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Abstract 

Folic acid-modified porfimer conjugated poly (ethylene glycol) nanoparticles (FPP NPs), as the novel radiosensitizer, for 

tumor-targeted radiosensitized treatment (RST) were synthesized and characterized. Diamino poly (ethylene glycol) was 

covalently conjugated with folic acid and porfimer (also known as photofrin) in its terminal ends and self-assembled in aqueous 

solution to form FPP NPs. FPP NPs were characterized by FTIR spectrometer, zetasizer and transmission electron microscopy. 

FT-IR spectra of folic acid-modified porfimer conjugated poly (ethylene glycol) suggested that folic acid and porfimer were 

successfully covalently bound to poly (ethylene glycol) by amide bonds between carboxyl group and amino group. The average 

size and zeta potential of these nanoparticles were about 75nm and -13.5mV, respectively. And FPP NPs exhibited morphological 

features close to spherical shape by transmission electron microscopy observation. The loading efficiency and encapsulation 

efficiency of porfimer in FPP NPs were 8.52% and 45.67%, respectively. The experiments on reactive oxygen species (ROS) 

generation and cell viability showed that the nanoparticles could successfully suppress the growth of cancer cells by producing 

ROS with γ-ray irradiation. Furthermore, in vivo studies showed that FPP NPs exhibited the excellent tumor inhibition effect 

even at a half dose of free porfimer. These results suggested that FPP NPs would have potential for RST of the cancer. 
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1. Introduction 

Traditional cancer therapy, radiotherapy is the technique 

that induces tumor necrosis by irradiation of radiation such as 

X-ray and γ-ray, which produces the radicals and reactive 

oxygen species causing to excitation and ionization of bio-

molecules. RST is an advanced modality for cancer treatment, 

based on the cytotoxicity of active oxygen, which are pro-

duced by radiosesitizing reaction of tumor-selective radio-

sensitizer with the direct reaction of ionizing radiation. It is 
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confirmed that porphyrin photosensitizers being used for 

photodynamic therapy (PDT) have high sensitizing effect on 

ionizing radiation as well as visible light, therefore the radi-

osensitized cancer treatment modality using the sensitizers is 

being introduced successfully in clinical. In particular, 

porfimer, a complex mixture of haematoporphyrin (Hp) oli-

gomers, has been approved for PDT or RST of several tumors 

in clinical application [1]. 

Most photosensitizers, such as porfimer, are hydrophobic 

and may easily aggregate in a biological environment [2]. 

Moreover, the main problem of PDT or RST during and after 

clinical application is skin photosensitivity [3]. To overcome 

these limitations, nanocarriers for photosensitizers such as 

liposomes and polymeric micelles, have been studied [4, 5]. 

The nanocarriers with photosensitizers enhance the solubil-

ity. They also improve the tumor specificity of photosensi-

tizers through enhanced permeability and retention (EPR) 

effect. 

Surface modification of nanoparticles with the active tar-

geting ligand enhances the selective accumulation into tumor 

cells. Such targeted drug delivery is a desirable strategy to 

improve the efficacy and safety of cancer treatment. Folic acid 

receptor (FR)-α is one of the most promising cell surface 

targets for the drug targeting. FR overexpresses on many 

cancer cell surfaces, including cancers of colon, lung, ovary, 

kidney and uterus [6-10]. 

Folic acid, which has a high affinity for the FR, enhances 

nanoparticle endocytosis through the FR. It is stable, inex-

pensive and poor immunogenic [11]. Conjugation of drugs 

and nanoparticles with folic acid can enhance their targeting 

ability and cell uptake via FR of cancer cell surface. Also, 

folic acid derivatives, which covalently conjugate with folic 

acid’s γ-carboxyl moiety, can still possess a high affinity to 

the FR and maintain cell uptake ability via FR-mediated en-

docytosis comparably with folic acid. Several types of 

nanodrug carriers, including liposomes, polymeric nanopar-

ticles, lipid nanoparticles, micelles and polymers, have been 

conjugated to folic acid for the targeted delivery [12]. 

In this paper, in order to enhance the selectivity to cancer 

cells and reduce the undesirable side-effect such as skin 

photosensitization by tumor- targeting the radiosensitizer, 

we synthesized the tumor-targeted radiosensitizer, FPP 

NPs and investigate the anti-cancer efficiency. Folic ac-

id-modified porfimer conjugated poly (ethylene glycol) 

was synthesized by covalently conjugating terminal –NH2 

group of diamino poly (ethylene glycol) with -COOH of 

folic acid and porfimer, followed by self-assembling into 

the nanoparticles in aqueous solution. Porfimer can be 

loaded into the nanoparticles at higher level by covalently 

conjugating to the carrier than it is spontaneously trapped 

in nanoparticles. Furthermore, the morphology, drug 

loading efficiency, in vitro RST and anti-cancer ability of 

this nanoparticle were investigated. 

 

2. Material and Methods 

2.1. Material 

2.1.1. Chemicals 

Porfimer (photofrin) was purchased from QLT (Vancouver, 

Canada) and 1, 3-diphenylisobenzofuran (DPBF) was pur-

chased from Sigma Aldrich. Poly (ethylene glycol) (PEG, 

Mw: 4kDa) was obtained from Nektar (Huntsville, Alabama) 

and folic acid (FA) was obtained from TCI (Tokyo, Japan). N, 

N-dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide 

(NHS) and the other organic solvents were purchased from 

Aldrich Chemie (SteinheimWest-Germany). 

2.1.2. Animals and Tumors 

A549 cancer cell lines (human non-small cell lung cancer) 

was chosen as a tumor model. BALB/c mice, 6 weeks of age 

with a body weight of 20-22g, were used in experiments. The 

animals were subcutaneously injected in the oxter region with 

0.2ml of a sterile physiological solution containing about 

1.5×106 A549 cells, and then estrogen was given by using an 

intragastric gavage to promote tumor growth. On the 7 day 

after transplantation, the tumors reached a volume of 

80-100mm3, when the irradiation and pharmacokinetic ex-

periments were adopted. 

2.2. Methods 

2.2.1. Synthesis of FPP NPs 

(i). Synthesis of diamino poly (ethylene glycol) 

Diamino poly (ethylene glycol) was synthesized and 

characterized as previously described [13]. In brief, 20g of 

poly (ethylene glycol) was placed in a 250ml dry triangular 

flask, vacuum-dried at 120°C for 4h, followed by the addition 

of 100ml of anhydrous methylene chloride, 50ml pyridine, 

and 5g of paratoluenesulfonyl chloride and stayed in the dark 

at room temperature for 24h. The reaction solution was eluted 

and washed with 3mol/L HCl, and the organic layer was 

washed with 5g of NaHCO3 and filtered to remove solvent to 

obtain poly (ethylene glycol)-paratoluenesulfonate crude. 

After dissolving in 8ml of tetrahydrofuran, the solution was 

slowly dropped into an excess of anhydrous ether to obtain a 

white precipitate and dried to obtain 18.6g of poly (ethylene 

glycol)-paratoluenesulfonate pure product. 

Poly (ethylene glycol)-paratoluenesulfonate and 250mL of 

concentrated ammonia water were placed in a resisting pres-

sure vessel and reacted at 140°C for 6h. The reaction mixture 

was cooled to room temperature and extracted with equal 

volume of CH2Cl2 to obtain the diamino poly (ethylene gly-

col)-paratoluenesulfonate /CH2Cl2 solution. 

An equal volume of 1mol/L of NaOH was thoroughly 

stirred for 2h, and the organic layer was washed with water to 

give the diamino poly (ethylene glycol) with amino groups at 
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its two ends. 

(ii). Synthesis of Folic acid-modified porfimer conjugated 

poly (ethylene glycol) 

Folic acid-modified porfimer conjugated poly (ethylene 

glycol) was synthesized by using the carbodiimide chemistry. 

In brief, triethylamine (200 ㎕ ), folic acid (300mg) and 

porfimer (1g) were dissolved in 10ml of dry DMSO under 

vigorous stirring. DCC (0.15g) and NHS (0.08g) were then 

added to the solution and the mixture was stirred for 8h in the 

dark at room temperature. After the side-product (dicyclo-

hexyl urea, DCU) was removed by filtration, 10ml DMSO 

solution of NH2-PEG-NH2 (2g) was added by filtration and 

the reaction was carried out for 48 h at room temperature. 

Subsequently, the product was dialyzed with a dialysis tube 

(MWCO 6000) in DMSO for 3d to remove unreacted prod-

ucts and subsequently dialyzed with a dialysis tube (MWCO 

1000) in deionized water for 3d to remove impurities and 

organic solvents. Finally, the Folic acid-modified porfimer 

conjugated poly (ethylene glycol) was freeze-dried and ob-

tained as a red powder. 

(iii). Preparation of self-assembled FPP NPs 

FPP NPs were prepared via dialysis method. Folic ac-

id-modified porfimer conjugated poly (ethylene glycol) can 

be self-organized in aqueous solution to form polymer na-

noparticles due to the hydrophilic chain of poly (ethylene 

glycol) and the large hydrophobic ring of porfimer. Folic 

acid-modified porfimer conjugated poly (ethylene glycol) 

was dissolved in an appropriate amount of saline solution to 

form polymer nanoparticles. The whole process took place at 

room temperature. 

2.2.2. Characterization of FPP NPs 

The FTIR spectra of folic acid-modified porfimer conju-

gated poly (ethylene glycol) were recorded using a Nicolet 

5700 FTIR spectrometer (Thermo Nicolet Corp., Denver, CO) 

under mild conditions. The average size and zeta-potential of 

the nanoparticles were determined by zetasizer (Malvern 

Zetasizer Nano ZS90, Malvern Instrument Co. Ltd., UK). The 

samples were placed in a cuvette and analyzed after ultrasonic 

dispersing for 30 min. The surface morphology of the nano-

particles was observed using a transmission electron micro-

scope (JEOL 2010 UHR). The drug loading content (DL) and 

encapsulation efficiency (EE) of Porfimer were calculated 

according to the following equation: 

DL (%) =(Weight of Porfimer in Nanodrug/Weight of 

Nanodrug)×100% 

EE (%) =(Weight of Porfimer in Nanodrug/Weight of total 

Porfimer)×100% 

2.2.3. Measurement of ROS 

The chemical oxidation of 1, 3-diphenylisobenzofuran 

(DPBF) in aqueous solution of FPP NPs was used as an in-

direct method to measure singlet oxygen yield [14]. In this 

case, a decrease in the absorbance of DPBF added to the 

aqueous solution of FPP NPs was observed as a function of 

time after irradiating with γ-ray of 0.6Gy using 60Co telera-

diotherapy unit (АГАТ-Р1, 0.598Gy/min). 

2.2.4. Cell Viability Assays and in Vitro RST 

A549 cells were applied to investigate cell viability. 

150µL medium containing A549 breast tumor cells was 

added to 96-well plates at a density of 5×104/mL and incu-

bated at 37°C for 24h under 5% CO2. Cells were exposed to 

suspensions of FPP NPs with different amounts of 1, 2, 4, 6, 

8 and 10µg/mL. After 24h, 20µL 3-(4, 

5-dimethylthiazole-2-yl)-2, 5-diphenyl-tetrazolium bromide 

(MTT) with a concentration of 5µg/mL was added to a 

96-well plate and incubated at 37°C for 4h. The culture 

supernatant was discarded and 150µL DMSO was added to 

each well and stirred for 30min. The absorbance of the so-

lution was measured using a microplate reader (Syneray-2, 

Biotek, USA) at 490 nm. To evaluate the radiotoxicity in 

vitro, 60Co γ-rays were irradiated for 30min after 4h incu-

bation for absorbing the nanoparticles and then incubated for 

24h under the same conditions. A549 cells viability was 

expressed using the following formula: 

Viability (%) =((ODsample - ODzero)/(ODcontrol -ODzero))×100% 

The value of ODsample was provided by drug-treated cells, 

ODcontrol values were provided by drug-free cells, and ODzero 

values were obtained from both drug- and cell-free wells [15]. 

2.2.5. In Vivo Efficacy 

Mice were used to investigate the anticancer ability of FPP 

NPs in vivo. A549 cells (1.5×106 cells/0.1mL) were injected 

into the oxter of mice, and then estrogen was given by intra-

gastric gavage to promote tumor growth. Mice were randomly 

divided into four groups when the tumor volume reached 

80-100mm3, which were denoted as control (normal saline 

without irradiation), normal saline + irradiation, free porfimer 

(20mg/kg) + irradiation and FPP NPs (10mg/kg of free 

porfimer equivalents) + irradiation. All groups (excepting 

control group) were irradiated with 60Co γ-rays within 30 min 

after 24 h of injection. Therapeutic effects were assessed by 

measuring tumor volume in the 4 groups treated every 3 days. 

Body weight was measured to assess drug safety in four 

treated groups every 3 days [16]. Tumor volume was calcu-

lated by applying the expression V = 4π/3×l/2×w/2×h. Herein, 

l is the longer diameter, w is the shorter diameter, and h is the 

height of the hemielliptic tumor. The inhibition rate was cal-

culated by the following equation: 

Inhibition rate (%) =(Vc-Ve) /Vc × 100%, 

where in Vc is the average tumor volume of control group and 

Ve is the average tumor volume of experimental group [17]. 
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Each assay was performed in triplicate (n=3). Results were 

expressed as the mean ±standard deviation (SD). Analysis of 

variance (ANOVA) was used to evaluate the comparison of 

formulations. 

 

3. Results and Discussion 

3.1. Preparation and Characterization of FPP 

NPs 

The scheme of the synthesis of FPP NPs and the passive 

and active targeted drug delivery was shown in Figure 1. 

 
Figure 1. Schematic illustration of preparation and tumor-targeting of FPP NPs for RST of cancer. 

Diamino poly (ethylene glycol) as a nanocarrier was syn-

thesized based on the literature and the amino substitution of 

diamino poly (ethylene glycol) was measured by titration and 

calculated as 87.8% according to the formula [13]. 

Folic acid-modified porfimer conjugated poly (ethylene 

glycol) was synthesized via covalently conjugating the 

two-terminal amino groups of diamino poly (ethylene glycol) 

with the carboxyl groups of folic acid and porfimer using 

carbodiimide chemistry. 

The FT-IR spectra of pure folic acid, porfimer, poly (eth-

ylene glycol), diamino poly (ethylene glycol), folic ac-

id-modified poly (ethylene glycol) and folic acid-modified 

porfimer conjugated poly (ethylene glycol) were shown in 

Figure 2. In the pure poly (ethylene glycol), diamino poly 

(ethylene glycol), folic acid-modified poly (ethylene glycol) 

and folic acid-modified porfimer conjugated poly (ethylene 

glycol), the absorption bands at 2883 and 1467cm-1 were 

assigned to the stretching vibration and bending vibration of 

C-H, respectively and the peak at about 1100cm-1 was as-

signed to the asymmetric stretching vibrations of C-O-C. The 

absorption bands at 1635cm-1 were assigned to the stretching 

vibration of C-N and bending vibration of N-H in diamino 

poly (ethylene glycol), confirming the successful synthesis of 

NH2-PEG-NH2. This absorption band also is known as the 

amide I band. The amide I band represents 80% of the C=O 

stretching vibration of the amide group coupled to the 

in-plane N–H bending and C–N stretching modes. In diamino 

poly (ethylene glycol), folic acid-modified poly (ethylene 

glycol) and Folic acid-modified porfimer conjugated poly 

(ethylene glycol), the absorbances in this region were differ-

ent each other, the rate of the absorbance in 1635cm-1 to 

1114cm-1 can represent the degree of conjugating –NH2 of 

diamino poly (ethylene glycol) with –COOH of folic ac-

id-modified poly (ethylene glycol) and folic acid-modified 

porfimer conjugated poly (ethylene glycol). These rates in 

folic acid-modified poly (ethylene glycol) and folic ac-

id-modified porfimer conjugated poly (ethylene glycol) were 

1.3 and 1.7 times higher than that of diamino poly (ethylene 

glycol), suggesting that folic acid and porfimer were suc-

cessfully covalently bound to poly (ethylene glycol). 

 

http://www.sciencepg.com/journal/bmb


Biochemistry and Molecular Biology http://www.sciencepg.com/journal/bmb 

 

24 

 
Figure 2. FT-IR spectra of folic acid (A), porfimer (B), poly (ethylene glycol)(C), diamino poly (ethylene glycol)(D), folic acid-modified poly 

(ethylene glycol)(E) and folic acid-modified porfimer conjugated poly (ethylene glycol)(F). 

Folic acid-modified porfimer conjugated poly (ethylene 

glycol) was self-assembled in aqueous solution during dialy-

sis to form nanoparticles (Figure 1). The average size, zeta 

potential and TEM micrographs of the FPP NPs are shown in 

Figure 3. The average size and zeta potential of these nano-

particles were about 75nm and -13.5mV, respectively. As 

shown in Figure 3c, TEM image revealed that these nanopar-

ticles exhibited morphological features close to spherical 

shape. 

The drug loading content and encapsulation efficiency of 

the porfimer were calculated according to the formula [15] 

and were about 8.52% and 45.67%, respectively. The 

porfimer drug loading content of these nanoparticles, which 

was synthesized by covalently conjugating the drug to the 

nanocarrier, seems to be higher compared to the non-covalent 

trapping way. 

 
Figure 3. (A, B) The size distribution and zeta potential of FPP NPs,(C) The TEM image of FPP NPs. 
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3.2. ROS Detection 

The emitted 1O2 was indirectly detected using DPBF as 1O2 

chemical probe [14]. DPBF reacted irreversibly with 1O2 excited 

from the porfimer by radiation, and the reaction was confirmed 

by measuring the extinction intensity of DPBF at 407 nm. Figure 

4A showed the change in the absorption spectrum of DPBF with 

time after irradiation for free porfimer and FPP NPs. As shown in 

the figure, both free porfimer and FPP NPs showed a significant 

decrease in absorbance compared to the control, indicating that 

the free porfimer and the FPP NPs produced 1O2 efficiently by 

radiation. The generation efficiency of 1O2 was not significantly 

different between free porfimer and nanodrug. This result con-

firmed that the nanoparticles have no inhibitory effect on the 

generation of the ROS by radiosensitizer. 

3.3. Cell Viability Assays and in Vitro RST 

Cell viability assays and in vitro RST were performed on 

human non-small cell lung cancer A549 cancer cells using 

MTT assay. As shown in Figure 4B, free porfimer and FPP 

NPs showed no significant difference in cell viability in the 

dark, and both showed high viability even with increased 

concentrations. These results indicated that the toxicity to 

the normal cells did not increase significantly with increas-

ing concentrations of free porfimer or nanodrug. As shown 

in Figure 4C, the cytotoxicity showed a significant increase 

with increasing drug concentration in the presence of radia-

tion. It was also shown that the cytotoxicity of FPP NPs was 

clearly higher than that of free porfimer. Therefore, we 

concluded that FPP NPs have the ability to more efficiently 

kill cancer cells under irradiation. This effect of FPP NPs 

may be attributed to more accumulation of the radiosensi-

tizers in cancer cells due to passive targeting via EPR effect 

and active targeting via folic acid receptor-mediated endo-

cytosis to cancer cells [12]. (Figure 1). 

 

 
Figure 4. Absorbance at 407nm measured every minute of irradiation with 60Co γ-ray for DPBF in the presence of porfimer or FPP NPs and 

free DPBF (A) and A549 cells viability of free porfimer and FPP NPs without (B) or with (C) irradiation. The results represent the mean ± 

standard deviation (n = 3). 
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3.4. In Vivo Effect 

As shown in Figure 5A, control showed continuous tumor 

growth, whereas free porfimer-treated and FPP NPs-treated 

groups showed significant inhibitory effects on tumor growth 

compared to control. The irradiated group showed a slight 

inhibitory effect compared to the control group. The FPP NPs 

group showed similar tumor inhibition, although only half 

dose of the drug was applied compared to free 

porfimer-treated group (Figure 5C). This is evidence that FPP 

NPs accumulated in high concentrations in tumor tissue 

compared to free porfimer to enhance radiosensitizing activity, 

thus inhibiting tumor growth. On the other hand, relative body 

weight was measured to evaluate the stability of FPP NPs. As 

shown in Figure 5B, there was no significant weight loss and 

no significant difference in all groups, indicating good bio-

stability of the nanodrug. 

These data supported our hypothesis that FPP NPs can se-

lectively accumulate in tumor cells and efficiently generate 

ROS under irradiation, thereby enhancing the radiosensitive 

effect of the porfimer and reducing the side-effects, such as 

skin photosensitivity, by reducing its dose for RST of cancers. 

 
Figure 5. In vivo antitumor efficacy evaluation of free porfimer and FPP NPs with 60Co γ-ray irradiation (A) tumor volume changes over 

treatment times,(B) the body weight changes of tumor-bearing mice,(C) inhibition rate. The results represent the mean ± standard deviation (n 

= 3). 

In this paper, we described the novel FPP NPs for RST of 

cancer. Folic acid-modified porfimer conjugated poly (eth-

ylene glycol) was self-assembled in aqueous suspension into 

the nanoparticles, which were given the proper nano-scaled 

size, high dispersity and stability. The study on ROS genera-

tion showed that these nanoparticles had the ability to produce 

ROS in response to 60Co γ-ray comparably with free porfimer. 

In vitro cytotoxicity of these nanoparticles showed rather 

higher killing effect against A549 cancer cell lines than free 

porfimer. This result suggested that FPP NPs would effec-

tively accumulate in cancer cell through folic acid recep-

tor-mediated endocytosis. In vivo experiment confirmed that 

FPP Nps could exhibit the similar anti-cancer effect to free 

porfimer even at a half dose of free porfimer, which proved 

that FPP NPs could be the potential candidate for RST of 

cancer. 

4. Conclusion 

In this paper, we described the novel FPP NPs for RST of 

cancer. Folic acid-modified porfimer conjugated poly 
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(ethylene glycol) was self-assembled in aqueous suspension 

into the nanoparticles, which were given the proper 

nano-scaled size, high dispersity and stability. The study on 

ROS generation showed that these nanoparticles had the 

ability to produce ROS in response to 60Co γ-ray comparably 

with free porfimer. In vitro cytotoxicity of these nanoparticles 

showed rather higher killing effect against A549 cancer cell 

lines than free porfimer. This result suggested that FPP NPs 

would effectively accumulate in cancer cell through folic acid 

receptor-mediated endocytosis. In vivo experiment confirmed 

that FPP Nps could exhibit the similar anti-cancer effect to 

free porfimer even at a half dose of free porfimer, which 

proved that FPP NPs could be the potential candidate for RST 

of cancer. 
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