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Purpose: The aim of this study was to make 5-aminolevulinic acid (5-ALA)-incorporated 

 nanoparticles using methoxy polyethylene glycol/chitosan (PEG-Chito) copolymer for 

 application in photodynamic therapy for colon cancer cells.

Methods: 5-ALA-incorporated (PEG-Chito-5-ALA) nanoparticles were prepared by ion complex 

formation between 5-ALA and chitosan. Protoporphyrin IX accumulation in the tumor cells and 

phototoxicity induced by PEG-Chito-5-ALA nanoparticles were assessed using CT26 cells in vitro.

Results: PEG-Chito-5-ALA nanoparticles have spherical shapes with sizes diameters 200 nm. 

More specifically, microscopic observation revealed a core-shell structure of PEG-Chito-5-

ALA nanoparticles. 1H NMR spectra showed that 5-ALA was incorporated in the core of the 

nanoparticles. In the absence of light irradiation, all components such as 5-ALA, empty nano-

particles, and PEG-Chito-5-ALA nanoparticles did not affect the viability of cells. However, 

5-ALA or PEG-Chito-5-ALA nanoparticles induced tumor cell death under light irradiation, 

and the viability of tumor cells was dose-dependently decreased according to the increase in 

irradiation time. In particular, PEG-Chito-5-ALA nanoparticles induced increased phototox-

icity and higher protoporphyrin IX accumulation into the tumor cells than did 5-ALA alone. 

Furthermore, PEG-Chito-5-ALA nanoparticles accelerated apoptosis/necrosis of tumor cells, 

compared to 5-ALA alone.

Conclusion: PEG-Chito-5-ALA nanoparticles showed superior delivery capacity of 5-ALA 

and phototoxicity against tumor cells. These results show that PEG-Chito-5-ALA nanoparticles 

are promising candidates for photodynamic therapy of colon cancer cells.
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Introduction
Palliative therapies such as photodynamic therapy (PDT), immunotherapy, gene therapy, 

stent displacement, modified chemotherapy, and radiation therapy have been inves-

tigated for cancer treatment because they are regarded to be effective in prolonging 

survivability of patients and enhancing the quality of life of patients.1–6 Among them, 

PDT has been spotlighted as palliative therapy for the treatment of various types of 

cancer cells due to its composition of nontoxic components, such as photosensitiz-

ers, light, and oxygen, as well as its minimal side effects on patients.1,6 Generally, 

a photosensitizer is activated only under light irradiation of a specific wavelength; 

ie, the photosensitizer alone is not harmful to the human body. Light irradiation in 

the presence of photosensitizers in tumor tissue causes energy transfer to surround-

ing oxygen, followed by the generation of reactive singlet oxygen (ROS) after apoptosis 

or necrosis of tumor cells by ROS.7,8
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Various kinds of photosensitizers have been developed in 

the last decade.9 Among them, 5-aminolevulinic acid (5-ALA) 

has been extensively used as a photosensitizer due to its neg-

ligible toxicity and rapid excretion from the body.1 Basically, 

5-ALA alone is not a photosensitizer; ie, it gets interconverted 

to a strong photosensitizer, protoporphyrin IX (PpIX), via the 

heme biosynthetic pathway in the mitochondria, which then 

functions as a photosensitizer.1,10 Successful cases of suppres-

sion of solid tumors by excessive administration of 5-ALA 

have been reported.1,10–12 In addition to these successful 

experiences, some drawbacks of 5-ALA, such as hydrophi-

licity and low specificity for tumor cells, have been noted to 

induce lower cellular uptake and low bioavailability of ALA.13 

To overcome these drawbacks, various kinds of modified 

5-ALA have been developed.14–16 For example, esterification 

of ALA, such as methyl- or hexyl-ester conjugated 5-ALA 

was reported to show enhanced cellular uptake and a better 

interconversion rate to PpIX than the parent compound.14–16 

Drug delivery strategies using colloidal drug carriers such 

as polymeric nanoparticles and liposomes have also been 

studied for their enhancement of 5-ALA cellular uptake.17–20 

Among them, nanoscopic vehicles such as polymeric micelles 

and nanoparticles have been investigated as ideal carriers 

for drugs, including photosensitizers.20–22 Nanoparticles are 

regarded as ideal vehicles for targeting solid tumors, because 

of their favorable biodistribution, excellent bioavailability, 

and reduction of the intrinsic toxicity of the drugs.22–24

In this study, we prepared 5-ALA-incorporated nanopar-

ticles using methoxy poly(ethylene glycol)/chitosan (PEG-

Chito) copolymer, and their photodynamic potential was 

tested using CT26 colorectal carcinoma cells. Since chitosan 

has cationic properties, it is an ideal macromolecule to incor-

porate anionic drugs.25 In this context, 5-ALA, an anionic 

hydrophilic photosensitizer, can be attached to the cationic 

group of chitosan. Furthermore, chitosan is known to enhance 

the trans-mucosal delivery of drugs and the targetability of 

vehicles. Therefore, chitosan can be used as a vehicle for 

5-ALA delivery to tumor cells. The physicochemical prop-

erties and photodynamic potentials of PEG-Chito-5-ALA 

nanoparticles were investigated in vitro.

Materials and methods
Materials
5-ALA, potassium persulfate, dialysis membrane (molecular 

weight [MW] cut-off size = 12,000 g/mol), 3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 

dichloromethane, and dimethyl sulfoxide were obtained from 

Sigma (Sigma Chemical, St Louis, MO, USA). Chitosan 

(MW = 15,000 g/mol) was obtained from Wako Pure Chem 

(Osaka, Japan). Methoxy poly(ethylene glycol)-acrylate 

(MPEG-acrylate, MW = 5,000 g/mol) was purchased from 

Sunbio (Anyang, Republic of Korea). All other chemicals 

used were of analytical grade.

Synthesis of PEG-Chito block copolymer
The chitosan copolymer was synthesized following the 

method previously reported by Ganji and Abdekhodaie.26 

Chitosan (150 mg) was dissolved in 10 mL of 0.1 N HCl 

solution. To this solution, potassium persulfate was added and 

stirred for 60 minutes at 60oC under a nitrogen atmosphere. 

Next, a 1.5 times equivalent amount of MPEG-acrylate was 

added and stirred for 12 hours. The resulting solution was 

then introduced into the dialysis membrane and dialyzed 

with deionized water for 1 day, followed by lyophilization for 

2 days. The lyophilized solid was precipitated into methanol 

and then filtered. This process was repeated three times to 

remove unreacted MPEG-acrylate. Finally, the filtered solid 

was dried in a vacuum at room temperature.

Preparation of 5-ALA-incorporated 
(PEG-Chito-5-ALA) nanoparticles
The 5-ALA-incorporated (PEG-Chito-5-ALA) nanoparticles 

were prepared by dispersing PEG-Chito copolymer in 10 mL 

of deionized water, followed by the addition of 5-ALA. This 

solution was sonicated with a bar-type sonicator and then 

stirred magnetically for 24 hours. The resulting solution was 

centrifuged at 12,000 rpm, and the supernatant was used to 

measure the drug content in the nanoparticles. Flakes were 

reconstituted in 10 mL of deionized water to analyze or 

lyophilize them. Empty nanoparticles were prepared in the 

absence of 5-ALA, using the same procedure.

The 5-ALA content in the nanoparticles was evaluated 

by subtracting the 5-ALA contents from the supernatant. The 

5-ALA was measured at 264 nm with a UV spectrophotom-

eter (UV-1601 UV-VIS spectrophotometer, Shimadzu Co., 

Kyoto, Japan). The supernatant of empty nanoparticles was 

used for the blank test.

Analysis of PEG-Chito-5-ALA 
nanoparticles
The morphology of PEG-Chito-5-ALA nanoparticles was 

observed using a transmission electron microscope (TEM, 

JEM 2000 FX II, JEOL Ltd., Tokyo, Japan). One drop of 

PEG-Chito-5-ALA nanoparticle solution was placed onto 

a carbon film coated with a copper grid for transmission 

electron microscope (TEM). The observation was done at 
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80 kV. Particle size was analyzed by Nano-ZS (Malvern, 

Worcestershire, UK). A sample solution prepared with 

the dialysis method was used to determine particle size 

(concentration: 0.1 wt%).

The 1H nuclear magnetic resonance (NMR) spectra 

of PEG-Chito-5-ALA nanoparticles were obtained using 

500 MHz 1H NMR spectroscopy (Varian Unity Inova 

500 Mhz NMR spectroscopy, Agilent Technologies, Inc., 

Santa Clara, CA, USA) in D
2
O with or without DCl.

Powder X-ray diffractions were employed to evaluate 

the crystallinity of the drug and nanoparticles (Rigaku 

D/Max-1200; Rigaku Americas Corporation, The Woodlands, 

TX, USA) with Ni-filtered CuK radiation (40 kV, 20 mA).

Cell culture
CT26 colorectal carcinoma cells were cultured in Roswell 

Park Memorial Institute 1640 (RPMI-1640) medium 

(GIBCO, Grand Island, NY, USA), supplemented  with 10% 

fetal bovine serum (Invitrogen, Grand Island, NY, USA) 

and 1% antibiotics at 37°C in 5% CO
2
.

Cytotoxicity assay
The CT26 cells were seeded into 96-well plates at a density 

of 2 × 104 cells per well and incubated for 24 hours in 5% 

CO
2
 at 37°C. After removing the culture medium, the cells 

were washed with phosphate buffered saline (PBS, 0.01M, 

pH 7.4) buffer and then further incubated with serum-free 

RPMI-1640 for 18 hours. Each well was then replaced with 

100 µL of fresh RPMI-1640 medium containing 0.1 mM 

5-ALA or PEG-Chito-5-ALA nanoparticles. The cells were 

then incubated in the dark at 37°C for 24 hours. After incuba-

tion, the cells were washed with PBS twice, and the cytoxicity 

was measured using the MTT assay.

PpIX generation in cells
CT26 cells in 96-well plates were incubated with 100 µL 

of serum-free medium containing 0.1 mM 5-ALA or PEG-

Chito-5-ALA nanoparticles for 24 hours. The cells were then 

solubilized in 100 µL lysis buffer (GenDEPOT, Barker, TX, 

USA) and subjected to quantitative spectrofluorometry. The 

fluorescence signal from each well was measured using a 

Tecan M200 fluorescence spectrometer (Tecan, Salsberg, 

Austria) at an excitation/emission wavelength of 485/635 nm. 

The absolute amount of PpIX accumulation in the cells was 

corrected by protein concentration. Protein concentration 

was evaluated using a commercial BCA protein assay kit 

according to the manufacturer’s instructions (Pierce Phar-

maceuticals, Rockford, IL, USA).

Confocal image
The PpIX products were observed by confocal fluores-

cence microscopy. The microscope was equipped with a 

460–480 mm excitation filter and a 610 nm filter for detection 

of PpIX fluorescence. The 1 × 106 CT26 cells were seeded on 

a cover glass in a six-well plate. The cells were then treated 

with 0.1 mM 5-ALA or PEG-Chito-5-ALA nanoparticles for 

24 hours, after which the medium was discarded and the cells 

were washed with PBS. The cells on a cover glass were fixed 

by 4% paraformaldehyde in PBS, and these were mounted 

on a glass slide. The cells were observed using a confocal 

fluorescence microscope.

PDT
The CT26 cells seeded in a 96-well plate were cultured for 

24 hours. The cells were then washed with PBS and ALA 

alone or PEG-Chito-5-ALA nanoparticles (ALA concentra-

tion: 0.1 mM) were added to each well, followed by incuba-

tion for 24 hours. Following this, the plates were irradiated 

with 635 nm red light (635 nm LED lamp module, SH system, 

Gwangju, South Korea) at doses of 0.6, 1.2, and 1.8 J/cm2, 

as measured by a photoradiometer (HD2102-1, DeltaOHM, 

Padova, Italy). Immediately after irradiation, the medium 

was discarded and washed with PBS. The 100 µL of fresh 

RPMI containing 10% FBS was then added, and the cells 

were incubated for an additional 24 hours. Cell phototoxicity 

was determined using the MTT assay.

MTT assay
The MTT assay is based on the idea that live cells are able to 

cleave the tetrazolium ring to a molecule that absorbs 570 nm 

in active mitochondria. The 2 × 104 cells were cultured in 

96-well plates. After removing the culture media, 100 µL of 

fresh medium with 25 µL of MTT reagent (2 mg/mL in PBS) 

(Sigma Chemical) was added to each well. The cells were 

incubated at 37°C for an additional 3 hours. The cells were 

then lysed with 100 µL of lysis buffer solution (10% sodium 

dodecyl sulfate in 0.01 N HCl) for 18 hours, and absorbance 

was measured at 570 nm.

Apoptosis and necrosis analysis
Flow cytometric analysis of apoptotic and necrotic cells 

following photodynamic therapy was performed as previ-

ously described.6 Propidium iodide (PI) and FITC-annexin V 

(sc-4252 FITC, Santa Cruz, CA) were used to identify, respec-

tively, necrosis and apoptosis of CT26 cells. CT26 cells were 

treated with 0.1 mM ALA or PEG-Chito-5-ALA nanopar-

ticles for 24 hours and were then exposed to light doses of 0.6, 
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1.2, and 1.8 J/cm2. The cells were harvested by trypsinization, 

and then the collected pellets were resuspended with binding 

buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 5 mM KCl, 

1 mM MgCl
2
, and 1.8 mM CaCl

2
) containing FITC-annexin 

V (1 µg/mL) and were further incubated for 30 minutes. 

Ten minutes prior to terminating incubation, PI (10 µg/mL) 

was added to the cells to stain necrotic cells, in darkness. 

The cells were then immediately analyzed with a FACScan 

flow cytometer (Becton Dickenson Biosciences, San Jose, 

CA, USA) equipped with an excitation laser line at 488 nm. 

PI was collected through a 575 ± 15 nm band pass filter.

Quantification of total protein
The total protein content from each sample was determined 

using the Pierce BCA protein assay kit (Rockford, IL, 

USA) following the manufacturer’s instructions. Ten µL of 

the sample lysate was added to 200 µL of reagent A and B 

(A:B = 50:1). After 30 minutes of incubation in a CO
2
 incu-

bator, colorimetric detection was performed using the Tecan 

M200 spectrometer at a wavelength of 562 nm. The protein 

concentration of the samples was determined based on the 

bovine serum albumin standard curve.

Statistical data analysis
Results were expressed as the means of at least three parallel 

experiments ± standard error of the mean (SEM). Statistical 

data analysis was performed using the t-test, with P , 0.05 

as the minimal level of significance.

Results
Characterization of PEG-Chito-5-ALA 
nanoparticles
A block copolymer composed of chitosan and MPEG was 

synthesized as reported previously (Figure 1).26 The yield 

was approximately 68% (w/w). Since chitosan has cationic 

properties, it can complex with anionic molecules such as 

DNA and anionic drugs.25,27,28 Because 5-ALA also has 

anionic properties, it can be conjoined with chitosan to form 

nanoparticles, as shown in Figure 1.

Figure 2 shows the typical particle-size distribution 

and morphology of PEG-Chito-5-ALA nanoparticles. The 

nanoparticles have a spherical shape and a diameter of about 

200 nm. The characteristics of PEG-Chito-5-ALA nanoparti-

cles are summarized in Table 1. As shown in Table 1, a higher 

feeding amount of ALA induced a higher drug content in the 

nanoparticles. However, the experimental 5-ALA contents 

in nanoparticles were significantly lower than the theoretical 

value. Particle sizes were approximately 200 nm, and the 

sizes were not significantly changed by 5-ALA incorporation. 

Especially, in Figure 2, a discrete region was observed in the 

TEM photo; nanoparticles are seen formed with a dark core 

region, with their surroundings a grey color.

Figure 3 shows the 1H NMR characterization of PEG-

Chito-5-ALA nanoparticles. When nanoparticles were in 

DCl solution, specific peaks of 5-ALA appeared, while they 

disappeared at D
2
O. These results indicate that 5-ALA was 

incorporated into the core region of the nanoparticles.

CH
2
OH CH

2
OH

OH OH
OH

NHm
NH

2
NH

3
+

O−

O

•HC1

Ion complex formation between chitosan and 5-ALA
H

2
N

O

O

O

O
O O

C OCH
2
CH

2
OCH

3n

O

CH
2
OH

CH
2
-CH

PEG-Chito-5-ALA nanoparticles5-ALAChitoPEG copolymer +

Figure 1 Chemical structure of ChitoPEG copolymer and formation of 5-ALA-incorporated nanoparticles.

Abbreviations: 5-ALA, 5-aminolevulinic acid; PEG-Chito-5-ALA NP, Polyethylene glycol-Chito-5-ALA nanoparticles.
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Figure 4 shows the crystallization properties of PEG-

Chito-5-ALA nanoparticles. As shown in Figure 4, 5-ALA 

showed intrinsic crystalline peaks, while empty PEG-Chito 

nanoparticles displayed broad peak properties. Furthermore, 

PEG-Chito-5-ALA nanoparticles also showed broad 

peak characteristics that were similar to those of empty 

 nanoparticles, while the physical mixture of 5-ALA and 

empty nanoparticles showed both sharp peaks of 5-ALA 

and broad peaks of empty nanoparticles. These results also 

indicate that 5-ALA was incorporated into the core of the 

nanoparticles and complexed with chitosan.

Figure 5 shows the time course of 5-ALA release from 

nanoparticles. This result indicated that 5-ALA was com-

plexed within the core of the nanoparticles and its release 

kinetics continued for 6 hours.

PpIX formation in tumor cells
The effect of PEG-Chito-5-ALA nanoparticles on PpIX 

generation in CT26 cells was investigated in vitro, as shown 

in Figure 6. The tumor cells were treated with a 0.1 mM 

equivalent amount of 5-ALA alone or PEG-Chito-5-ALA 

nanoparticles for 24 hours; the interconversion of 5-ALA to 

PpIX was then evaluated. PpIX accumulation in the tumor 

cells was gradually increased dose-dependently after all 

treatments (Figure 6A). In particular, the PpIX content in the 

tumor cells after treatment with PEG-Chito-5-ALA nanopar-

ticles was relatively higher than that after 5-ALA treatment. 

At 0.1 mM 5-ALA, the generated PpIX content in the tumor 

cells was highest after treatment with PEG-Chito-5-ALA 

nanoparticles, and the difference in value between 5-ALA 

and PEG-Chito-5-ALA nanoparticles was also the highest; ie, 

(A) (C)

(B)

PEG

Chitosan

+ 5-ALA
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5
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0.2 µm 100 nm100 nm

Figure 2 A schematic illustration of polyelectrolyte complex formation of 5-ALA and PEG-Chito copoylmer (A). TEM observation of PEG-Chito-5-ALA nanoparticles (B). 

Arrows indicated that dark region in the center of the nanoparticles is identified as a inner-core composed of chitosan and 5-ALA while PEG outershell reveals grey color. 
Typical particle size distribution (C).

Table 1 Characterization of PEG-Chito-5-ALA nanoparticles

Polymer/5-ALA  

weight ratio (mg/mg)

Drug contents (%, w/w) Particle  

size (nm)Theoretical Experimental

Empty NPs 100/0 0 0.0 191

PEG-Chito-5-ALA NPs 90/10 10 2.8 194

80/20 20 5.6 211

60/40 40 9.3 219

Abbreviations: 5-ALA, 5-aminolevulinic acid; PEG-Chito-5-ALA NP, Polyethylene glycol-Chito-5-ALA nanoparticles; empty NPs, empty nanoparticles.
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approximately two times the amount of  PpIX was accumulated 

in the tumor cells after treatment with PEG-Chito-5-ALA 

nanoparticles. Empty nanoparticles were also tested with 

tumor cells to examine whether chitosan alone had an effect 

on PpIX generation in CT26 cells. The results indicated that no 

interconverted PpIX accumulation was observed with empty 

nanoparticle treatment (Figure 6A). Fluorescence images of 

tumor cells also showed increased fluorescence intensity after 

treatment with PEG-Chito-5-ALA nanoparticles, indicating 

that PEG-Chito-5-ALA nanoparticles induced increased PpIX 

accumulation in the tumor cells (Figure 6B). In other cases, 

no fluorescence intensity was observed after treatment with 

empty nanoparticles. These results indicate that PEG-Chito 

copolymer alone did not affect the accumulation of PpIX in 

the tumor cells and that interconverted PpIX must be acceler-

ated by nanoparticle formation with 5-ALA.

Phototoxicity of ALA and PEG-Chito-5-
ALA nanoparticles
The dark toxicity of 5-ALA and PEG-Chito-5-ALA nano-

particles was studied against CT26 cells to examine whether 

5-ALA or empty nanoparticles affected the viability of cells. 

After starvation with serum-free media for 18 hours, the 

cells were exposed to 0.1 mM ALA, PEG-Chito-5-ALA 

nanoparticles, or empty nanoparticles in serum-free media 

for 24 hours. As shown in Figure 6A, none of the treatments 

affected the survivability of tumor cells. However, the 

viability of tumor cells was gradually decreased according 

to the irradiation time, and in particular, PEG-Chito-5-ALA 

nanoparticles showed higher phototoxicity (Figure 7B). 

These results indicate that cell death was induced by irradia-

5-ALA

Empty NP

PEG-Chito-5-ALA NP

Physical mixture

20 30 40 50 60 70 8010

2 theta

(A)

(B)

(C)

(D)

Figure 4 Powder X-ray diffraction spectra of PEG-Chito-5-ALA nanoparticles. 

5-ALA (A); empty nanoparticles (B); PEG-Chito-5-ALA nanoparticles (C); physical 

mixture (D) of 5-ALA and empty nanoparticles.

Abbreviations: 5-ALA, 5-aminolevulinic acid; PEG-Chito-5-ALA NP, Polyethylene 

glycol-Chito-5-ALA nanoparticles; Empty NP, empty nanoparticles.

6543210
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Figure 5 5-ALA release from PEG-Chito-5-ALA NP.

Abbreviations: 5-ALA, 5-aminolevulinic acid; PEG-Chito-5-ALA NP, Polyethylene 

glycol-Chito-5-ALA nanoparticles.

PEG

(A)

(B)

PEG

5-ALA

02468

5-ALA

Chitosan,

Figure 3 1H NMR of PEG-Chito-5-ALA nanoparticles. PEG-Chito-5-ALA nanopar-

ticles in deuterium oxide (D
2
O) (A) and deuterium chloride (DCl) (0.1 N) (B).

Abbreviations: PEG-Chito-5-ALA NP, Polyethylene glycol-Chito-5-Aminolevulinic 

acid nanoparticles.
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tion in the presence of 5-ALA, and that the nanoparticles 

accelerated cell death. Furthermore, the results shown in 

Figure 7 support the results shown in Figure 6; ie, nano-

particles induced a higher entrance of ALA into the tumor 

cells, higher PpIX accumulation, and higher phototoxicity 

than 5-ALA. From the results of Figures 6 and 7, ALA or 

PEG-Chito-5-ALA nanoparticles did not have cytotoxicity 

in the absence of irradiation, and cell death occurred only 

after irradiation treatment.

The mechanism of cell death after treatment of 5-ALA or 

PEG-Chito-5-ALA nanoparticles was investigated. Twenty-

four hours after treatment of CT26 cells with 0.1 mM 5-ALA 

or PEG-Chito-5-ALA nanoparticles, the cells were irradiated 

under different light intensities. The cells were immediately 

0.100.080.06
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P
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lX
 (

n
g

/m
g

 p
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te
in

)

0.040.020.00
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PEG-Chito-5-ALA NP

Empty NP

5-ALA
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500(A)

(B)

Figure 6 PpIX generation in CT26 colorectal carcinoma cells. Tumor cells were treated with 5-ALA, PEG-Chito-5-ALA nanoparticles, or empty nanoparticles for 

24 hours (A). The PpIX concentration in the cells was corrected by protein content. The intracellular PpIX in CT26 cells was observed using a confocal laser scanning 

microscope (B). 

Notes: CT26 cells were treated with 0.1 mM ALA, PEG-Chito-5-ALA nanoparticles or empty nanoparticles for 24 hours. The cells were then washed with PBS (×600).

Abbreviations: 5-ALA, 5-aminolevulinic acid; PEG-Chito-5-ALA NP, Polyethylene glycol-Chito-5-ALA nanoparticles; Empty NP, empty nanoparticles.
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stained with FITC-annexin V and PI for apoptosis and 

necrosis analysis, respectively. As shown in Figure 8, apop-

totic cells were not significantly increased in the ALA-treated 

group, regardless of irradiation dose, while PEG-Chito-5-

ALA nanoparticles gradually increased the apoptosis of tumor 

cells according to the irradiation dose. Necrotic cell number 

was markedly increased after both ALA and PEG-Chito-5-

ALA nanoparticle treatment. More specifically, PEG-Chito-

5-ALA nanoparticles significantly increased the necrotic 

cells according to the irradiation power; ie, the highest 

necrotic cell number was obtained at 1.8 J/cm2 light intensity.

Discussion
We know that 5-ALA-based PDTs have been extensively 

investigated for clinical and biomedical use in cancer treat-

ment, due to their safety.1–3,6,12,13,17,29–32 Since PDTs based on 

5-ALA cause minimal unwanted side effects, and because 

photosensitizers are only activated under light irradiation of 

specific wavelengths, 5-ALA is increasingly used in malig-

nant and nonmalignant disease.1–3,6,29–32 Wang et al reported 

the successful treatment of skin cancer and precancer using 

5-ALA-based PDT; ie, photosensitizers are not harmful to the 

human body.29 Tierney et al suggested that PDT is a promis-

ing candidate for the treatment of various dermatological 

diseases, such as actinic keratoses, basal cell carcinoma, 

squamous cell carcinoma, and photoaging.31 Furthermore, 

5-ALA-based PDT can be used to detect and take part in the 

therapy of cancers.12 Friesen et al discussed potential appli-

cation of ALA-induced pPIX as a photosensitizing agent in 

the detection and treatment of brain tumors.12 Otherwise, the 

high aqueous solubility of 5-ALA and its low bioavailability 

have frequently been discussed as drawbacks to its clinical 

application.1,2,6,10 To overcome these problems, chemical 

modification of 5-ALA, 5-ALA-incorporated nanocolloid, 

patch-based delivery system, or liposomal carriers were tried, 

in order to improve delivery of 5-ALA.14,15,18,19

Chitosan has been extensively investigated as a gene- 

or drug-delivery carrier.25–28,33–35 In particular, chitosan is 

known to enhance mucosal transport or delivery of bioactive 

agents.34,35 Therefore, chitosan is regarded as a promising 

vehicle for transmucosal or oral delivery of drugs. Due to its 

cationic properties, chitosan is appropriate for the incorpora-

tion of anionic drugs. We previously reported that all-trans 

retinoic acid (ATRA) was simply incorporated into glycol 

chitosan nanoparticles through the ion complex formation 

between ATRA and glycol chitosan.36 Furthermore, metho-

trexate, which is relatively less hydrophobic than ATRA, 

can also be incorporated into MPEG-grafted chitosan.25 

Therefore, chitosan can be used for the delivery of 5-ALA.

In the present study, we prepared 5-ALA-incorporated 

nanoparticles using PEG-Chito copolymer, as shown in 

 Figures 1 and 2. The 5-ALA was incorporated into the core 

of the nanoparticles through ion complex formation with 

chitosan; the core-shell structure of this nanoparticle can be 

seen in Figure 2. Since chitosan has cationic properties, it can 

form ionic complexes with anionic molecules. Experimental 

values of the loading efficiency of 5-ALA were significantly 

lower than those of the theoretical values, as shown in Table 1, 

indicating that the hydrophilic property of 5-ALA and its 

weak ionic interaction with chitosan backbone account for 

its low loading efficiency. Interestingly, a discrete region 

was observed in TEM photo in Figure 2: PEG-Chito-5-

ALA nanoparticles are formed with a dark core region, and 

the surroundings are expressed in a grey color; ie, these 

nanoparticles have core-shell structures. Since PEG-Chito 

copolymer is composed of the hydrophilic MPEG domain 
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Figure 7 Intrinsic cytotoxicity of 5-ALA, PEG-Chito-5-ALA nanoparticles, or empty 

nanoparticles. Intrinsic cytotoxicity of 5-ALA, PEG-Chito-5-ALA nanoparticles, and 

empty nanoparticles, respectively, against CT26 cells (A). Dark- and photo-toxicity 

of 5-ALA, PEG-Chito-5-ALA nanoparticles, or empty nanoparticles (B).

Notes: CT26 cells were incubated for 24 hours in the presence of 0.1 mM ALA 

in the dark and were irradiated under different light intensities (0.0–1.8 J/cm2). Cell 

survival was expressed as the percentage of the control, which was not treated with 

drug or carrier with exposure to light.

Abbreviations: 5-ALA, 5-aminolevulinic acid; PEG-Chito-5-ALA NP, Polyethylene 

glycol-Chito-5-ALA nanoparticles.
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and cationic chitosan domain, chitosan and 5-ALA can form 

the core of the nanoparticles while MPEG forms the bound-

ary layer of the nanoparticles, as shown in Figures 2B and 

3. There is no excess free drug in the PEG-Chito-5-ALA 

nanoparticles, as shown in Figure 4. Furthermore, specific 

peaks of 5-ALA in the nanoparticles were found in the DCl 

solution, while the peaks disappeared in D
2
O, indicating that 

5-ALA was incorporated into the core of the nanoparticles.

PEG-Chito-5-ALA nanoparticles induced enhanced 

delivery of 5-ALA into the tumor cells, increased PpIX 

accumulation, and resulted in higher cell death, compared to 

5-ALA alone. In a preliminary study, we observed that the 

accumulation of pPIX was increased time-dependently, and 

the incubation time after treatment of 5-ALA or PEG-Chito-

5-ALA nanoparticles was determined to 224 hours (data not 

shown). In another report, 3-hour incubation of 5-ALA was 

known to be sufficient to produce a high amount of pPIX 

in several cell lines and in clinical applications. However, 

longer incubation times with 5-ALA or PEG-Chito-5-ALA 

nanoparticles were beneficial to increasing the pPIX accumu-

lation and phototoxicity of CT26 colon cancer cells.

Although these differences are not understood at present, 

possible reasons for our results are our use of a different type 

of cancer cells and the delayed released of PEG-Chito-5-ALA 

nanoparticles. In our previous report, pPIX accumulation 

and phototoxicity were time-dependently increased when 

5-ALA was used to treat cancer cells.35 Furthermore, other 

researchers have reported that chitosan hydrogels or folic 

acid-conjugated chitosan can be an efficient carrier for 

delivering 5-ALA to tumor cells.37,38 Yang et al also observed 

time-dependent accumulation of pPIX in the tumor cells and 

pPIX accumulation was highest at 112 hours of incubation.38 
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Figure 8 Necrosis (A) and apoptosis (B) analysis of CT26 cells 24 hours after treatment with 5-ALA, PEG-Chito-5-ALA nanoparticles, or empty nanoparticles with 

irradiation. Necrosis and apoptosis analysis were repeated three times and results were expressed as mean ± standard deviation. Top figures: typical apoptosis and necrosis 
analysis of CT26 cells after treatment of 5-ALA or PEG-Chito-5-ALA nanoparticles.

Notes: Cells were preincubated with 0.1 mM 5-ALA or PEG-Chito-5-ALA nanoparticles for 24 hours, and then the cells were exposed to red light (1.8 J/cm2). The cells 

were stained with FITC-annexinV and PI for flow cytometric analysis.
Abbreviations: 5-ALA, 5-aminolevulinic acid; PEG-Chito-5-ALA NP, Polyethylene glycol-Chito-5-ALA nanoparticles.
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Our results revealed that PEG-Chito-5-ALA nanoparticles 

also induce enhanced phototoxicity against CT26 colon 

cancer cells and then accelerate the apoptosis or necrosis of 

the cells, as shown in Figure 8.

After administering light irradiation to 5-ALA, PpIX 

was accumulated in the tumor cells, followed by  production 

of ROS. This excessive ROS in the tumor cells induced 

 apoptosis or necrosis of the cells, and then destroyed the 

tumor cells.35 Although 5-ALA is distributed throughout 

the whole body, local irradiation at a specific tumor site 

increases ROS generation in cancer cells, but not in normal 

cells and tissues. PDT with 5-ALA can then selectively 

inhibit the viability of tumor cells and enhance the surviv-

ability of the patient.1,39–41 However, even though 5-ALA 

preferentially targets cancer cells rather than normal cells, 

its drawbacks still include low permeability into the mucosal 

layer or tumor tissue, and low bioavailability. Furthermore, 

the targetability of 5-ALA is not very specific for cancer 

cells, and causes 5-ALA to be distributed throughout the 

whole body. Since chitosan is known to increase mucosal 

delivery, chitosan-based nanophotosensitizers can be consid-

ered ideal delivery vehicles. For example, local treatment of 

colon cancer using endoscopic equipment enables avoidance 

of unwanted side effects and specific accumulation in the 

administration site.

Our results demonstrate that chitosan-based nanoparticles 

enhance the delivery of 5-ALA and accelerate apoptotic cell 

death. We suggest that PEG-Chito-5-ALA nanoparticles are 

promising candidates for PDT using 5-ALA.

Conclusion
PEG-Chito copolymer was synthesized to make 5-ALA-

incorporated nanoparticles for PDT. PEG-Chito-5-ALA 

nanoparticles have spherical shapes with small diameters 

of less than 250 nm. The 5-ALA was incorporated into the 

core of the nanoparticles. The PDT effect of 5-ALA or PEG-

Chito-5-ALA nanoparticles was assessed using murine colon 

carcinoma CT26 cells. PEG-Chito-5-ALA nanoparticles 

enhanced the uptake of ALA into the tumor cells and then 

increased the intracellular PpIX accumulation, compared to 

5-ALA alone. The 5-ALA, empty nanoparticles, and PEG-

Chito-5-ALA nanoparticles had no dark toxicity against 

CT26 cells, while the viability of tumor cells was decreased 

according to the increase of irradiation time. Furthermore, 

PEG-Chito-5-ALA nanoparticles accelerated the apoptosis/

necrosis of tumor cells. PEG-Chito-5-ALA nanoparticles 

can be considered an effective vehicle for delivering 5-ALA 

to tumor cells.
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