 1H, 10-H, 5-H, 20-H), 7.77–7.83 (m, 1H, 201 
31-H), 6.08 (m, 2H, 32-H), 5.20 (d, J = 20.0 Hz, 1H, 132-H), 5.05 (d, J = 20.0 Hz, 1H, 132-H), 4.40–4.44 (m, 202 
1H, 18-H), 4.20–4.22 (m, 1H, 17-H), 3.42 (q, J = 7.3 Hz, 2H, 81-CH2), 3.01, 3.31, 3.50, 3.61 (each s, 12H, 203 
OCH3 + CH3), 2.51–2.53 (m, 2H, 172-CH2), 2.21–2.27 (m, 2H 171-CH2 ), 1.80 (d, J = 7.4 Hz, 3H, 181-CH3), 204 
1.56 (t, J = 7.5 Hz, 3H, 82-CH3), 0.75 (br, 1H, NH), -1.92 (br, 1H, NH); UV-Vis (nm) (log ε): 412.90 (1.54), 205 
509.90 (1.07), 539.80 (1.01), 610.70 (0.93), 667.90 (1.49); Anal. calcd for C34H36N4O3 C 74.43; H 6.61; N 206 
10.21. Found C 74.38, H 7.14, N 10.06.  207 

NMPi: 1H NMR (CDCl3) δ: 8.53, 9.33, 9.58 (each s, each 1H, 10-H, 5-H, 20-H), 7.86 (dd, J = 17.8 208 
Hz, 11.6 Hz, 1H, 31-H), 6.29 (d, J = 17.8 Hz, 1H, 32-H), 6.17 (d, J = 11.6 Hz, 1H, 32-H), 5.28 (d, J = 9.7 Hz, 209 
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1H, 17-H), 4.35 (q, J = 7.4 Hz, 1H, 18-H), 4.39 (s, 3H, NOCH3), 3.16, 3.33, 3.58, 3.67 (each s, each 3H, 210 
OCH3 + CH3), 3.67 (q, J = 7.6 Hz, 2H, 81-CH2), 1.90–2.08, 2.40–2.56, 2.73–2.85 (each m, 4H, 171 + 172-211 
CH2), 1.72 (d, J = 7.3 Hz, 3H, 181-CH3), 1.63 (t, J = 7.6 Hz, 3H, 82-CH3), 0.14, 0.23 (each br s, each 1H, 2 212 
× NH); UV-Vis: (nm) (log ε): 410.00 (1.51), 481.10 (0.84), 551.50 (1.28), 707.10 (1.47); Anal. calcd for 213 
C35H37N5O5(CH3OH) C 67.59; H 6.46; N 10.95. Found C 67.95, H 6.98, N 10.95. 214 

 215 
Chart 2. Chemical structures with numbering for MPPa and NMPi. 216 

3.2. In vitro phototoxicity  217 
The photoactivity and dark toxicity of MPPa and NMPi were evaluated against A549 cells by 218 

MTT assay at various concentrations (1–20 μM) after 3 h and 24 h incubation times (Tables S1–S2). 219 
For the photoactivity study, A549 cells were irradiated to give total light dose of 2 J/cm2 for 15 min, 220 
which is the same experimental condition as our previous cell viability study [23].  221 

We compared photoactivities of MPPa and NMPi against A549 and HeLa cells. Figure 1 222 
exhibited negligible dark toxicity until 20 μM, while upon photoirradiation, the cell viability 223 
decreased for MPPa and NMPi consistent with the increase in their concentrations as well as 224 
incubation time. Photoactivity of IC50 values of MPPa and NMPi against A549 and HeLa cells are 225 
summarized in Table 1. MPPa showed higher photoactivity than NMPi against both A549 and HeLa 226 
cells. It is interesting that MPPa presented higher photoactivity against HeLa cells than A549 cells, 227 
while NMPi had higher photoactivity against A549 cells than HeLa cells. This may be because the 228 
two cell lines have different morphology, histology, and biochemistry based on differences in 229 
phenotypic and genotypic characteristics and origins determining resistance and biological response 230 
[30–31]. 231 
 232 

 233 

Figure 1. In vitro phototoxicity (total light dose 2 J/cm2 for 15 min) and dark toxicity against A549 cells 234 
by MTT assay after 3 and 24 h incubation times at various concentrations (1–20 μM) of MPPa and 235 
NMPi (left), and expanded figure for low concentrations (right). Error bars represent the SD of three 236 
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replicate experiments. Red dashed line at 50% cell viability presents IC50 value (half maximal 237 
inhibitory concentration).  238 

 239 
Table 1. IC50 values of MPPa and NMPi against A549a and HeLab cells at 3 h and 24 h, and 12 h 240 
incubation times after irradiation (total light dose 2 J/cm2 for 15 min), respectively.  241 

Cell line (assay) Incubation time (h) MPPa (μM) NMPi (μM) 

A549a 

(MTT) 

3 0.89 1.15 

24 0.44 0.73 

HeLab (WST-8) 12 0.28 2.71 

a) In this work by MTT assay after 3 h and 24 h incubation times. b) Reference [23] by WST-8 assay at 12 h 242 
incubation time. 243 

 244 
Before starting the in vivo study, we confirmed the suitable experimental condition of the in vivo 245 

system with a 630 nm laser (400 mW/cm2) as well as confirmed the drug dose of the two chlorins, 246 
MPPa and NMPi. Therefore, we re-evaluated light and drug doses against A549 cells in vitro. Figure 247 
2 shows in vitro cell viabilities against A549 cells after 4 h incubation time by CCK-8 with PBS 248 
(control), MPPa, and NMPi at a concentration range of 1–10 μM. Dark toxicity of NMPi was 249 
negligible until 10 μM. MPPa presented high dark toxicity at 5 μM and 10 μM concentrations, which 250 
was not consistent with that obtained by MTT assay shown in Figure 1 (negligible dark toxicity until 251 
20 μM). In the previous study, MPPa and NMPi had no dark toxicity against HeLa cells until 10 μM 252 
[23].  253 

Phototoxicity of MPPa and NMPi was evaluated with the photoirradiation time set at 10–50 s 254 
(4–20 J/cm2). Under laser treatment, photoactivity of PBS was negligible. However, MPPa and NMPi 255 
exhibited significantly high photoactivity that were dependent on their concentrations as well as the 256 
irradiation time. MPPa showed better phototoxicity compared with NMPi. Furthermore, MPPa and 257 
NMPi showed better photoactivity than chlorin e6-loaded chitosan nanoparticles reported by Wang 258 
e al. [32].  259 

 260 
Figure 2. In vitro phototoxicity (630 nm laser, 400 mW/cm2) and dark toxicity against A549 cells by 261 
CCK-8 at 4 h incubation time after treating with PBS or various concentrations (1 μM, 5 μM, and 10 262 
μM) of (a) MPPa or (b) NMPi followed by light irradiation for 0, 10, 20, 40, or 50 s (0, 4, 8, 16, or 20 263 
J/cm2, respectively). Error bars represent the SD of three replicate experiments. 264 

 265 
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The results of in vitro cell viability studies (Figures 1–2) clearly suggest that effective intracellular 266 
uptake of MPPa and NMPi by A549 cells follows photodynamic activity to induce apoptosis in tumor 267 
cells.  268 

Microscopic analysis (Figure 3) was performed to visualize apoptotic cell death caused by PDT 269 
against A549 cells by annexin V-FITC staining after treating with PBS or various concentrations (1–270 
10 μM) of NMPi followed by light irradiation for 0 or 8 J/cm2. Nuclei and apoptotic cells were stained 271 
with DAPI (blue color, first column) and annexin V-FITC (green color, second column). PDT with 272 
NMPi along with irradiation of 8 J/cm2 revealed increased effect of PDT corresponding to 273 
concentration, which was consistent with the results of in vitro phototoxicity in Figures 1–2. However, 274 
PBS and PS only without PDT showed no apoptotic cells, except at 10 μM NMPi concentration, which 275 
exhibited some apoptotic cells due to the low dark toxicity.  276 
 277 
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 278 

Figure 3. Microscopic analysis of apoptotic A549 cells by annexin V-FITC staining after treating PBS 279 
or various concentrations (1–10 μM) of NMPi followed by light irradiation for 0 or 8 J/cm2. DAPI stain 280 
(blue, first column) and annexin V-FITC stain (green, second column) indicate nuclei and apoptotic 281 
cells, respectively. Bars, 100 μm.  282 

 283 
 284 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 May 2018                   doi:10.20944/preprints201805.0073.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 1596; doi:10.3390/ijms19061596

http://dx.doi.org/10.20944/preprints201805.0073.v1
http://dx.doi.org/10.3390/ijms19061596


 

 

 285 
We tested photostability (photobleaching) of MPPa and NMPi in DMSO (4 μM) with light 286 

irradiation up to 20 min (total light energy 2.7 J/cm2) as shown in Figure 4a (Figures S3–S4) [14]. MPPa 287 
(92.2%) showed better photostability than NMPi (82.7%), which may be why MPPa has better 288 
photoactivity than NMPi.  289 

To quantify the relative photoactivity of MPPa and NMPi in the absence of tumor cells, 1O2 290 
photogeneration was measured by DPBF as a selective 1O2 acceptor (Figure 4b). NMPi presented 291 
slightly better 1O2 photogeneration than MPPa, and NMPi was almost comparable to methylene blue 292 
(MB) as a standard 1O2 sensitizer [45]. This result was consistent with the cell viability results shown 293 
in Figures 1–2.  294 

 295 

 296 

Figure 4. (a) Photostability (photobleaching) of MPPa and NMPi in DMSO (4 μM) with light 297 
irradiation up to 20 min (total light energy 2.7 J/cm2), measured by UV-Vis absorption. (b) DPBF (50 298 
μM in DMSO) remaining (%) at 418 nm after photoirradiation (total light dose 2 J/cm2 for 15 min) in 299 
the absence (control, DPBF only) and presence of 1 μM MB, MPPa, and NMPi. Error bars represent 300 
the SD of three replicate experiments.  301 

 302 
 303 

To calculate quantitative cell death by either apoptosis or necrosis, FACS analysis was 304 
performed (Figure 5) against A549 cells by double staining with annexin V-FITC and PI. Positive 305 
staining by annexin V-FITC indicates early apoptosis. Both staining by annexin V-FITC and PI show 306 
late apoptosis. Positive staining by PI indicates necrosis. Total amount of apoptotic cells (sum of early 307 
and late apoptosis) increased with an increase in irradiation energy from 4 J/cm2 to 20 J/cm2 PDT 308 
(45.19, 66.49, 71.71, and 72.72%); this was consistent with the in vitro phototoxicity results in Figures 309 
1‒2 as well as the microscopic analysis in Figure 3. 310 
 311 
 312 
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 313 
Figure 5. FACS analysis of A549 cells after treating with PBS or various concentrations (1 μM, 5 μM, 314 
and 10 μM) of NMPi followed by light irradiation at 0, 4, 8, 16, or 20 J/cm2. The cells were categorized 315 
as follows: both annexin V-FITC and PI negative cells, undamaged; annexin V-FITC positive and PI 316 
negative cells, early apoptotic; both annexin V-FITC and PI positive cells, late apoptotic; and 317 
annexinV-FITC negative and PI positive cells, either late apoptotic or necrotic. 318 

3.3. In vivo photodynamic therapeutic efficacy  319 
We used 630 nm laser with output power of 400 mW/cm2, which was the same experimental 320 

condition as that in our previous study; this condition allowed suitable irradiation with enough 321 
power to afford phototoxicity but no damage to cells or tissues by itself without photosensitizer 322 
administration. 323 

Therapeutic efficiency of the two photosensitizers, MPPa and NMPi, in A549 tumor-bearing 324 
mice was evaluated. Double drug injections were performed on days 0 and 2, followed by laser 325 
irradiations (200 J/cm2) one day after each injection on days 1 and 3. In vivo tumor volume in A549 326 
tumor-bearing mice (small-tumor groups [<50 mm3] and large-tumor groups [>50 mm3] were 327 
measured and compared based on different photosensitizers and tumor sizes.  328 

Data are presented as means ± SD (n = 5) in Figure 6. As expected, therapeutic effect was higher 329 
in the order of NMPi (<50 mm3) > MPPa (<50 mm3) > NMPi (>50 mm3) > MPPa (>50 mm3). It is noted 330 
that NMPi (<50 mm3) caused almost complete tumor eradication, and MPPa (<50 mm3) significantly 331 
reduced tumor volume under PDT. However, therapeutic effects of MPPa and NMPi on mice with 332 
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large-tumors (>50 mm3) were not high. These results indicate that initial tumor size strongly affects 333 
therapeutic effect under PDT [17,34].  334 

Interestingly, NMPi showed better PDT anticancer efficacy than MPPa in vivo (Figure 6). The 335 
increase in apoptotic cells induced by the photodynamic action supports that the anticancer effect of 336 
PDT strongly depends on the concentration of NMPi (Figures 1‒2) as well as the total energy of light 337 
irradiation (Figures 3 and 5). 338 

Moreover, in the in vivo study, the therapeutic effect of NMPi at lower drug and light doses 339 
(drug dose of 2 mg/kg and total light dose of 200 J/cm2) was comparable to that of the chlorin e6-340 
loaded hyaluronic acid nanoparticles reported by Cai et al. (660 nm laser with 160 mW/cm2 for 30 341 
min [total light dose, 288 J/cm2]; drug dose, 5 mg/kg; initial tumor size, 50–100 mm3) [33]. This result 342 
suggests that the treatment is effective against small-size tumors, while large-size tumors need higher 343 
drug and light doses to allow complete tumor eradication.  344 

Tumor volume changes shown in Figure 6 clearly indicate that early treatment (small-size initial 345 
tumors) is important to obtain remarkable therapeutic effect [35–37]. Therefore, late treatment (large-346 
size initial tumors) may be effective in PDT only with higher drug and light doses. NMPi for small-347 
size initial tumors (<50 mm3) revealed excellent PDT activity with almost complete tumor eradication 348 
under the treatment condition.  349 

 350 
Figure 6. In vivo tumor volume changes in A549 tumor-bearing mice (small-tumor groups <50 mm3, 351 
and large-tumor groups >50 mm3) after double injections (on days 0 and 2, repeated two times PDT) 352 
of PBS, MPPa (2 mg/kg), or NMPi (2 mg/kg) followed by light irradiation (200 J/cm2) one day after 353 
each injection (on days 1 and 3, repeated two times PDT). Data are presented as means ± SD (n = 5). 354 
The tumor volume (mm3) was calculated as (length × width2)/2. Therapeutic effect was higher in the 355 
order of NMPi (<50 mm3) > MPPa (<50 mm3) > NMPi (>50 mm3) > MPPa (>50 mm3) with p-values as 356 
0.00038 (NMPi vs. control) and 0.00374 (MPPa vs. control) in the groups of <50 mm3; 0.0127 (NMPi 357 
vs. control) and 0.0415 (MPPa vs. control) in the groups of >50 mm3. 358 

 359 
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The images for tumor surface alterations of A549 tumor-bearing mice (small- and large-tumor 360 
groups) after double intravenous injections (on days 0 and 2, repeated two times PDT) of PBS, MPPa, 361 
and NMPi with 200 J/cm2 light irradiation one day after each injection (on days 1 and 3, repeated two 362 
times PDT) are shown in Figure 7. On the day of second PDT (on day 3), mice in MPPa and NMPi 363 
groups showed hemorrhage where the light was delivered, and the tumor tissues were severely 364 
damaged due to the photogeneration of ROS followed by direct cellular damage and destruction of 365 
tumor tissue [3–7]. Mice in the small-tumor group (<50 mm3) treated with MPPa and NMPi under 366 
PDT had complete tumor eradication on day 20. However, in large-tumor group (>50 mm3), tumor 367 
tissues were not completely eliminated.  368 

The images of tumor surface alteration shown in Figure 7 indicate the reaction to light 369 
irradiation. On day 4, one day after the second PDT, immediate reaction with damaged apoptotic 370 
tissues (dark color) in both small- and large-tumor groups was observed. The damaged tissues were 371 
healed on day 20, 17 days after the second PDT, and small tumors treated with MPPa and NMPi 372 
completely disappeared; however, large tumors expressed regrowth.  373 

PDT has a good advantage over other cancer treatments, in that it is a repeatable treatment. In 374 
this research, we also used repeatable PDT, such as two times of PDT on day 1 and 3. We believe that 375 
repeatable PDT is important to allow complete tumor healing in the small-tumor groups. Wu et al. 376 
used repeated PDT for four times and reported high antibacterial efficacy [46]. Na et al. developed a 377 
repeatable endoscopic PDT-stent [47].  378 

In this study, our in vivo results were better than our previous in vitro and in vivo results with 379 
use of the same drug (2 mg/kg) and light (200 J/cm2 by 630 nm with 400 mW/cm2 for 500 sec) doses 380 
using hematoporphyrin-modified doxorubicin-loaded nanoparticles [48] as well as hypocrellin B and 381 
paclitaxel loaded nanoparticles [49], not only because of the repeated two times PDT, but also because 382 
of the early treatment when the tumor size was small. 383 

This result has a good agreement with previous clinical trials results. Five-year survival rate (%) 384 
is highly affected by tumor sizes, such as 92.0% for ≤110 cm3 and 62.2% for >110 cm3 [35]. William Jr. 385 
et al. have shown good relationship between tumor size and survival in non–small-cell lung cancer 386 
in their study after tumor sizes were categorized into four subgroups of ≤2 cm, 2–5 cm, 5–7 cm, and 387 
>7 cm [36]. Patients with a tumor size ≤2 cm have longer survival as reported by Rami-Porta et al [37].  388 

 389 
 390 
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 391 
Figure 7. Tumor surface alterations of A549 tumor-bearing mice (small-tumor group <50 mm3 and 392 
large-tumor group >50 mm3) after double intravenous injection (on days 0 and 2, repeated two times 393 
PDT) of PBS, MPPa (2 mg/kg), and NMPi (2 mg/kg) with 200 J/cm2 light irradiation on one day after 394 
each injection (on days 1 and 3, repeated two times PDT). Mice in the small-tumor group (<50 mm3) 395 
treated with MPPa and NMPi under PDT revealed complete tumor eradication on day 20. However, 396 
in large-tumor group (>50 mm3), tumor tissues were not completely eliminated. 397 
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H&E staining images of tumor tissues in A549 tumor-bearing mice (small- and large-tumor 398 
groups) on day 15, after double intravenous injection (on days 0 and 2, repeated two times PDT) of 399 
PBS, MPPa, and NMPi with 200 J/cm2 light irradiation on one day after each injection (on days 1 and 400 
3, repeated two times PDT) are shown in Figure 8.  401 

The tumor cells were damaged in the same order as for the tumor size reduction in Figure 6. 402 
Mice in the small-tumor group treated with NMPi presented the most complete tumor cell 403 
eradication, which is also consistent with the result of tumor surface alterations in Figure 7. 404 
Furthermore, in Figure 9 we have shown results of TUNEL staining for detecting apoptotic DNA 405 
fragmentation in A549 tumor-bearing mice on day 15. This result also had a good agreement with 406 
therapeutic effects observed in the H&E staining images in Figure 8.  407 

 408 
Figure 8. H&E staining of tumor tissues in A549 tumor-bearing mice (small-tumor group <50 mm3 409 
and large-tumor group >50 mm3) on day 15, after double intravenous injection (on days 0 and 2, 410 
repeated two times PDT) of PBS, MPPa (2 mg/kg) and NMPi (2 mg/kg) with 200 J/cm2 light irradiation 411 
on one day after each injection (on days 1 and 3, repeated two times PDT). Mice in the small tumor 412 
group treated with NMPi presented the most complete tumor cell eradication, which was also 413 
consistent with the result of tumor surface alterations in Figure 7. 414 

 415 
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 416 
Figure 9. TUNEL staining of tumor tissues in A549 tumor-bearing mice (small-tumor group <50 mm3 417 
and large-tumor group >50 mm3) on day 15, after double intravenous injection (on days 0 and 2, 418 
repeated two times PDT) of PBS, MPPa (2 mg/kg), and NMPi (2 mg/kg) with 200 J/cm2 light 419 
irradiation on one day after each injection (on days 1 and 3, repeated two times PDT). This result also 420 
had a good agreement with therapeutic effects observed in the H&E staining images in Figure 8. 421 

Consequently, under the PDT, small-tumor size groups have shown better photodynamic 422 
activity result than large-tumor size groups, and treatment with NMPi showed higher therapeutic 423 
effect than treated with MPPa.  424 

4. Conclusions  425 
In this study, we demonstrated that the two chlorin derivatives as second-generation 426 

photosensitizers, MPPa and NMPi, show high anticancer efficacy by PDT against A549 human lung 427 
adenocarcinoma cells in vitro as well as in A549 tumor-bearing mice in vivo. Tumor cell viability was 428 
evaluated by both MTT and CCK-8 assays, and we found that PDT activity significantly depends on 429 
the irradiation time and the concentration of the photosensitizer. MPPa showed better phototoxicity 430 
than NMPi. For the in vivo study, we used two times repeatable PDT method and compared the 431 
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results between the small-size (≤50 mm3) and the large-size (>50 mm3) tumor groups. As expected, 432 
mice in the small-tumor groups healed better than those in the large-tumor groups.  433 

Importantly, in our in vivo system, both MPPa and NMPi decreased tumor growth than the 434 
control. More importantly, NMPi has shown excellent tumor eradication not only because of the 435 
repeatable two times PDT as an advantage of PDT compared with other anticancer treatments, but 436 
also because of the small-size of tumor correlating with early cancer treatment.  437 

To the best of our knowledge, this study is the first paper to show relative anticancer results by 438 
PDT corresponding to the different tumor sizes. Therefore, these results could be useful to develop 439 
new potential photosensitizers for PDT as well as for understanding the relationship between tumor 440 
size and anticancer efficacy.  441 
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